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1Laboratori de Càlcul Numèric, E.T.S. d’Enginyers de Camins, Canals

i Ports de Barcelona, Universitat Politècnica de Catalunya
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Abstract

The vibration reduction index of heavy junctions is predicted by means of
a model based on spectral finite elements. This is equivalent to a finite element
method but faster and with smaller computational costs. This advantage is
used in order to perform a parametric analysis of the vibration reduction index
for several junction types: T-shaped, L-shaped and +-shaped. The influence of
several parameters such as: damping, junction dimensions or the mass ratio on
the vibration reduction index is observed. The study is focussed to provide data
and guidelines oriented to the EN-12354 design method for flanking transmission
in buildings.

1 Introduction

Indirect sound transmissions can be a cause of poor sound insulation. Sometimes
the sound insulation provided by single elements is lower than expected due to the
flanking transmission paths. Its control is also very important in laboratory set ups
in order to make a fair characterisation of the direct airborne insulation of walls [1].
This phenomenon takes place in many situations like vehicles, ships or buildings.

Several models have been developed in order to predict flanking transmissions.
Statistical energy analysis (SEA) was used in [2] for the study of long transmission
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paths in buildings. A global approach based on a modal description of the structures
but supposing weak coupling with fluid zones is proposed in [3]. A more versatile two-
dimensional vibroacoustic finite element (FEM) model was implemented in [4]. It is
able to deal with strongly coupled situations. The vibration transmission through
junctions has also been studied with FEM in [5] and [6]. All these methods are
complementary in order to cover the whole frequency range considered in building
acoustics. Using the FEM is computationally expensive and often limits the frequency
range (to low and mid frequencies) or the dimensions of the structures that can be
studied. Mainly when dealing with vibroacoustic problems or parametric analyses
with large number of situations have to be considered. On the contrary SEA is, in
general more adequate at high frequencies with no limitation on computation costs.

A model oriented to building acoustics is developed in [7] and [8]. Its goal is
to predict the flanking transmissions in buildings by means of the properties of the
isolated components (i.e. walls) and a simple description of their connection. The
parameters characterising the individual building components are: the sound reduc-
tion index (R), the radiation efficiency (σ) and the surface of the partitions (S). The
sound reduction index of an indirect path is calculated as

Rij := 10 log10

(

1

τij

)

= Ri +Dij + 10 log10

(

σi

σj

)

+ 10 log10

(

S0

Sj

)

(1)

where S0 is a reference area. Dij is the vibration level difference. It contains the
information of the relationship between the components of the building that are in
contact (transmission of vibrations between floors, adjacent walls, floors and walls,...)
and is defined as

Dij = −10 log10 (dij) with dij =
< v2rms,j >

< v2rms,i >
(2)

where vrms,j is the root mean square velocity, < • > means spatial average on the
receiving structure (j) or the excited one (i).

In heavy structures, very often it is considered that σi = σj (reasonable for walls
with plane faces) or σi ≈ 1 (due to the low critical frequency) and paths Rij and Rji

are averaged. The key parameter in order to evaluate indirect transmissions is the
direction averaged vibration level difference Dν,ij = (Dij +Dji) /2.

This approach is adopted in the standard [9]. In the building, the transmission
of vibrations through the junctions of the structure are very important in order to
predict the indirect sound insulation. Final design quality highly depends on the
uncertainty of input parameters such as Dν,ij [10]. But it depends on the specific
situation (dimensions, boundary conditions, damping) or the laboratory conditions.
For this reason in the EN-12354 [9] method, the vibration reduction index Kij was
defined

Kij = Dν,ij + 10 log10

(

ℓij√
aiaj

)

with ai =
2.2πSi

cTi

√

fref
f

(3)

here ℓij is the length of the junction, ai is the equivalent absorption length of the wall
i, Si its surface, c the speed of sound in the air, fref = 1000 Hz is a reference frequency
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and Ti the reverberation time of the wall i that can be calculated as Ti = 2.2/ (ηtotalf)
(being ηtotal the total loss factor).

Kij is supposed to be invariable or ‘situation-independent’ (see [11] for detailed
explanations). For this reason EN-12354 [9] provides different Kij formulas (Annex
E) for different junction types that can be used in each design situation to calculate
Dν,ij by means of Eq. (3).

This approach is relatively new [12] and even if it is implemented in the European
standard [9], not many experimental data or related models have been reported. The
results of laboratory measurements focused on cellular concrete junctions with and
without elastic connections were published in [13, 14] and in situ measurements on
concrete and brick heavy junctions in [15]. Brick-concrete junctions were also tested
in the laboratory [16]. The results showed that variation of Kij can be important if
there is low modal overlap.

The vibration reduction index Kij has also been determined by means of the FEM
in [17] for heavy concrete junctions with and without elastomer to attenuate vibra-
tions. However, there it is commented that computational costs of a three-dimensional
FEM model are very high (there is a large number of nodes and unknowns when the
mesh is refined due to frequency increase). This limits quite a lot its applicability to
low and mid frequencies or to the analysis of few situations. The FEM has also been
used in [18] in order to obtain Kij in lightweight junctions. They are more compli-
cated from the geometrical point of view, the variation of materials and the relevance
of some construction details like the connection between elements. In theses cases, it
seems that formulating a simplified semi-analytical model is much more complicated.

A very related topic is the estimation of the transmission coefficient at junctions
(ratio of transmitted and incident power γ = Wout/Win). It is used in order to study
how vibration energy flows in each junction type. Its main application is to derive
coupling loss factors required in Statistical Energy Analysis (SEA).

The main difference with the vibration reduction index is the fact that transmis-
sion coefficients are usually obtained in a situation where the structures are infinite
or semi-infinite and the excitation is an incoming vibration wave (i.e. bending or
longitudinal). On the contrary, vibration reduction index Kij is obtained with some
excitation acting on the structure (i.e. point forces or acoustic pressure waves) which
have finite dimensions. Moreover, transmission coefficients are more related with the
energy flow (SEA coupling loss factors) while vibration reduction index is more related
with velocity levels or kinetic energy (SEA subsystem energy).

A very well known model in order to estimate the transmission coefficients of
junctions is the one presented in [19]. It is formulated for two-dimensional junctions
and some hypotheses are required (i.e. equal material properties for all branches) in
order to derive the analytical expressions. This is the basis of other improved models
in some sense or another. For example [20] studied the asymmetry of junctions, [21]
considered elastic elements or hinges used to attenuate the vibration transmission,
[22] verified the importance of considering in-plane effects, or [23] analysed the effect
of considering finite or semi-infinite branches in the determination of transmission
coefficients. Sometimes the transmission coefficients are derived in terms of an average
of the incident angle of the vibration wave [24]. Finally, some methodologies to relate
the transmission coefficients and the vibration reduction indices have been proposed
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[25] and with the SEA coupling loss factors in [26, 24, 22].
The transmission coefficients and SEA coupling loss factors have also been pre-

dicted by means of models considering finite-dimension structures. Modal bases were
used in [27] to formulate a methodology that was later verified with experiments in
[28]. The FEM was used in [29] to calculate the coupling loss factors through the ener-
gies of every coupled element. And a SEA code was compared with three-dimensional
FEM in [30].

The goals and contributions of the research presented here are:

• Use of a model based on spectral elements in order to predict the dynamic
response of structures in the whole frequency range of interest (up to 5000
Hz). It is limited to structures with extrusion symmetry composed of shells
(thin plate theory combined with plane stress elasticity, accounting for bending,
shear and longitudinal waves). The model is compared with 3D finite elements
and published laboratory measurements.

• Provide predictions for the vibration reduction index Kij defined in the EN-
12354[9]. They are done with a deterministic model that accounts for the real
dimensions of the structures (finite and with specific boundary conditions). Me-
chanical excitation (point forces) are considered.

• Study the vibration transmission behaviour of T, L and +-shaped junctions.
The effect of local changes in the thickness is also considered.

The work here is limited to the case of heavy structures due to the range of masses
and thicknesses used. Their typology will be uniform which is the case of usual con-
crete junctions. The prediction of flanking transmissions in lightweight structures is
more complicated in the sense that some details play an important role. For exam-
ple, vibration reduction index must be defined taking into account the wall types [18]
(i.e. vibration transmission from a floor to each of the parts of a double wall can be
different) or radiation efficiencies can be different depending on the shape in each side
of a wall [31, 32]. Other aspects that are important to adapt current techniques and
regulations for lightweight constructions are discussed in [33, 34, 11, 35].

The manuscript is organised as follows. The deterministic model is presented in
Section 2, including a comparison with three-dimensional FEM in Section 2.2 and
laboratory measurements already published in Section 2.3. The results are shown and
analysed in Section 3 before the conclusions.

2 The deterministic model

2.1 General description

The numerical model is formulated in the frequency-domain and restricted to geome-
tries with extrusion symmetry. It uses spectral finite elements (SFEM), in particular
shell strips. The choice of the SFEM is motivated by two reasons. On the one hand,
they can perfectly be adapted to this type of geometries with extrusion symmetry
(see the T-shaped junction of Fig. 1). The analytical description of variables in the
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extrusion direction (Y ≡ y) is based on trigonometric functions. On the other hand,
they are perfectly adapted to dynamic problems and use the solutions of the homo-
geneous equation as interpolation functions. This is very important in terms of the
quality of the solutions because the exact solution is obtained without the need of
remeshing. Moreover, the computational costs are drastically reduced. The division
of the structure in elements responds only to geometry definition reasons (and not
interpolation). It means that, in the T-shaped junction of Fig. 1 only four spectral
elements are required: two for the left branch in order to have a node where the force
is placed and one element for the other zones (red circles in the figure show the needed
nodes).

Ly

F

X, U

Y, V
Z, W

xl

z, w

y, v

x, u

Figure 1: Sketch of the model of a T-shaped junction with four spectral finite elements.
Red circles indicate the used nodes (5) for a total of four elements. A narrow strip
force is shown (F).X, Y, Z are the global coordinates with displacements U, V,W . The
length in the extrusion direction is Ly. The spectral finite element with dimensions
lx × Ly has local coordinates x, y, z with local displacemnets u, v, w.

To work with a model that allows a deterministic description of the problem in
the FEM-style (concise description of the finite dimension geometry with boundary
conditions, use of mechanical excitation) but admits fast calculations in the whole
frequency range is important in order to reach the goals proposed here. SFEM is a
good option to perform a parametric analysis where many three-dimensional problems
(frequencies and variation of parameters) must be solved (avoiding the use of big
computational resources).

The idea of spectral element (i.e. finite elements for dynamic problems that used
fundamental solutions of the equation as interpolation function) has already been
exploited in previous works [36, 37]. However, very often the formulations have small
variations in order to adapt to the specific problem studied. For this reason and in
order to guarantee reproducibility, the basic details of the in-home implementation
are described now.
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2.1.1 Extrusion direction, harmonics

The variation along the Y direction is described by means of trigonometric functions
(sine series are used here) while a discretisation is done in theX−Z plane. Considering
as example, the out-of-plane (w) displacement of an element

w (x, Y, z) =
N
∑

n=1

wn (x, z) sin(
nπ

Ly

Y ) with ξn =
nπ

Ly

(4)

where N is the number of terms (harmonics) considered and Ly is the problem/element
length in Y−direction. It means that everything in the Y−direction has to be decom-
posed in contributions according to a Fourier sine series. wn is the description of local
displacement at element level in the X − Z plane. Note that due to the extrusion
symmetry, the local displacement wn is always parallel to the X − Z plane.

An important advantage of the method is that each contribution n is solved inde-
pendently from the others. In the remainder of the section the formulation is presented
for each contribution ‘n’ but the subscript is omitted for clarity (except for parameter
ξn). In order to obtain the final result a combination of each uncoupled component
‘n’ must be done according to Eq. (4) or its equivalent for the global displacements.

2.1.2 Elemental matrices of the SFEM shell element

As usual in thin shell elements, the description of the out-of-plane (w) and in-plane
(u, v) displacements is decoupled. The firsts, are related with the bending behaviour
and in a spectral element they are interpolated as

w (x, z) = A1e
−ik1x +B1e

−ik2x + C1e
−ik1(lx−x) +D1e

−ik2(lx−x) (5)

where x, z are the local coordinates in the element plane, lx is the element length in
the x direction.

The key aspect of SFEM is that the interpolation functions are chosen as the solu-
tions of the homogeneous equation. This determines which must be the wavenumbers
k1 and k2

k1 =
√

β − ξ2n k2 = −i
√

β + ξ2n; (6)

with

β =

√

ρvtω2

D
D =

t3E(1 + iη)

12(1− ν2)
(7)

Here ρv is the volumetric density of the shell, t its thickness, ν the Poisson’s ratio,
E the Young’s modulus, ω = 2πf , i =

√
−1 the imaginary unit and η the hysteretic

damping coefficient of the material. The model accounts only for the energy dissipa-
tion through the internal damping coefficient of the material. No damping mechanism
is considered in the boundaries or the junctions. And the radiation damping is ne-
glected. So, all damping data must be introduced through the internal damping
coefficient η. Afterwards, when applying the correction in order to calculate Kij , only
the internal damping value used in the model must be considered because it is the
energy dissipation that really exists in the numerical model.
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A bending dynamic stiffness matrix for the spectral element can be obtained by
means of two steps: i) Express the boundary efforts in terms of the constants A1,
B1, C1 and D1; ii) Express the constants A1, B1, C1 and D1 in terms of the nodal
displacements and rotations.

The forces and moments per unit length at the nodes of the element can be ex-
pressed as

Fz(x = 0, y) = D

(

d3w

dx3

∣

∣

∣

∣

x=0

− ξ2n(2− ν)
dw

dx

∣

∣

∣

∣

x=0

)

(8)

M(x = 0, y) = D

(

− d2w

dx2

∣

∣

∣

∣

x=0

+ ξ2nν w|x=0

)

(9)

Fz(x = lx, y) = D

(

−d3w

dx3

∣

∣

∣

∣

x=lx

+ ξ2n(2− ν)
dw

dx

∣

∣

∣

∣

x=lx

)

(10)

M(x = lx, y) = D

(

d2w

dx2

∣

∣

∣

∣

x=lx

− ξ2nν w|x=lx

)

(11)

Using the displacement defined in Eq. (5), a relationship of the type

fe = [Fz(x = 0, y),M(x = 0, y), Fz(x = lx, y),M(x = lx, y)]
t = Be [A1, B1, C1, D1]

t

(12)
is obtained.

The next step is to express the nodal displacements and rotations in terms of A1,
B1, C1 and D1. A 4 × 4 system of linear equations is obtained by the evaluation of
Eq. (5) at x = 0 and x = lx

ue =

[

w|x=0 ,
dw

dx

∣

∣

∣

∣

x=0

, w|x=lx
,
dw

dx

∣

∣

∣

∣

x=lx

]t

= S [A1, B1, C1, D1]
t (13)

S is a small matrix that can be inverted in order to compute the bending dynamic
stiffness matrix Kbending

e such that

fe = Kbending
e ue with Kbending

e = BeS
−1 (14)

As shown in [37], in-plane displacements and stresses can be important for high
frequencies. Since we deal here with plane elements, the membrane effects are caused
by a plane stress state. This is a two-dimensional situation that involves only the
in-plane displacements (u and v) and not the out-of-plane w. This problem can be
solved by means of the Helmholtz potentials (see for example [38]). They are defined
here as

Φ(x, y) =
(

A2e
−ikP x +B2e

ikP x
)

sin(ξy) (15)

Hz(x, y) =
(

C2e
−ikSV x +D2e

ikSV x
)

cos(ξy) (16)

Φ and Hz must be solutions of the Helmholtz equation with wavenumbers respec-
tively equal to

kP =

√

ω2ρv(1− ν2)

E(1 + iη)
− ξ2 kSV =

√

ω2ρv
G

− ξ2 with G =
E(1 + iη)

2(1 + ν)
(17)
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Once the potentials are defined, all the other variables (displacements, strains,
deformations) can be derived according to elasticity equations. The in-plane dynamic
stiffness matrix is derived by the same two steps detailed before for the bending part
of the shell element. The elemental stiffness matrix is assembled exactly in the same
way as for standard FEM.

2.1.3 Boundary conditions and forces

All the structures analysed are simply supported at the planes Y = 0 and Y = Ly

where the blocked displacements are U = 0 and W = 0 (V is free there). The
structures are also supported in the boundary lines that are parallel to the Y direction
(three lines in the T-shaped case).

A force in global coordinates can be expressed as

FFF (X, Y, Z) =

N
∑

n=1

fffn(X,Z) sin(
nπ

Ly

Y ) with ξn =
nπ

Ly

(18)

and

fffn(X,Z) = 2

∫ Ly

0

FFF (X, Y, Z) sin(
nπ

Ly

Y )dY (19)

Considering, as example, the line forces drawn for the horizontal structural element
in Fig. 1, that have null component in Y direction and can be expressed as

FFF (X, Y, Z) =

(

FX = 0;FY = 0;FZ =

{

δ0 (X) if Y0 < Y < Yend

0 otherwise

)

(20)

the n contribution is

fffn(X,Z) =

(

0; 0; δ0 (X)
2

nπ

(

cos

(

nπY0

Ly

)

− cos

(

nπYend

Ly

)))

(21)

each strip force requires to have a node in the position X0.
Point forces must be approximated by narrow strip forces due to the trigonometric

description of variables in extrusion direction. However, as it will be shown latter, this
is not a drawback for the situations analysed here and this approximation is adequate
for our purposes.

2.2 Comparison with FEM

A comparison with three-dimensional FEM is done here. A T-shaped junction of 0.1
m thick plates is considered with the mechanical properties of Table 3. An sketch is
shown in Fig. 1 (notation of the zones in Fig. 5). The dimensions are Lx1 = 3.5 m,
Lx3 = 3 m, Lz2 = 2.5 m, Ly = 4 m and all boundaries are supported but without
constraining rotations and in-plane stresses. The FEM calculation has been done by
means of Code-Aster [39] and using DKT shell elements. Three point forces have
been considered in zone 1 according to Fig. 5 at the positions: (0.4 × Lx1 m ,1.125
m), (0.5× Lx1 m, 2.125 m) and (Lx1 − 1 m, 2.875 m).
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The two approaches only differ in: i) The forces are introduced as nodal point
forces in the FEM and as narrow strip forces (0.25 m width), explained above, for
SFEM; ii) The spatial average is done with numerical integration in the framework
of Code-Aster and with arithmetic average of a cloud of points in SFEM. However,
these could only cause some differences for very high frequencies (wave lengths much
less than 0.25 m, at 5000 Hz the bending wave length is 0.35 m) or when trying to
obtain a very precise comparison of the displacements around the zones where forces
are applied. The comparison is done in terms of the spatial averaged modulus of
displacement in each of the zones.

The results obtained with SFEM are fully equivalent to the ones obtained with
FEM. An example is shown in Fig. 3 for the case with η = 5%. It is representative
of all situations analysed. Quite coarse FEM meshes have been considered in the
plot in order to illustrate how the FEM curves separates from SFEM when frequency
increases. Moreover, this separation happens in the order of mean element size h (first
for the h = 0.7 m, second for the h = 0.5 m and so on). The FEM curves converge
towards SFEM. SFEM is not prone to large errors when frequency increases. Similar
results have been obtained for all the displacements in other parts of the junction and
when plates are 0.2 m thick.

The reduction of computational costs due to the use of SFEM is very important.
The key steps to be done in SFEM are:

• Create and assemble elemental matrices for very few elements (only needed in
order to describe the geometry). These elemental matrices are square (6 rows)
and full. It must be done at every frequency and for every harmonic.

• Solve a small linear system of equations. It must be done at every frequency
and for every harmonic.

• Post-process. This implies the combination of the N harmonics in the Y direc-
tion and must be done for every frequency.

And for the FEM:

• Create and assemble elemental matrices for a larger number of elements (needed
in order to describe the vibration waves). Typically mass and stiffness global
matrices are created and reused for every frequency. The global matrices can
be reused if the mesh is not modified.

• Combine the mass and stiffness matrices in order to create a the matrix of a
large linear system of equations. It must be solved at every frequency.

• Post-process. This does not require extra operations and must be done for every
frequency.

The costs of SFEM are constant with frequency, they are the same for the low
frequencies or for the high frequencies. The reason is that the elements adapt their
interpolation of the vibration field to the problem frequency. Consequently the linear
systems to be solved are always of the same size. Only the number of harmonics
N must be increased. The post-process can be customised (and it is an important
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aspect to optimise). On the contrary, the FEM costs are frequency dependent. They
increase due to the need of mesh refinement.

In this T-shaped junction studied here, the size of the SFEM linear systems of
equations is 9 × 9 and the number of harmonics considered is N = 40. This number
of harmonics is chosen regarding Fig. 2 so that in the zones outside the rectangular
shaped strip force, the force value is almost null. Larger values of N should certainly
be used in applications where the exact description of the force shape would be crucial
or working with narrower strips (less than 25 cm) would be needed.

-0.2
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0.6

0.8

1

1.2

1.4

0 0.5 1 1.5 2 2.5

.  
   

   
 F

Y

exact        
approx       

Figure 2: Approximation of a 0.25 m length line force by means of 40 sines: exact
(red), approximation (blue).

In the FEM, for the mesh with mean element size h = 0.3 m, which is not a very
fine mesh, the system of linear equations to be solved has around 2000 equations.

The calculation times in this example are 70 s for SFEM and 15 s (h = 0.3 m), 38
s (h = 0.2 m), 233 s (h = 0.1 m), 544 s (h = 0.08 m) for the FEM. This includes 335
frequencies below 1000 Hz. It must be noted that SFEM time is constant while FEM
time has an almost cubic grow with the inverse of the element size.

The situation is even more favourable to SFEM if higher frequencies, requiring finer
meshes would have been considered. To look at the relative times and the different
evolution with frequency is much more important than the final number of seconds.
On the one hand, the programs have been run in a simple desktop computer. On
the other hand, the SFEM software is a home-made software that could be optimised
while Code-Aster is a very big project. The differences are caused by the method.
This SFEM model is conceived with a very specific purpose and problem geometries.
On the contrary, Code-Aster is a general purpose software.

2.3 Comparison with experimental data

The numerical model has been compared with the experimental data published in [13]
(Figures 2 and 3). It is the vibration reduction index of a cellular concrete T-junction
and +-shaped junction. The geometrical and mechanical properties of the junctions
tested are shown in Table 1. Information of the measured damping in the junctions was
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Figure 3: Comparison between SFEM and FEM (Code-Aster). T-shaped junc-
tion, point force excitation in zone 1. Spatial averaged velocity level, Lv =
20 log10 (< |v| > /vref), with vref = 5 × 10−8 m/s: (a) zone 2, out-of-plane veloc-
ity; (b) zone 3, in-plane velocity in the direction Y .

provided by the authors [40]. They measured the total damping ηtotal by means of the
reverberation time of the structure. It includes the internal damping of the material
and the boundary and junction losses. All damping types have been considered by
means of material damping in the numerical model. The frequency dependent measure
of total damping has been approximated with the values in Table 1.

Parameter Symbol Value

Thickness t 0.1 m
Young’s modulus E 1.61 · 109 N/m2

Density ρs 624 kg/m3

Poisson’s ratio ν 0.3
Damping η

89− 282 Hz 3%
282− 708 Hz 2%
708− 2239 Hz 1%
2239− 5623 Hz 0.5%

Table 1: Geometrical and mechanical properties of the plates for the comparison with
experimental data [13]

Two different laboratory curves for the vibration reduction index are reported
in [13]: transient and stationary. Each of them is based on a different measuring
procedure. The experimental data is compared with SFEM predictions in Fig. 4.
In the frequency range between 250 Hz and 1250 Hz, most of the SFEM predicted
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values are between the two experimental curves. In general, the difference between
SFEM and laboratory curves is comparable with the average separation between the
two measuring procedures. At low frequencies below 200 Hz differences between the
experimental data and the SFEM simulation can be caused by many aspects (i.e. exact
type of boundary conditions or force position). At high-frequencies over 2000 Hz the
agreement is not so good. However, the authors [13] mention that ‘some research
should be carried out’ to clarify the increase of the vibration level difference at the
higher frequencies. In the SFEM simulations they do not appear. Moreover, the trend
seems to go in the inverse sense. Increases of the vibration level difference at high
frequencies have only been observed for much larger values of damping. Table 2 shows
the arithmetic mean of the vibration reduction index for the third-octave frequency
band values between 200 Hz and 1250 Hz. This frequency range is used in order to
obtain the value of Ki,j in the EN-12354. The numerical value tends to be closer to
the laboratory measurement than the value proposed by the EN-12354. The SFEM
value is in general slightly larger than laboratory values, while the value proposed by
the EN-12354 is clearly smaller (except for one case).

T-shaped T-shaped +-shaped +-shaped

K13 K12 K13 K12

EN-12354 5.7 5.7 8.7 8.7
Lab. Transient 7.1 6.5 10.0 8.5
Lab. Stationary 7.8 7.3 10.1 8.3
SFEM 7.5 8.2 10.8 9.7

Table 2: Comparison between EN-12354, laboratory measures [13] and SFEM calcula-
tions of the arithmetic mean of the vibration reduction index Ki,j for the third-octave
values between 200 Hz and 1250 Hz.

3 Parametric analysis

Predictions of the vibration reduction index in ideal L, T, and +-shaped heavy junc-
tions have been done. They are ideal in the sense that the model does not include
heterogeneities, boundary losses, cracks or workmanship effects. These can be impor-
tant in real constructions. Sketches of the junctions are shown in Fig. 5.

The simulations have been done trying to reproduce the laboratory conditions
described in the regulation ISO-10848 [41]. Three simultaneous point forces are ap-
plied on the zone ‘i’ and afterwards three more on the zone ‘j’ with the purpose to
calculate the direction averaged parameter Dν,ij. The forces are placed in arbitrary
positions just respecting the limitations described in [41]. The point forces are placed
in the same positions mentioned in Section 2.2. They are considered as 25 cm long
line forces. These forces are described by means of N = 40 contributions according
to Eq. (18) (see Fig. 2). The narrow strip forces produce almost the same effect as
equivalent point forces. It can be seen in the good agreement with FEM of Section 2.2.
Moreover we are more interested in a difference of vibrations between separate parts
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Figure 4: Vibration reduction index, same case as Fig 2 and 3 in [13]: (a) T-shaped
junction, straight transmission (K13); (b) T-shaped junction, right-angle transmission
(K12); (c) +-shaped junction, straight transmission (K13); (d) +-shaped junction,
right-angle transmission (K12).

of the structure. Point and narrow strip forces are almost equivalent here (it could be
different with airborne excitation).

Calculations have been done in 3 Hz steps. The results are averaged in third-
octave bands. The spatial average is performed as the arithmetic mean of discrete
values in a uniformly distributed cloud of points (the mean distance between them is
(Lx1 + Lx3) /20). Spatial average is done before the frequency average.

When nothing else is mentioned, the mechanical properties of the junctions are
the ones in Table 3. The loss factor is a key parameter in the vibration transmission.
To study its influence on the response is relevant and a large range of values have
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Figure 5: Notation used for the dimensions of the junctions. From left to right:
T-shaped, +-shaped, L-shaped and narrowing. Ly is the length in the extrusion
direction (orthogonal to these cross-sections).

Parameter Symbol Value

Young’s modulus E 3.0 · 1010 N/m2

Density ρv 2500 kg/m3

Damping η 1, 5, 10, 20, 30 %
Poisson’s ratio ν 0.2

Table 3: Mechanical properties of the plates that are constant along the analysis.

been considered. For usual bare construction materials, the internal loss factor η is
in general below 10%. However, and as discussed in Section 2, η is the only damping
parameter considered in the model and all dissipation mechanisms (at boundaries or
junctions for example) need to be included there. Consequently, its value is larger
than the internal loss factor of the material. Moreover, construction materials with
high damping properties are being developed nowadays, see for example the case of
polymer concrete [42]. So, a door is open to construct, in the near future, buildings
with highly damping structures and junctions.

The aim of Annex E formulas in the EN-12354 [9], resumed in Table 4, is to be a
design tool. So, they are quite simple to use and obtained in the basis of large series
of in situ measurements in buildings [7, 8] and simplified models for several junctions
types [25]. In the remainder of the present work, they are taken as reference.

T-shaped +-shaped L-shaped/Narrowing
K12 5.7 + 5.7M2 8.7 + 5.7M2 max (15 |M | − 3,−2)
K13 5.7 + 14.1M + 5.7M2 8.7 + 17.1M + 5.7M2 −5 + 5M2

Table 4: Formulas proposed in Annex E of the EN-12354 [9]. The mass ratio M =
log10 (m⊥/mi) for the vibration transmission path from i to j, mi is the mass per unit
surface of element i (i.e. floor) and m⊥ is the mass per unit surface of the orthogonal
element (i.e. wall).
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In order to keep its purpose of simplicity and universal use, our results are always
presented in terms of average of common situations. It means that several combina-
tions of the plates forming the junctions have been considered. The final result is the
arithmetic mean of them. The specific dimensions considered can be seen in Table 5.
So, the Ki,j results of 12 different T-shaped or L-shaped junctions have been always
averaged in order to obtain a more universal analysis, independent of junctions’ geo-
metric details. Again, the dimensions are chosen in the line of the recommendations
given in [41].

Parameter Symbol Value

Lengths in extrusion direction Ly 4.0, 5.0 m
Lengths for the floors (T and +) Lx1 − Lx3 3.5− 3.0, 4.5− 4.0 , 5.5− 5.0 m
Lengths for the floors (L) Lx1 3.5, 4.5 , 5.5 m
Lengths for the wall (T and L) Lz2 2.5, 3.0 m
Lengths for the wall (+) Lz2 − Lz4 2.5− 2.75, 3.0− 3.25 m

Table 5: Geometrical properties of the plates.

The calculations are repeated for several combinations of thicknesses in order to
have different surface densities and be able to compare with EN-12354 formulas that
depend on the mass ratio. In all the junctions analysed, combinations of the following
values are considered: t1, t3 = 0.1 or 0.2 m; t2, t4 = 0.05, 0.1, 0.2, 0.3, 0.4 or 0.5 m.

Several outputs are shown in the following sections:

• Frequency-dependent vibration reduction index curvesKij(f). Results are shown
as one-third octave frequency band averages, see for example Figs. 6 and 7. Not
less than one value each 3 Hz is considered in order to perform the one-third oc-
tave frequency band average (it makes, for the one-third octave frequency band
from 4467 Hz to 5623 Hz and central value at 5000 Hz, 386 values). This value
is obtained as the arithmetic mean of several situations with different plate di-
mensions (for example, in the T-shaped junction according to Table 5, there are
3× 2× 2 = 12 situations due to the length variations in +, Y and Z dimensions
of the plates).

• Standard deviation of vibration reduction index σKij
(f) due to the geometry of

the structure

• Global or ‘single-number’ vibration reduction index Kij = (1/n)
∑n

r Kij(fr). n
is the number of one-third octave frequency bands considered in the average.

• For the global outputs (or single parameter output like Kij), three frequency
ranges have been considered: i)‘Low’ making the arithmetic average with all
one-third octave frequency band results between 50 Hz and 160 Hz; ii)‘Mid’
making the arithmetic average with all one-third octave frequency band results
between 200 Hz and 1250 Hz; iii)‘High’ making the arithmetic average with
all one-third octave frequency band results between 1600 Hz and 5000 Hz. If
nothing is mentioned, the default option when global output is shown is the
‘Mid’ frequency range average. This is the range proposed in [41].
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3.1 Influence of damping and structure dimensions

The study is focused in this section on the influence of geometry variations and the
damping. The first aspect is checked by making variations of the plate dimensions and
using different thickness ratio of the elements. According to the aim of invariability
in the definition of the vibration reduction index Kij, very similar results should be
obtained for different values of damping and plate dimensions.

3.1.1 Frequency-dependent curves

Figs. 6 and 7 illustrated the type of results obtained. The first thing to be mentioned
is that the definition of Kij highly reduces the variability of results due to damping.
In both figures Dν,ij (a) is compared with Kij (b). While Dν,ij curves present a large
range of variation due the different values of loss factor considered, Kij curves are
grouped and its differences are in general not larger than 5 dB. This is true except
for the curve with η = 1%. This damping value is probably too low to fulfil the
hypotheses assumed in the definition of Kij.

Figs. 6 and 7(a) also show as error-bars, for the cases η = 1% and η = 30%, the
range of variation of Dν,ij caused by the modification of the plate dimensions (see
Table 5). We can observe how it is more important for the smaller values of damping
and at low frequencies where the response is controlled by the resonance of single
modes.

An important difference with EN-12354 formulas is that here the obtained Kij

curves are frequency dependent. And not only in the low-frequency range with the
modal behaviour, but also in its global trend. In general, the Kij values predicted
by SFEM at low frequencies are higher than EN-12354 estimations mostly due to low
modal overlap. This goes in the line of the experimental data published in [25]. They
tend to decrease with frequency and remain more or less constant afterwards. At the
highest frequencies and for the largest damping values a soft increase of Kij values
can be observed. In this frequency range there is enough space in the excited zone to
attenuate the vibration waves before arriving to the junction. More excitation force
positions have to be considered if a more uniform and reverberant vibration field is
required. This is the case of wood junctions where damping tends to be larger [43].

3.1.2 Statistical approximation of numerical results

The SFEM results have been approximated by means of a multivariate linear regres-
sion analysis. This is useful on the one hand to establish which parameter is more
relevant in order to explain the variation of the large amount of data (simulations).
On the other hand it is a way to approximate the numerical results without the need
of recalculation. It must be mentioned that the cases with η = 1% have been excluded
from the statistical analysis due to the large differences observed. The analysis has
also been split between low, mid and high-frequency ranges. These decisions are mo-
tivated by the different behaviour observed in Figs. 6 and 7 and similar ones. Also the
mid-frequency range proposed here is coincident with the ISO 10848-1 [41] in order
to calculate the single-number parameter. Thus, the regression formula considered is
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Figure 6: T-shaped junction, influence of damping (t1,3 = 0.1 m, t2 = 0.2 m), straight
transmission (K13): (a) vibration level difference, error bars indicate the maximum
and minimum values for all the analysed geometries; (b) vibration reduction index.

 0

 5

 10

 15

 20

 25

 30

 35

 100
 125
 160
 200
 250
 315
 400
 500
 630
 800
 1000
 1250
 1600
 2000
 2500
 3150
 4000
 5000

D
ν,

 ij
 (

dB
)

f (Hz)

 η = 1 % 
 η = 5 % 
 η = 10 % 

 η = 20 % 
 η = 30 % 

(a)

 0

 5

 10

 15

 20

 25

 100
 125
 160
 200
 250
 315
 400
 500
 630
 800
 1000
 1250
 1600
 2000
 2500
 3150
 4000
 5000

K
ij 

(d
B

)

f (Hz)

 EN-12354 
 η = 1 % 
 η = 5 % 

 η = 10 % 
 η = 20 % 
 η = 30 % 

(b)

Figure 7: T-shaped junction, influence of damping (t1,3 = 0.1 m, t2 = 0.3 m), right-
angle transmission (K12): (a) vibration level difference,error bars indicate the max-
imum and minimum values for all the analysed geometries; (b) vibration reduction
index.
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as follows

K
Reg
ij (f) =







aL
η

100 + bL log10 (f) + cLM + dLM
2 + eL if 44.7Hz < f ≤ 178Hz

aM
η

100 + bM log10 (f) + cMM + dMM2 + eM if 178Hz < f ≤ 1413Hz
aH

η
100 + bH log10 (f) + cHM + dHM2 + eH if 1413Hz < f ≤ 5623Hz

(22)

This is based on the EN-12354 formulas but adding the effect of frequency dependence
and damping. Both are considered by means of a linear dependence on log10 (f) and
η. The variables (η, log10 (f), M ...) are considered or not, depending on its influence
on the linear regression analysis. In a first iteration all independent variables are
included. The significance of each one is checked which helps to decide a simpler
approximation formula of the numerical results. The obtained coefficients are shown
in Table 6.

The numerical results are fitted better at high frequencies with R2 parameter
closer to unity. This can also be concluded by means of the standard error of the
linear regression which is larger at low frequencies. It means that differences between
the numerical results and the regression formula are larger due to the modal behaviour
and the influence of the specific dimensions of the junction. The opposite can be said
at high frequencies.

In general, more variables are required to describe the low-frequency zone. The
influence of the frequency in the vibration reduction index trend is more important at
the mid-frequency zone in the cases of straight transmission (T and+-shaped, path 1-
3). To include damping in the regression formula is more relevant at high-frequencies.
An increase of the vibration reduction index at the high-frequency zone is observed
in all T and +-shaped junctions analysed. An example of the improvement of the
regression due to the consideration of damping is that the R2 parameter varies from
0.68 to 0.83 in the right-angle transmission (path 1-2) of a +-shaped junction at high
frequencies.

Considering the mass ratio (M) is relevant in all junction types. In the right-angle
transmission, as it happens in the EN-12354 formulas of Table 4 for the L and +-
shaped junctions, only M2 (or |M |) is considered in the final formula. The significance
of M is very low and the regression analysis suggests to drop this variable. It is very
logical due to symmetry reasons. However, this is not the case for the right-angle
transmission in the T-shaped junction. EN-12354 formula keeps symmetry in this
case and only depends on M2 (not M). But the regression analysis of the numerical
results suggests that M is quite meaningful and improves the description of data.
This makes sense because right-angle transmission in a T-shaped junction has no
symmetry.

The formula Eq. (22) represents a simplified but good approximation of the nu-
merical results. The variation of the vibration reduction index values is also caused
by aspects different from the mass ratio, the frequency or the damping. Eq. (22) does
not take into account the specific dimensions of the problem, the boundary conditions
or the type and position of forces.
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Junction Path Range a b c d e R2 Std. Err.
T-shaped 1-2 Low -10.66 -9.98 3.98 30.03 27.15 0.6 3.90
T-shaped 1-2 Mid — — 4.89 28.95 5.24 0.81 2.04
T-shaped 1-2 High 16.32 — 6.71 23.46 4.43 0.86 1.59
T-shaped 1-3 Low — — -18.58 33.82 7.32 0.86 3.98
T-shaped 1-3 Mid — -12.92 -14.90 9.76 39.26 0.82 3.36
T-shaped 1-3 High 18.99 — -10.30 7.65 -2.52 0.91 1.49
+-shaped 1-2 Low -10.63 -9.56 -0.33 27.29 29.13 0.57 4.01
+-shaped 1-2 Mid — — — 25.96 7.11 0.78 2.11
+-shaped 1-2 High 18.62 — — 24.16 5.14 0.83 1.84
+-shaped 1-3 Low — — -24.94 31.03 9.51 0.89 4.25
+-shaped 1-3 Mid — -10.92 -18.87 11.21 37.40 0.86 3.38
+-shaped 1-3 High 19.24 — -13.83 6.65 0.58 0.93 1.70
L-shaped 1-2 Low -12.52 -7.91 -1.97 32.94 20.66 0.71 3.56
L-shaped 1-2 Mid — — — 23.67 3.78 0.70 2.58
L-shaped 1-2 High 13.28 — — 16.94 3.04 0.82 1.35
narrowing 1-3 Low -15.43 -5.21 — 8.93 9.37 0.51 2.14
narrowing 1-3 Mid — — — 9.54 -4.67 0.52 2.12
narrowing 1-3 High 13.16 — 2.2 8.57 -5.94 0.67 1.28

Table 6: Regression coefficients. M = log10 (t1/t2) with t1 = t3 in all cases except the
narrowing where M = log10 (t2/t1).

3.1.3 Single-parameter output

A comparison with EN-12354 has also been done in terms of output averaged in the
mid-frequency range. The EN-12354 propose a single value for the vibration reduction
index which is frequency-independent.

Fig. 8 shows the values of K13 (straight transmission) and Fig. 9 the values of K12

(right-angle transmission) for a T-shaped junction. The parameter that varies here
is the mass ratio because the thicknesses of plates forming the junction is not the
same in each branch. In both Figs. 8 and 9 the influence of damping is shown in part
(a) and the influence of the frequency range (low, mid or high) used to obtain Kij is
shown in the part (b).

A first thing to be noted in Figs. 8 and 9 (a) is that the vibration reduction curves
for the different values of damping considered are very close. Differences in the mid-
frequency averaged vibration reduction index Kij are not larger than 4 dB while as
shown in Figs. 6 and 7 they can be larger than 10 dB for the vibration level difference
Dν,ij. It means that the definition of Eq. (3) is quite correct in the sense that makes
the parameter more independent of damping. This is observed for all transmission
paths (1− 2 and 1− 3). However, as mentioned before, this is not true for the poorly
damped case η = 1% where differences in Kij are more significant.

Figs. 8 and 9 (b) show the importance of the frequency range used in order to
obtain Kij . Larger values of Kij are obtained in the low-frequency average while Kij

is smaller in the high-frequency average.
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The agreement of the numerical (mid-frequency average) results with the EN-
12354 formulas of Table 4 is quite good for the straight transmission (path 1 − 3,
Fig. 8 (a)). Except for the η = 1% curves, differences are less or equal ±3 dB. It
must be noted that these differences can also be found for cases with equal mass ratio
(M) value for which EN-12354 formulas propose the same vibration reduction index
(i.e. t1 = 0.1, t2 = 0.2 and t1 = 0.2, t2 = 0.4). It makes sense because the different
thicknesses imply different modal distributions and balances between in-plane and
out-of-plane modes. To have the same mass ratio and the same plate dimensions does
not imply that the junctions are identical and thus, small differences can be expected.

Similar comments are valid for the agreement in the right-angle transmission case
of Fig. 8 (a) but only in the mass ratio range between−0.5 and 0.5 (m⊥/mi between 0.3
and 3). For junctions with branches having a very different thickness the differences
between the numerical results and EN-12354 are important and can be around 6 and
10 dB. In almost all cases the values proposed by EN-12354 are smaller.
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Figure 8: T-shaped junction, straight transmission (K13): (a) influence of damping
(mid-frequency range average); (b) K13 averaged in the low, mid and high-frequency
ranges.

An important aspect of the numerical model used here is that the finite dimen-
sions of the junction can be considered. The results shown in previous pictures are
obtained as the average of all the junctions described in Table 5 which is an ensemble
of common building dimensions. It is, however, interesting to see how the dimensions
of the junctions affect the standard deviation of the vibration reduction index. A first
indicator is the standard error of the regressions formulas (see Table 6). The standard
deviation of Ki,j for the T-shaped junction is shown in Fig. 10. The standard devia-
tion decreases when damping or frequency increases. The largest standard deviation
is found considering the low-frequency average and the case η = 1%. Except for this
extreme situation, it can be said that the standard deviation due to the plate dimen-
sions is not larger than 4 dB (±3 dB is mentioned in the ISO10848-1). The standard
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Figure 9: T-shaped junction, right-angle transmission (K12): (a) influence of damping
(mid-frequency range average); (b) K12 averaged in the low, mid and high-frequency
ranges.

deviation does not depend on the mass ratio.
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Figure 10: T-shaped junction, mean standard deviation averaged in the mid-frequency
range (variation due to problem geometry): (a) straight transmission (K13); (b) right-
angle transmission (K12).

A similar analysis has been done for the+-shaped (Fig. 11), L-shaped (Fig. 12(a))
and the sudden narrowing in a straight structure (Fig. 12(b)). The results obtained
go in the same line as for the T-shaped. The most significant difference must be
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mentioned for the L-shaped where numerical results are systematically 5 dB above
the EN-12354 formula.
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Figure 11: Vibration reduction index of the +-shaped junction, influence of damping
averaging in the mid-frequency range: (a) straight transmission (K13); (b) right-angle
transmission K12.
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Figure 12: Vibration reduction index averaging in the mid-frequency range: (a)L-
shaped junction, transmission (K12); (b) transmission through a sudden narrowing in
a straight structure (K13).

Another aspect that can be analysed with the presented model is the relative im-
portance of the out-of plane displacements with respect to the total displacement.
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Sometimes only bending waves are considered in the study of the transmission co-
efficient at junctions. The main reason is that equations become simple and it is
easier (possible) to obtain analytical expressions for the transmission loss (see for
example some of the models developed in [19, 24]), or the interest is only focused
on the vibration transmission due to bending waves. However, it is well known that
in-plane vibration is important at high frequencies and for thick structures. Some
models of junctions including the effect of in-plane vibrations have also been devel-
oped [44, 19, 22, 45, 37].

This aspect is studied here in the case of the T-shaped junction with the excitation
in the zone 1. The parameter shown in Fig. 13 is the ratio between the spatial averaged
kinetic energy taking into account only the out-of-plane displacements and the same
but taking into account also the in-plane displacements. The spatial average is done
over the zone 2 of the T-shaped junction. When the ratio value is close to 1, the in-
plane energy can be neglected. In the case where the point forces are applied directly
in zone 2 this ratio is very close to 1 in all analysed cases.

Fig. 13 shows how in-plane effects are more important when the frequency in-
creases. But they become meaningful already in the mid-frequency range. They are
more sensitive to the thickness ratio (a) than to damping (b). When one of the plates
becomes thicker, in-plane effects are more important. The effect of damping is differ-
ent for low and high frequencies. According to these results, it can be very inaccurate
to use models that take into account only bending waves in order to calculate the
transmission coefficient of junctions where interaction between bending and in-plane
waves of different elements can exist (i.e. right-angle transmission).
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Figure 13: T-shaped junction, ratio of kinetic energy caused by out-of-plane displace-
ment in zone 2 when the excitation is placed in the zone 1: (a) influence of thickness
ratio (η = 10%); (b) influence of damping (t1,3 = 0.1 m and t2 = 0.2 m).
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3.2 Effect of material stiffness

EN-12354 formulas neglect the effect on the vibration reduction index of the Young
modulus or the presence of branches with different stiffness. These two situations have
been considered in a T-shaped junction of 0.1 m thick plates. The analysis shown in
Figs. 8 and 9 is repeated by introducing two modifications:

• Variation of the Young modulus in the whole junction

• Variation of the Young modulus only in the vertical plate (number 2 according
the notation of Fig. 5)

In both cases, the value of E = 3.0 ·1010N/m2 is taken as reference. It is multiplied
by: 1/10, 1/2, 1, 2 or 5 in the whole junction or only in the plate number 2. Real
construction materials rarely change their Young modulus without a change in density.
However, we consider that it is a clear way to study the effects of the material stiffness
variation in the value of the vibration reduction index. Damping is constant in this
section with η = 10%.

The variation of the Young modulus of the vertical plate (number 2) cause impor-
tant variations on the vibration reduction index of the T-shaped junction. On the one
hand the straight transmission (path 1−3 see Fig. 15(a)) decreases for a stiffer vertical
plate. On the other hand, the right-angle transmission (path 1 − 2 see Fig. 14(a))
decreases for a stiffer vertical plate if this plate number 2 is thicker than the others (1
and 3). If plate number 2 is thinner than the others, the effect of a Young modulus
increase is inverse and cause an increase on the vibration transmission. Note that, as
in previous sections, talking about ‘mass ratio’ or ‘thickness ratio’ is equivalent due
to the constant value of volume density.

When the Young modulus is changed in the whole junction, the variations of
vibration reduction index are less important but still significant. In the straight
transmission (path 1 − 3 see Fig. 15(b)) the variations of K13 are larger than 4 dB
only for junctions with m⊥/mi larger than 2. On the contrary, for the right-angle
transmission (path 1 − 2 see Fig. 14(b)) the larger variations of K12 are found for
m⊥/mi smaller than 2.

In any of the cases, the stiffness of the material is an important parameter that
can affect the values of vibration reduction index in one sense or another. Similar
conclusions have been drawn for the other junction types considered in the analysis.

3.3 Effect of the surrounding building structures

Other aspects not related with the junction but with the boundary conditions can
have certain influence on the vibration reduction index results too. They cannot be
considered in the EN-12354 simplified equations and in most of the junction models
based on wave-approach [19, 24].

A first aspect is the excitation force. Fig. 16 show a comparison of the vibration
reduction index obtained with the three point forces commented before or single point
forces. The single forces are placed at the corner (at a distance of 1.0 m of the junction
and the border of the plate) or at the centre of the excited plate. The differences
caused by the single point force position are around 3 − 5 dB in all the frequency
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Figure 14: T-shaped junction, right-angle transmission K12, influence of Young mod-
ulus (η = 10%, K12 averaged in the mid-frequency range): (a) The Young modulus
of plates 1 and 3 is constant (E1 = E3 = 30 GPa) and the Young modulus of plate 2
(E2) is variable; (b) Same Young modulus Eall in the whole junction, Φ = Eall/Eref

with reference value Eref = 30 GPa.
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Figure 15: T-shaped junction, straight transmission K13, influence of Young modulus
(η = 10%, K13 averaged in the mid-frequency range): (a) The Young modulus of
plates 1 and 3 is constant (E1 = E3 = 30 GPa) and the Young modulus of plate 2
(E2) is variable; (b) Same Young modulus Eall in the whole junction, Φ = Eall/Eref

with reference value Eref = 30 GPa.
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range with a damping η = 30%. These differences decrease if damping is reduced and
are less than 2 dB for the case η = 10%. The curve with three point forces applied at
the same time is, as expected, between the other two cases.
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Figure 16: T-shaped junction (η = 30%, Kij averaged in the mid-frequency range),
influence of the force position on the vibration reduction index: (a) straight transmis-
sion K13; (b) right-angle K12.

The generality of the numerical tool can be used in order to analyse more complex
structures. The differences in the vibration reduction index of an isolated +-shaped
junction (results presented in Fig. 11 ) and the same +-shaped junction placed inside
the framework of a building structure (see Fig. 17(b)) has been calculated. All the
junctions are rigid line connections in the building structure. Results are shown in
Fig. 17(a) and reveal that differences are not large. It seems justified to study the
junctions isolated from the other parts of the structure as EN-12354 formulas propose.
However, it is a preliminary example that illustrates the possibilities offered by the
model presented in Section 2 in order to study more complex situations (i.e. building
frameworks). A larger study must be done in order to obtain general conclusions or
design rules, in the line of previous works [46].
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Figure 17: +-shaped junction (Kij averaged in all the mid-frequency range), influence
of the boundary conditions on the vibration reduction index: (a) differences in straight
transmission K13 between an isolated+-shaped junction and the same junction places
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ij ; (b) Absolute modulus of

displacement at the ‘building structure at 4000 Hz: η = 1%, all thicknesses of 0.1 m .
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4 Conclusions

The main conclusions of the analysis are summarised here below:

• The implemented model, which is based on the spectral element method, pro-
vides results that are equivalent to three-dimensional FEM. The systems of
equations to be solved are much smaller and consequently the results can be
obtained in a much faster and efficient way. This has been the key in order to
perform this broad analysis extended in the whole frequency range.

• The vibration reduction index is a parameter that exhibits less variation than
the vibration level difference. However, the influence of the plate dimensions
is still important and can be around 1.5 dB for highly damped structures or
almost 3.5 dB for the poorly damped ones. It must be mentioned that the idea
of an invariable vibration reduction index seems to be non valid when η = 1%
or less.

• The vibration reduction index curves obtained with SFEM present a non-negligible
frequency-dependence. This is more important in the straight transmission
(path 1 − 3) for the + and T-shaped junctions. The general trend is that Kij

decreases with frequency (∝ −10 log10 (f)). In the low-frequency range, the cal-
culated values are larger than EN-12354 predictions. In the high-frequency range
and for the most damped structures Kij can have a moderate increase. Both
aspects coincide with experimental measurements already reported in [25, 13].

• Difference with the EN-12354 prediction formulas are more important for junc-
tions with larger mass ratio and for those cases of right-angle transmission (i.e.
from floor to wall). In general, the EN-12354 formulas provide smaller values
than the numerically calculated ones.

• Other parameters such as the Young modulus or the force position have impor-
tance in the prediction of the vibration reduction index. The largest differences
with respect to EN-12354 prediction formulas are found when there are non-
homogeneous junctions (i.e. different Young modulus for perpendicular plates).
Considering point forces in different positions makes a variation of results around
3 dB for highly damped junctions (η = 30%). However, very similar results have
been obtained for the vibration reduction index of a +-shaped junction isolated
or forming part of a building framework. The largest differences are found for
the lower damping of η = 1% but are less than 2 dB.

• It is very important, for the heavy junctions considered here, to take into account
the in-plane stiffness and longitudinal waves. This is more relevant in the right-
angle transmissions. In that cases and for mid and high frequencies, the out-of-
plane displacement can be less that 25% of the total displacement.
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