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Abstract

The vibration reduction index (Kij) is a key parameter in the prediction of flanking
transmissions according to the EN-12354 standard. Formulas for the evaluation of Kij

in L, T and X junctions that depend on the mass ratio are available in the Annex
E. Junctions of straight elements with different thickness or thin elastic layers are also
included. However, other junction types that are important for building industry are not
considered: H-shaped junctions, L or T junctions not forming a right angle, asymmetrical
T-junctions , X-junctions where only one of the parts is different (thickness or material)
from the other two/three. In the current research, expressions for these non-covered
junctions are provided. They are obtained by means of numerical simulations based on
the spectral finite element method. Kij is predicted for a large population of junctions,
considering usual thicknesses and heavy material combinations (no lightweight frame
systems have been considered). Statistical analysis is carried out to obtain relatively
simple formulae that could be used in acoustic design projects without the need for
time-consuming computations with finite element software.

Keywords: junction, Kij, EN-12354, SFEM

∗correspondence: UPC, Campus Nord B1, Jordi Girona 1, E-08034 Barcelona, Spain, e-mail:
jordi.poblet@upc.edu

†correspondence:24 rue Joseph Fourier, 38400 Saint Martin d’Hères, France, e-mail: cather-
ine.guigou@cstb.fr

1



1 Introduction

An important part of the sound transmitted
between rooms in a building passes through
indirect paths. There are often multiple paths
which cause flanking transmission to be sig-
nificant when compared with the direct trans-
mission path (for example airborne transmis-
sion through the wall). Flanking transmis-
sion must be predicted by means of global
models which take into account not only the
insulation capacity of individual elements (i.e.
walls or floors) but also the interaction be-
tween them and the global behaviour of the
building.

A common approach in terms of predic-
tion is to use the model proposed in the EN
12354 standard [1], which is based on the first
order SEA formulation proposed in [2, 3].
Among other data, it requires to know the
vibration reduction index

Kij = Dν,ij + 10 log
10

(

ℓij√
aiaj

)

(1)

where Dν,ij is the direction averaged vibra-
tion level difference, ℓij is the length of the
junction,

ai =
2.2πSi

cTi

√

fref
f

(2)

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

Kij is the parameter that describes how
the vibrations pass from one part of the build-
ing to another, typically through the junc-
tions. Some of the problematic issues include
the peaks and troughs in the vibration level
differences due to low mode counts, and sit-
uation invariance due to low total loss fac-
tors in the laboratory and/or modal over-
lap factor (see discussion in [4]). The proper

quantification of the flanking paths highly de-
pends on the value of Kij.

It can be obtained from experimental mea-
surements of junctions in the laboratory [5–
7]. However, it is time consuming, cumber-
some and expensive. This is something to be
done in a single junction but it is unrealistic
to plan an experimental parametric analysis.

As an alternative to experiments, a com-
mon way to estimate Kij is by means of the
formulas that are available in the Annex E
of [1]. They cover: L, T and X homogeneous
junctions, some variations including thin elas-
tic layers between the junction parts and junc-
tions of straight elements with different thick-
ness. Kij can be easily obtained by the eval-
uation of a formula that depends on the mass
ratio of the junction

M = log10

(

m⊥

mi

)

(3)

M is defined for the vibration transmission
path from i to j, mi is the mass per unit
area of element i and m⊥ is the mass per
unit surface of the orthogonal element.

Nevertheless, these empirical formulas have
been mostly deduced from best-fit least-square
curve of a series of measurements [2]. Fur-
thermore, for a discussion concerning the prob-
lems related to the application of these em-
pirical formulas, see [8]. On the one hand,
this is good in the sense that reality was tested.
But on the other hand, to be coherent with
the SEA model in [2, 3], the data should
represent first order paths. And it is highly
probable that in situ measurements included
high-order transmission paths. As shown in
[9–11] it is not easy to define an error-free
environment to compute or measure the vi-
bration reduction index. In any case, there
are evidences that if the prediction formulas
in the Annex E [1] are compared with models
of the isolated junction based on Finite Ele-
ments (FEM [12]), semi-analytical wave ap-
proach [8] or spectral elements (SFEM [13])
some differences are found. These differences
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are important in the following aspects:

• The formulas in the Annex E are fre-
quency-independent and a single value
of Kij is provided for the whole fre-
quency range, while it is seen that Kij

can be variable with frequency for some
of the junctions and some of the trans-
mission paths.

• The predicted values ofKij in junctions
with mass ratio significantly different
than one are quite different when com-
puted with Annex E or some of the al-
ternative models of the isolated junc-
tions.

For these reasons, recent researches [8,
12–14] are trying to develop updated formu-
las that can be used to predict Kij with more
details. Three different frequency ranges are
defined: (i)low, from 50 Hz to 200 Hz; (ii)mid,
from 250 Hz to 1000 Hz and (iii)high, from
1250 Hz to 5000 Hz. A single value of Kij is
provided for each frequency zone: low, mid
and high. It is calculated as the arithmetic
mean of all third-octave band values. In ad-
dition, it was proposed in [12] to characterise
the junction by means of the PC variable
(PC from Psi divided by Chi) defined as

PC = log
10

(

Ψ

χ

)

(4)

with

Ψ

χ
= 4

√

m⊥B3

⊥

miB3

i

with B =
Et3

12 (1− ν2)

(5)
where B is the bending stiffness per unit width
(Nm), t the thickness, E the Young modulus
and the subscripts i and ⊥ refer to the source
element and the orthogonal element respec-
tively. The same Poisson’s ratio ν = 0.2 for
all the materials forming the junction is as-
sumed according to the data provided in [15].

Ψ/χ includes information not only on the
junction mass but also on the stiffness. The

PC ratio is more adequate in order to char-
acterise the junctions, especially when the
vibration transmission is mainly caused by
bending waves. It is, in fact, the ratio of
characteristic moment impedances. As it was
shown in [14], it reduces the scatter of data
when bending transmission is dominant. It
is possible that other parameters (i.e. combi-
nation of Ψ/χ and mass ratio) would reduce
the scatter when the transmission is done
by means of a combination of different wave
types. Nevertheless, a proposal of a more
adequate parameter is not a straightforward
task.

The main goal of the current research is
to extend the work presented in [13] to other
junction types that are important for build-
ing industry but are not considered in the
Annex E: H-shaped junctions, L or T junc-
tions not forming a right angle, asymmetrical
T-junctions , asymmetrical X-junctions. The
data corresponding to the SFEM simulations
in [14] are used in order to have reference val-
ues and regression curves for the standard L,
T and X-junctions. In fact, the present re-
search is an extension of the work done with
the SFEM model in [14] (no methodological
change is introduced) to other junction ty-
pologies in order to have a more complete
catalogue of formulas and gain knowledge on
the behaviour of these less usual junctions
not considered in [14] and the Annex E.

In the remainder of the document the me-
thod and model used is fast overviewed in
Section 2, the results for each of the junction
typologies mentioned above can be found in
Section 3 and the conclusions are exposed in
Section 5. Appendix A includes the tables
with the coefficients obtained from the sta-
tistical analysis of the numerical results.

2 Methodology

The methodology used to study the new junc-
tions is the same as described in [14]. The
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only difference is that, here, unpinned junc-
tions are considered at low-frequencies. Pin-
ning the junction is equivalent to assume that
only bending waves are transmitted. The op-
tion here is to leave this aspect free and allow
in-plane (longitudinal and transverse shear)
waves to play their role if this is the case.
The SFEM numerical model details as well
as validations were presented in [13]. The
numerical model, based on shell Spectral Fi-
nite Elements (SFEM [16–18]), is an efficient
alternative to solve the elastodynamic prob-
lem in structures composed of extrusion sym-
metry shells in the frequency domain. The
type of interpolation functions used makes
this numerical model more adequate for high
frequencies than FEM or other discretisation
techniques. The reason is that no reduction
in the element size is required when the fre-
quency increases. This efficiency is impor-
tant in order to perform the large number of
simulations required for the parametric anal-
ysis, in order to derive general design rules
and formulas, to cover a wide frequency range
and reproduce the statistical/random nature
of the physical phenomenon. An own im-
plementation of the SFEM method is used.
This is validated in single structural prob-
lems by comparing with the FEM software
Code-Aster [19] and passing usual tests with
available exact solution. A more general and
large comparison was done in the framework
of [14] where it was compared with wave-
based models andKij computations done with
other FEM software. The model was also
compared withKij measurements on real junc-
tions made in the laboratory [13].

The SFEM model deals with finite size
junctions. It means that the proper modal
behaviour of the junction is reproduced in
each frequency range: a more or less ran-
dom behaviour at low frequencies controlled
by particular modes, and almost SEA be-
haviour at mid frequencies when the modal
overlap increases. However, the final result
is assumed to be independent on the par-

ticular dimensions of the junctions (as the
formulas in the Annex E are). With this
purpose in mind and considering the large
variability that input data and outputs in
building acoustics can have (see for example
[20, 21]), a group of 27 junction dimensions
are always averaged in order to obtain a sin-
gle result, representative for all of them. The
plate dimensions considered are shown in Ta-
ble 1, according to the sketch and notations
in Fig. 1. The definition of which is the or-
thogonal element for each junction type and
path in order to compute Ψ/χ in Eq. (5) is
done in Table 3.

All the results presented here are limited
to the case of point force excitation. Three
different force positions in every plate are
considered. Each position is considered inde-
pendently for a total of three different sim-
ulations. Afterwards, the three results are
averaged. In total, six force positions are
needed to characterise a path because two
different plates need to be excited. The po-
sitions are chosen in a quite random way but
trying to be representative of all these: a
point force acting on the central part, on the
side, close and away of the junction. The
criteria and restrictions on the excitation po-
sition described in ISO 10848-1 [22] are re-
spected. The vibration fields are averaged
all around the plate. A preliminary study
on the influence of the excitation type and
the average procedure was presented in [23].
Some variations exist but they are, on the one
hand less important than the variations on
Kij caused by other aspects like the dimen-
sions or the uncertainties of the real junction
details and properties. On the other hand
they follow a quite general pattern and it
seems possible to take them into account on
the basis of the results presented here.

All the junctions in Fig. 1 are simply sup-
ported (displacements in the cross-section plane
blocked but free rotation) at the three plate
boundaries of each rectangular branch. The
fourth plate boundary, the junction line, has
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no constrain but continuity in the displace-
ments and rotations between all the branches
is imposed. The displacements which are par-
allel to the junction line (orthogonal to the
junction cross-section of Fig. 1) are not blo-
cked.

A population of junctions is considered
for each typology. This is generated with the
material parameters of Table 2, considering:
(i) homogeneous junctions made of concrete,
aerated concrete blocks and calcium silicate
blocks; (ii) junctions made of concrete floors
(i.e. zones 2 and 5 in the H-junction) and
other materials in the walls (i.e. zones 1, 3,
4 and 6 in the H-junction): aerated concrete
blocks, bricks or dense aggregate blocks. The
total damping is composed by the internal
damping (ηint) plus the boundary losses con-
sidered with ηboundary = f−0.5. This is the
option also chosen in [14] based on [24].

The thicknesses of each zone can be 0.1,
0.2 and 0.3 m with a total of 9 possible combi-
nations. Some more geometry detail of each
junction typology will be specified when pre-
senting the analysis and results. A range of
mass ratios according to common junctions
found in heavyweight buildings is therefore
covered.

2.1 Statistical analysis

The population of Kij values obtained for
each junction type and transmission path are
approximated by means of the following equa-
tion

Kij = C0+C1PC+C2PC2+C3PC3+Cdd+Cθθ
(6)

Coefficients C0, C1, C2 and C3 are consid-
ered in all the junction types while Cd is used
only for the H-junction and Cθ for those junc-
tions that have some part not forming a right-
angle. d is the separation between the leaves
of the H-junction in cm (see Fig. 1(b)) and θ
is the angle that can be seen in Fig. 1(a) and
(e).
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Figure 1: Sketch and notation of the junc-
tions: (a)L-junction with variable angle θ;
(b) H-junction (t1 ≡ t6 ≡ t3 ≡ t4 and t2 ≡
t5); (c) Asymmetrical X-junction (t1 ≡ t2 ≡
t3); (d) Asymmetrical T-junction (t2 ≡ t3);
(e) T-junction with variable angle θ (t1 ≡ t3).

Other functional dependences on the sep-
aration between leaves (i.e.

√
d) or the angle

between the junction parts (i.e. cos (θ)) have
been tested. However, they lead to statistical
descriptions of the results of equivalent qual-
ity in terms of standard error. In view of the
very small or null improvement, the option
was to keep Eq. (6) as simple as possible.

Kij is chosen here as the independent vari-
able because it is the output directly obtained
in finite dimension junctions (i.e. finite /
spectral element simulations or laboratory mea-
surements). The alternative was to use the
transmission loss TLij as done in [14].

TLij = −10 log10 (γij) (7)
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Parameter Symbol Value
Lengths in extrusion direction Ly 4.0, 5.0 , 6.0 m
Lengths for the floors (X, T, L and H) Lx 3.5, 4.5 , 5.5 m
Height for the wall (X, T and H) Lz 2.5 m

Table 1: Geometrical properties of the plates.

Material ρv ν E ηint
(kg/m3) (GPa)

Concrete 2200 0.2 30.5 0.005
Aerated1 400 0.2 1.39 0.0125
Aerated2 800 0.2 2.77 0.0125
Dense 2000 0.2 19.7 0.01
Bricks 1750 0.2 12.2 0.01
Calcium 1800 0.2 10.8 0.01

Table 2: Material properties (frequency in-
dependent) of the parametric analysis. Same
materials as [8] have been considered. ‘Aer-
ated’ means Aerated concrete blocks (of two
different types, 1 and 2). ‘Dense’ means
Dense aggregate blocks and ‘Calcium’ is used
for Calcium silicate blocks. ρv is the volumet-
ric density.

with the angular-average transmission coeffi-
cient, γij, for bending wave transmission from
plate i to plate j is related to the vibration
reduction index by

− 10 log
10
(γij) = Kij − 5 log

10

(

fc,j
fref

)

(8)

and fc,j the critical frequency of element j in
Hz. It was shown in [14] that using TLij re-
duces the scatter of data points (simulation
outputs), especially in the junctions where
bending transmission is dominant. It was
also a good choice in [14] because data gener-
ated with wave-based methods (infinite junc-
tions) and FEM or SFEM models (finite-di-
mensions junctions) needed to be combined
and compared somehow. However, it is not
the natural option here where only data gen-
erated by means of SFEM is analysed. In

addition, the relationship between Kij and
γij Eq. (8) is not exact. It would introduce
another possible source of data points scatter
which is better to avoid.

A multi linear regression of the data points
is carried out using the free software for sta-
tistical analysis of sampled data PSPP [25].
The coefficients that are the output of the
analysis are listed in the tables of Appendix A.
Tables 9, 10 and 11 are based on the SFEM
simulations on the standard junctions done
in [14] and are mainly considered to have a
reference and for the sake of completeness
of the collection/catalogue. The differences
found between all the models in [14] were not
large. Consequently a regression formula for
Kij based on the full data set are not ex-
pected to differ very much around Ψ/χ = 1
from the ones proposed in Tables 9, 10 and
11.

In all the figures, the curves obtained from
the regression analysis are labelled with the
letter ‘R’.

3 Results

3.1 H-shaped junctions

Few studies on the vibration reduction in-
dex of H-shaped junctions can be found. See
[12] that contains Kij expressions for the mid
frequency range obtained from FEM simu-
lations and [26, 27] for a wave-based model
covering several conceptual aspects of the H-
junction and double T-junction behaviour.

The sketch of the junction and the nota-
tion for each part is shown in Fig. 1(b). In ad-
dition to the comments of Section 2, it must
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Junction Path ⊥ i Junction Path ⊥ i

H
2-5, 2-4, 2-3 3 ≡ 4 ≡ 1 ≡ 6 2 ≡ 5

T angle
1-2 2 1 ≡ 3

3-1, 3-4 2 ≡ 5 3 ≡ 4 ≡ 1 ≡ 6 1-3 2 1 ≡ 3

Asym. X
1-3, 2-4 4 1 ≡ 3 ≡ 2

Asym. T
1-2, 2-3 2 ≡ 3 1

1-4, 1-2 1 ≡ 3 ≡ 2 4 1-3 2 ≡ 3 1

Table 3: Definition of the orthogonal element to compute Ψ/χ in Eq. (5) for all the junction
types in Fig. 1.

be noted that walls 1, 3, 4 and 6 have always
the same material properties and thickness.
The same comment is valid for the floors 2
and 5. Four different separations between the
internal faces of the walls 3− 4 and 1− 6 are
considered: d = 0.05, 0.1, 0.2 and 0.3 m.

The Kij of five different paths are com-
puted. Only some illustrative results are shown
in Figs. 2, 3 and 4. The results for the H-
junction are compared with the Kij values
for the standard X-junction (Eq. (6) with
the coefficients in Table 10). Figs. 2 and 3
contain the data for the more characteristic
paths in the H-junction which are affected by
the separation between leaves:K25 and K24

respectively. While Fig. 4 shows results in
the mid frequency range for the other three
studied paths: K23, K31 and K34. These
mid frequency results are representative be-
cause, even if numerical values do vary with
frequency, not many differences concerning
the shape of the function and general trends
(distribution of data, quality of the statisti-
cal approximation,...) were found due to the
variation of frequency in the three mentioned
paths.

Fig. 2 shows the straight transmission be-
tween the floors 2 and 5, in the direction per-
pendicular to the double wall. Kij decreases
with frequency. There is also a dependence
on the separation between the leaves of the
double wall (d). It causes larger variations of
Kij for junctions with Ψ/χ > 1 (this is not
the most usual junction type when 2 and 5
are the floors). Even if a global trend can
be noted (Kij tends to be larger for the junc-

tions with larger separation d), a large spread
also exist. This makes it difficult to adjust a
regression curve according to Eq. (6). The
standard error in Table 4 for the path 2 − 5
is quite large which makes it difficult to use
the proposed formulas for this path with ac-
ceptable precision.

The H-junction results are compared with
two different predictions of the standard X-
junction. On the one hand a single X-junction
with the floors 2 and 5 and the walls 1 and
3 (‘X (3)’). On the other hand a X-junction
where the walls are considered to have double
thickness, which is equivalent to put together
the leaves 1 + 6 and 3 + 4 (‘X (3+4)’). Dou-
bling the thickness is equivalent to consider-
ing the two leaves acting as a single leaf. It
is important in terms of the stiffness, which
is computed with an effective thickness 2t
instead of making the addition of the stiff-
nesses of the isolated leaves (that would prob-
ably be an intermediate option). At mid and
high frequencies, the results are between the
two curves: single and double X-junction.
However, at low frequencies Kij can be even
larger than the predictions done with a dou-
ble X-junction (the closest results to the dou-
ble X-junction are those for d = 0.1 m).

Fig. 3 is illustrative of the right-angle trans-
mission between the floor 2 and the second
wall 4. This transmission path is important
for those double walls that have structural
continuity under or over their core. In that
situation the vibrations can bypass the insu-
lating cavity and produce sound radiation in
the contiguous rooms by direct excitation of
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Figure 2: H-shaped junction, in-line trans-
mission (K25). Comparisons with the ex-
pressions of the standard X-shaped junction.
Three frequency ranges are shown: (a)Low;
(b)Mid; c)High.

the leave 4 (see for example [28]).

In that case, the separation between the
leaves of the double wall (d) is also relevant
and we can see in Fig. 3 how the data points
are more or less ordered from d = 0.05 m (the
ones with smaller Kij) to d = 0.3 m (the ones
with largerKij). However, the spread is large
and a regression with Eq. (6) leads to a quite
poor adjustment with large standard errors.
This effect is even worse at low frequencies
and slightly better at high frequencies. In
both cases the plot of data looks similar to
Fig. 3 with the mentioned difference in the
spread.

In almost all the cases, the vibration insu-
lation is larger than for an X-junction com-
posed of parts 2, 5, 4 and 6 (with a single
wall). This is logical because the wall 3 repre-
sents a barrier for the vibrations that go from
part 2 to 4 and vice versa. This effect is more
important for the junctions with Ψ/χ > 1
(i.e. with heavier or stiffer 3 and 4). A better
lower bound, at least for the zone Ψ/χ > 1,
is obtained if an orthogonal wall with dou-
ble thickness is used in the X-shaped formula
(‘X (3+4)’). This is even more right for the
smallest separation distance. For Ψ/χ < 1 to
consider the single X-junction as lower bound
could be more accurate.

TheK24 curve is not symmetrical with re-
spect to the vertical axis Ψ/χ = 1. This can
be explained by the different physical phe-
nomena that control the vibration transmis-
sion for Ψ/χ > 1 and Ψ/χ < 1. For Ψ/χ > 1
the main aspect that controls the vibration
transmission is the blocking role that the wall
3 plays in the path 2− 4. This phenomenon
is in addition to the fact that the properties
of the floors 2, 5 and walls 3, 4 are also differ-
ent which does not help the transmission of
vibrations. In the limit, for very high values
of Ψ/χ the vibration transmission must tend
to infinite. But this increase is with larger
slope than for the equivalent X-junction be-
cause in the H-junction we have the two as-
pects (change of properties and wall block-
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ing) collaborating in the same direction while
in the equivalent X-junction only one (change
of properties). For Ψ/χ < 1 the blocking
role of wall 3 tends to be marginal and the
predominant aspect in the vibration isola-
tion is the difference in the properties be-
tween parts. In the limit for very small Ψ/χ
the vibration isolation increases more or less
following a line in all cases. The slope of
this line is very similar to the slope of a line
that would adjust the curve (‘X (3+4)’) for
Ψ/χ < 0.1. This means that the main phe-
nomenon is the difference in the properties
between parts and the wall blocking effect
tends to be marginal. It must be also noted
that due to the distribution of geometric and
material properties assumed (same proper-
ties in zones 2 and 5; and in zones 1, 3, 4,
and 6) the path 2-4 does not show symme-
try.
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Figure 3: H-shaped junction, right-angle
transmission to the second separating wall
(K24), mid-frequency.

The paths 2−5 and 2−4 are the ones that
make the H-junction differ more from the X-
junction. Also the separation between the
leaves 3 and 4 is more relevant in these two
paths causing a large spread of the vibration
reduction index values. The parameter d also
causes an important spread of Kij values in
the path 3−4 (see Fig. 4(c)) but not so much

in two of the other studied paths (2 − 3 and
3− 1 in Fig. 4(a) and (b)).

In the transmission paths 2−3 (see Fig. 4(a))
and 3−1 (see Fig. 4(b)) the response of the H-
junction is very similar to those of the stan-
dard X-junction.

3.2 Non-orthogonal junctions

Some junctions where the plates form an an-
gle different from the right-angle are consid-
ered. L-junction (for the sketch and notation,
see Fig. 1(a)) and T-junction (see Fig. 1(e))
are quite representative to derive general con-
clusions from their results. In all the figures
of this section, the data points are shown
with the proposed regression formulas. They
are based on Eq. (6) with the coefficients in:
Table 5 (L-junction with variable angle), Ta-
ble 11 (right-angle L-junction), Table 6 (T-
junction with variable angle), Table 9 (right-
angle T-junction). All the tables can be found
in Appendix A. The specific regression for-
mulas for L and T junctions with variable
angle are compared with the formulas for the
standard L and T junctions (with the plates
forming a right-angle). A discussion on the
meaning of all variants of Table 5 is done in
Section 4.1 (in the current Section, the rows
with the label ‘Non-symmetric data and Non-
symmetric formula’ are considered).

3.2.1 L-junctions

Some representative results for the L-junction
are shown in Fig. 5 (when the angle θ is
smaller or equal than 90o) and Fig. 6(when
the angle θ is larger or equal than 90o). The
main conclusion is that Kij takes the maxi-
mum value for the orthogonal (usual) L-junc-
tion. And Kij decreases when the angle θ
tends to 0o or 180o.

A rule of thumb in order to approximate
the influence of the angle variation is

∆Kij ≃ −0.1 |∆θ| (9)
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Figure 4: H-shaped junction, results in the
mid-frequency range. Vibration reduction
index for several transmission paths:(a)K23;
(b)K31; (c)K34.

where ∆Kij is the decrease in the vibration
reduction index with respect to the right-
angle junction (90o, with regression coeffi-
cients at Table 11). This can be more pre-
cisely done through the regression coefficient
Cθ in Table 5. This angle-dependency is clea-
rer at mid and high frequencies when almost
all the data points tend to be aligned with
the proposed regression curve. The worst sit-
uation in terms of spread of data points is
found at low frequencies when θ is smaller
or equal than 90o (see Fig. 5(a)). It is also
reflected in the regression analysis with stan-
dard error larger than 3 dB (see Table 5, us-
ing the coefficients for ‘Non-symmetric data
and Non-symmetric formula’). It makes no
sense to plot and use the regression curves
in Fig. 5(a) because the differences are too
large. The situation would probably be clea-
rer if the L-junction was pinned. In that
case only bending waves would be interacting
(and the parameter Ψ/χ describes especially
well this situation).

Fig. 5 includes also the Kij formula pro-
posed in the [1] for the straight junction of
different thickness and material: Kij = 5M−
5 dB. It seems a quite good lower bound in
the limit when θ tends to 0o.

The statistical analysis also shows some
slight asymmetry (in the shape of the curves)
between the cases with θ ≤ 90o and θ ≥ 90o.
This is seen through the values of the coeffi-
cient C2 which are a bit larger when θ ≥ 90o.
Another important aspect is to see the limit
of Eq. (6) when θ = 90o. It is compared
with the curve that uses the coefficients for
the standard L-junction in Table 11 (labelled
with ‘R L’). The second option always fits
better with the data points of the junctions
with θ = 90o because it is generated with this
purpose. However the agreement is accept-
able, especially at mid and high frequencies.
The differences are because the general for-
mula (with variable θ) needs to fit all data
points with different angle and each of them
exhibits a slightly different concavity.
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The cases with θ much larger than 90o

would behave more like an U-junction (with
short middle plate) instead of an L-junction.
They are not very common, especially for
dwellings.
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Figure 5: Vibration reduction index Kij for
the L-shaped junction with angle θ smaller or
equal than 90o for several frequency ranges:
(a) Low; (b) High. The label ‘EN-12354’
identifies the values obtained with the Kij

formula proposed in the [1] for the straight
junction of different thickness and material.

3.2.2 T-junctions

The main difference here with respect to Sec-
tion 3.2.1 is that two different transmission
paths can be studied: through the angle (K12,
also existent in the L-junction) and through
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Figure 6: Vibration reduction index Kij for
the L-shaped junction with angle θ larger or
equal than 90o for several frequency ranges:
(a) Low; (b) Mid.

the straight section (K13, specific of the T-
junction).

Fig. 7 shows illustrative results of the vi-
bration reduction index K13 in the transmis-
sion through the straight section. The junc-
tion behaviour is conceptually very similar
for both cases: θ ≤ 90o and θ ≥ 90o. At
low frequencies the spread of data points is
large (see the standard errors of the regres-
sion in Table 6 which are around 3 dB). This
makes it sometimes even difficult to estab-
lish a proper classification of the K13 values
in terms of the junction angle. The grada-
tion and quality of statistical approximation
is much better at mid frequencies. At high
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frequencies the influence of θ on the vibra-
tion reduction index K13 is almost null and
all the junctions with the same value of Ψ/χ
have similar value of K13 (see Fig. 7 (b)).
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Figure 7: T-shaped junction with variable
junction angle, straight transmission (K13).
Two different frequency ranges: (a) mid; (b)
high.

Fig. 8 shows illustrative results of K12 in
the transmission through the angle. In that
case it is more clearly seen the influence of the
junction angle θ. The statistical analysis of
the data leads to better regression formulas.
Except for the low-frequency response for θ ≤
90o.

Eq. (9) approximates quite well the angle
influence also for the T-junctions (see Figs. 7
and 8), except for the transmission through
the straight section at high frequencies where
this effect can be neglected (Fig. 7(b)).
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Figure 8: T-shaped junction with variable
junction angle, transmission through the an-
gle (K12).

3.3 Asymmetrical junctions

The formulas for the T and X junctions in
the Annex E as well as in recent researches
[8, 12, 13] consider only symmetrical junc-
tions with respect to mass per unit area. Ac-
cording to the notations in Fig. 1(c) and (d),
it means that parts 1 and 3 have always the
same thickness and mechanical properties while
part 2 can freely vary its properties. In addi-
tion, for the X-junction the properties of part
4 must be coincident with the ones in part 2.
All these keep the symmetry of the junction
and the mass ratio (M) or the Ψ/χ param-
eter establishes the relationship between or-
thogonal elements.

However, real buildings can have junc-
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tions where this symmetry is lost. This situ-
ation is not considered in Annex E and rarely
in the literature. A procedure based on the
hypothesis that the difference between the
sound reduction index of a flanking path and
the vibration reduction index is the same for
symmetric and for asymmetric junctions was
proposed in [29, 30]. This helped in order
to obtain Kij curves by means of statisti-
cal fitting of many measured flanking paths.
A wave based model was formulated in [31]
to deal with asymmetrical X-junctions. The
model considered bending waves and the trans-
mission loss, taking into account the trans-
mission direction, was computed.

Here it is considered that in the asymmet-
rical T-junction the thickness and mechani-
cal properties of parts 2 and 3 are the same
and independent of part 1 (this is a small
simplification because the real asymmetrical
junction would have three different proper-
ties). In the asymmetrical X-junction only
the part 4 will have different properties than
the other three parts, that will be made of
the same material with equal thickness.

Ψ/χ is computed as the properties of part
4 divided by the properties of parts 1, 2 and
3, for the asymmetrical X-junction (see Fig. 1
(c)). And for the T-junction Ψ/χ is com-
puted as the properties of part 2 and 3 di-
vided by the properties of part 1 (see Fig. 1
(d)).

Fig. 9(a) shows the straight transmission
(1−3) in the T-junction. When it is symmet-
rical, Kij increases if the orthogonal part (2)
is heavier or stiffer than the others (1 and 3).
Otherwise (Ψ/χ < 1), Kij remains more or
less constant. On the contrary, for the asym-
metrical T-junction, Kij increases in both sit-
uations (large and small Ψ/χ) and has the
minimum value around Ψ/χ ≃ 1. Two as-
pects could explain this behaviour. On the
one hand, for Ψ/χ > 1, the heavier orthog-
onal part of the junction makes it difficult
to transmit vibrations in the direction 1− 3.
On the other hand, the different properties

of parts 1 and 3 represents an impedance
mismatch which implies extra difficulty in or-
der to transmit the vibrations between them.
And this explains the increase of Kij even for
Ψ/χ < 1.

The right-angle transmission between the
parts 1 and 2 in the asymmetrical T-junction,
see Fig. 9(b), seems to suffer a shifting in
the negative direction of the Ψ/χ parame-
ter. This implies that Kij is larger in the
zone where Ψ/χ > 1 and smaller in the zone
where Ψ/χ < 1. The minimum value is lo-
cated around Ψ/χ = 0.5. And for the path
2 − 3 a very asymmetrical (with respect to
the vertical axis Ψ/χ = 1) behaviour of the
Kij curve is observed. This makes sense be-
cause for Ψ/χ > 1 the path 2− 3 behaves al-
most like an L junction with constant value of
Ψ/χ = 1 (this is most true for mid and high
frequencies). Since the part 1 is much less
heavy and stiff when Ψ/χ > 1 it has a small
influence. On the contrary when Ψ/χ < 1
the part 1 of the junction tends to control
all the transmission between 2 and 3, which
rapidly becomes a path with much less trans-
mission with respect to the path 1− 2 or the
standard T-junction. At mid and high fre-
quencies and Ψ/χ < 1, the transmission in
the path 2 − 3 is almost the same as for the
standard T-junction.

The right-angle transmission from 1 to 4
in the the X-junction, see Fig. 10(b), has
a very similar behaviour to the T-junction
(Fig. 9(b)). The comments for the T-junction
are still valid here, especially for Ψ/χ < 1.
The differences between symmetric and asym-
metric X-junctions in the range Ψ/χ > 1 are
less than for the T-junction. The right-angle
transmission through the path 1 − 2 is sim-
ilar to the path 2 − 3 in the assymetrical
T-junction. There is assymetrical behaviour
with respect to the vertical axis Ψ/χ = 1.
For Ψ/χ > 1 the junctions tend to behave
like a standard T-junction with Ψ/χ = 1 be-
cause the part 4 is much less heavy and stiff
than the parts 1, 2 and 3. On the contrary,
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Figure 9: Comparison of the vibration reduc-
tion index Kij for the usual and asymmet-
rical T-junction in the low-frequency range
(50− 200 Hz): (a) Straight transmission; (b)
Right-angle transmission (1− 2 and 2− 3).

for Ψ/χ < 1 the part 4 makes difficult the
vibration transmission between parts 1 and
2.

The other paths studied here for the X-
junction are the straight transmissions 1− 3
(between elements having the same proper-
ties) and 2−4 (between elements having dif-
ferent properties). The path 1− 3 is concep-
tually different to the path 1−3 in the asym-
metrical T-junction because there is no thick-
ness or material change in the transmission
direction but only in one of the perpendicu-
lar elements. For Ψ/χ < 1 the part 4 is much
less heavy and stiff than the others and the

junction behaves like a standard T-junction
with Ψ/χ = 1. For this reason the path 1−3
in the assymetric X-junction is almost con-
stant (horizontal) for Ψ/χ < 1. On the con-
trary for Ψ/χ > 1, part 4 makes it difficult
the vibration transmission from 1 to 3 and
the isolation increases. Kij is smaller than
for the standard X-junction here because the
part 2 in the assymetric X-junction is less
heavy and stiff (in the standard, the parts 2
and 4 have the same properties).

The transmission path 2 − 4 has a min-
imum value of Kij around PC = 1 but in-
creases on the other two sides. The increase
is more important for Ψ/χ < 1 because in
addition to the dissimilarity of parts 2 and 4,
the blocking role of parts 1 and 3 is important
for Ψ/χ < 1 and can be almost neglected for
Ψ/χ > 1.

Fig. 10 includes diamonds (with the la-
bel ‘R Usual (2+4/2)’). They represent data
generated with the regression formula for the
standard X-junction ‘R usual’ (coefficients in
the Table 10) but considering averaged prop-
erties between walls 2 and 4. All properties
(thickness, Young modulus, density) are av-
eraged before the computation of PC. The
points show some dispersion because PC is
evaluated for exactly the same junctions con-
sidered in the analysis (i.e. the regression
formula is not evaluated for a continuous set
of PC values but for the PC values com-
puted for every junction). The good agree-
ment with the asymmetric data suggest that
this path 1-3 (straight transmission) in the
asymmetrical X-junction can be properly ap-
proximated with the standard formula but
using averaged input parameters.

Figs. 9 and 10 are representative of the
three frequency ranges. For a more detailed
quantification of Kij see Tables 7 and 8.

In general, a proper study of these junc-
tions is required and the use of models and
formulas for the standard symmetrical ones
can lead to considerable errors. This has
been quantified for the X-junction. Table 8
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Figure 10: Comparison of the vibration re-
duction index Kij for the usual and asym-
metrical a X-junction in the mid-frequency
range (250 − 1000 Hz): (a) Straight trans-
mission (1 − 3); (b) Right-angle transmis-
sion (1 − 4). In (a), the diamonds ‘R Usual
(2+4/2)’ are data generated with the regres-
sion formula for the standard X-junction ‘R
usual’ but considering averaged properties
between walls 2 and 4.

shows two measures of standard error. On
the one hand, the error due to the statisti-
cal analysis of the data for the asymmetri-
cal X-junction. This is a measure of the dif-
ference between the proposed statistical for-
mula and the available data (this is shown
in all the tables). On the other hand, the
mean differences found when the asymmet-
rical X-junction data are compared with the

values predicted by means of the regression
formula of the standard X-junction (coeffi-
cients in Table 10). In both cases the stan-
dard error is computed as

std. Error =

√

√

√

√

1

n

n
∑

r=1

(

KS
ij −KP

ij

)2

(10)

where n is the number of data points ob-
tained with the SFEM simulations, KS

ij is the
vibration reduction index computed in the
simulations and KP

ij is the vibration reduc-
tion index predicted with the regression for-
mulas. The error when using the regression
formula for the standard X-junction is always
larger than the error found when the specific
formula for the asymmetrical X-junction is
considered. The differences in the value of
the standard error vary between 1 and 2.7
dB.

4 Discussion

4.1 Symmetrisation of data

Some of the junctions and paths involved in
the analysis need to have symmetry due to
the definition of Kij in Eq. (1): L-junctions
at any angle, the path 1− 2 in symmetric X-
junctions (but note that T-junctions in the
path 1 − 2 do not need to respect the sym-
metry because the junction with Ψ/χ and
(Ψ/χ)−1 are not the same junction). This
means that Kij must be symmetric with re-
spect to a vertical axis where Ψ/χ = 1. The
same value of Kij represents the fully sym-
metric junctions with Ψ/χ and (Ψ/χ)−1.

Several possibilities in order to take into
account this symmetry in the statistical anal-
ysis are shown in Table 5. Two options have
been considered. On the one hand the sym-
metrisation of the data. It means that a
value ofKij obtained by a single computation
is assigned to two different junctions with
Ψ/χ and (Ψ/χ)−1. By doing so, the data
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is exactly symmetrical. It is indicated in Ta-
ble 5 as ‘symmetric data’. On the other hand
the regression formula can be symmetrised by
imposing C1 = C3 = 0. This is indicated in
Table 5 as ‘symmetric formula’.

By considering cross combinations of these
two options of imposing (or not) the sym-
metry, four different regression situations are
analysed. In the first one, nothing is done
(this is the one used in the plots). The regres-
sion coefficients C1 and C3 take a value in the
statistical analysis. But it can be seen that it
is in general much smaller than C2 (the prox-
imity to 0 is a kind of control on how sym-
metric the computed data is). Moreover the
effects of C1 and C3 most probably compen-
sate each other. A possible explanation of the
light asymmetry of the computed data is the
force excitation positions (which are not per-
fectly symmetric), the different combination
of dimensions and the post-processing proce-
dure. The increase of junctions included in
the analysis would probably improve this as-
pect.

The other three situations (non-symmetric
data with symmetric formula, symmetric data
with symmetric formula and symmetric data
with non-symmetric formula) provide exactly
the same result (note that C1 and C3 are ex-
actly null in the case of symmetric data with
non-symmetric formula). Moreover, the dif-
ference of these three options with the first
situation (non-symmetric data with non-sym-
metric formula) in terms of R2 and Stan-
dard error is almost null. It means that the
symmetry of the computed data is already
quite acceptable and that the statistical anal-
ysis without imposing the symmetry, already
leads to a quite symmetrical result.

4.2 Thin and thick plate theo-

ries

As mentioned in Section 2, the spectral shell
elements considered are formulated in terms
of the thin (Kirchhoff) plate theory. This is

the most standard and extended theory in
order to simulate the bending behaviour of
plates. For this reason it was considered here:
to use the most common among all possible
options.

However, the materials and junction di-
mensions used in Section 3 are representa-
tive of heavy junctions. And it is needed
to check, at least for the thickest junctions,
which are the differences if thick (Mindlin)
plate theory is considered. According to the
criteria proposed in [15], the limit frequency
in the use of thin shell theory (plane stress)
for quasi-longitudinal waves is above the fre-
quency range considered in this study for all
the materials in Table 2 and thicknesses. Con-
sequently, the quasi-longitudinal waves are
properly described by the spectral elements
used here. This is not the case for the limit
frequency of bending waves for which differ-
ences around 10% in terms of wave velocity
can already be found at 500 Hz for the thick-
est junctions considered (0.3 m). The most
critical material for this aspect is the aer-
ated concrete but not very large differences
between all the other materials exist.

A comparison between the use of thin and
thick shell theories for some of the junctions
is done by means of the FEM software Code-
Aster [19]. Table 11 shows the results of four
different T-junctions made of ‘Aerated con-
crete 2’ material with constant thickness in
all the parts. Similar results are found for
the other materials. The output is the spatial
averaged displacement modulus (in the direc-
tion orthogonal to the plate). The curve has
been softened by making the average of five
contiguous frequencies. This is a compromise
between a third-octave frequency band aver-
age that would mask the differences (i.e. the
small change in the position of some eigenfre-
quencies due to the differences in wavenum-
ber between both theories would not noted
because they are in the same band) and a
frequency response curve without any aver-
age and with oscillations due to the modal
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response that would also make difficult to see
some difference and obtain clear conclusions.

10-01

10+00

10+01

10+02

10+03

10+04

 100  1000

<
|u

n|
>

/u
re

f

f (Hz)
 0.05 m K
 0.05 m M
 0.1 m K

 0.1 m M
 0.2 m K
 0.2 m M

 0.3 m K
 0.3 m M

(a)

10-01

10+00

10+01

10+02

10+03

 100  1000

<
|u

n|
>

/u
re

f

f (Hz)
 0.05 m K
 0.05 m M
 0.1 m K

 0.1 m M
 0.2 m K
 0.2 m M

 0.3 m K
 0.3 m M

(b)

Figure 11: Averaged displacement field in the
two aligned branches of a T-junction: (a)
zone 1; (b) zone 3. A unit point force act-
ing on zone 1 is considered. The reference
displacement uref is taken as 10−10 m.

Some differences can be seen above 1000
Hz and for the thickest junctions (t = 0.2 and
0.3). However, they are not large enough in
order to affect the averaged outputs that are
the goal of this research. Moreover, the dif-
ferences appear also in the same sense (larger
displacement for the thick shell theory in all
the zones of the junction). It is less influenc-
ing because Kij requires the vibration level
difference. This is a ratio of velocities which
tends to cancel this difference between both
theories.

For all these, it can be concluded that the
use of thin plate theory is perfectly valid in
this research with the chosen materials and
set of thicknesses.

4.3 Applicability of the research

to real junctions

The model used in this paper deals with ideal
junctions that are homogeneous and with iso-
tropic material properties. Moreover, it is as-
sumed that the junctions can be considered
as isolated. The applicability of the results
shown here to real junctions is most proba-
bly acceptable as far as the junction typol-
ogy is close to the hypotheses of the model.
Furthermore, small variations in plate dimen-
sions or imperfection would most probably
increase the Kij values presented in this pa-
per; however, lower Kij values allows to be
on the safe side when predicting the acoustic
performance of the building. A probabilis-
tic approach could actually be applied in or-
der to take into account the uncertainty as-
pects associated to the material properties,
dimensions and assembly conditions follow-
ing methodology introduced by Soize [32].
A range of variability of Kij predictions can
then be established.

5 Conclusions

The vibration reduction index of some ‘less
studied’ junction types has been computed.
As done in previous works [13], the used strat-
egy tries to be general enough in order to pro-
vide design guidelines. Some combinations
of typical materials and junction dimensions
commonly found in buildings that have heavy
junctions are considered.

When comparing with the available for-
mulations and results for standard junctions,
meaningful differences are found. This makes
it evident that the studied junctions require
a specific formulation that better describes
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their behaviour.
Apart from the regression formulas, the

main findings of the research are:

1. The paths 2−4, 2−5 and 3−4 of the H-
junction are very specific of that junc-
tion type. It is difficult to explain them
based on the X-junction, whose formu-
las are approximately valid to provide
some lower bound ofKij. The spread of
the results due to the leaves separation
d is important and makes it difficult to
find a precise representation of the nu-
merical data with a simple formula.

2. The paths 2 − 3 and 3 − 1 in the H-
junction can be properly explained by
means of the equivalent X-junction. The
results are very similar and the influ-
ence of the leaves separation d could
be neglected.

3. In the junctions which have non-ortho-
gonal parts, the higher values ofKij are
always found for the right-angle case.
Kij can decrease approximately 1 dB
per each 10o of angle variation.

4. The only situation in which the angle
formed by the junction parts was not
influencing the vibration reduction in-
dex is the straight transmission K13 at
high frequencies.

5. In the asymmetrical junctions that have
been considered, meaningful (i.e. ≥ 2dB)
differences with the standard symmet-
rical junctions where only found for large
(> 3) or small(< 0.6) values of Ψ/χ.

6. The output Kij has a large variability
not only due to the different sets of
data (material parameters, frequency,
dimensions) considered but also due to
the modal response of the junctions at
some frequencies, the excitation type
and the procedure to define and com-
pute Kij itself (it is a quite post-pro-
cessed output, i.e. not simply a point

displacement). This leads sometimes
the statistical approximation of the re-
sults to have a large standard error.
For those cases when the standard er-
ror is larger than three (which are only
some junctions and at low frequencies)
the proposed formulas can lead to large
differences when compared to an single
junction. It could maybe be interesting
to simulate the specific junction. For
all the other situations, the proposed
formulas provide a good estimation of
Kij averaged trend with almost null ef-
fort.
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A Tables with the regres-

sion formulas coefficients

This appendix summarises the statistical anal-
ysis performed in order to fit a simple multi-
linear equation to the results obtained with
SFEM. Each table corresponds to a different
junction and includes coefficients for each of
the three frequency ranges and the several
paths considered. Tables 9, 10 and 11 are
based on existent data while the other tables
are the core of the present research. Eq. (6)
is required in order to understand the mean-
ing of the coefficients. Cd and Cθ are omitted
when not needed.
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Path Frequency C0 C1 C2 C3 Cd R2 Std. Err. (dB)

2-5
Low 15.57 18.62 6.63 0.75 0.23 0.93 3.8
Mid 9.65 12.75 4.36 0.77 0.07 0.91 3.0
High 5.79 8.66 1.67 -0.07 0.02 0.94 1.6

2-3
Low 8.74 -1.18 4.77 0.73 -0.01 0.92 1.2
Mid 8.4 -0.99 4.44 0.67 0 0.96 0.7
High 7.34 -1.02 4.38 0.7 -0.01 0.98 0.6

2-4
Low 17.63 9.1 5.39 0 0.23 0.69 4.5
Mid 15.18 6.42 6.07 0.64 0.08 0.85 2.2
High 12.99 4.63 5.59 0.64 0.02 0.94 1.1

3-4
Low 11.02 7.12 1.86 0.75 0.2 0.85 3.6
Mid 6.98 5.1 2.94 0.13 0.13 0.88 2.5
High 6.3 1.8 2.92 -0.03 0.1 0.84 1.7

3-1
Low 8.77 10.25 5.26 -0.68 0 0.98 1.5
Mid 8.69 9.28 2.88 -0.47 -0.01 0.97 1.6
High 4.52 6.16 1.46 0.06 -0.05 0.88 2.2

Table 4: Regression coefficients for the H-junction.
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Frequency C0 C1 C2 C3 Cθ R2 Std. Err. (dB)
θ ≤ 90o Low -1.43 0.68 3.91 -0.8 0.08 0.58 3.1
Non-symmetric data Mid -6.59 0.15 2.23 -0.11 0.15 0.93 1.2
Non-symmetric formula High -7.12 -0.14 2.13 -0.05 0.13 0.94 1.0
θ ≤ 90o Low -0.94 — 2.80 — 0.08 0.56 3.1
Non-symmetric data Mid -6.52 — 2.10 — 0.15 0.93 1.2
Symmetric formula High -7.08 — 1.98 — 0.13 0.94 1.0
θ ≤ 90o Low -0.94 0.0 2.8 0.0 0.08 0.56 3.1
Symmetric data Mid -6.52 0.0 2.10 0.0 0.15 0.93 1.2
Non-symmetric formula High -7.08 0.0 1.98 0.0 0.13 0.94 1.0
θ ≤ 90o Low -0.94 — 2.8 — 0.08 0.56 3.1
Symmetric data Mid -6.52 — 2.10 — 0.15 0.93 1.2
Symmetric formula High -7.08 — 1.98 — 0.13 0.94 1.0
θ > 90o Low 13.63 0.94 4.78 -0.76 -0.1 0.90 1.5
Non-symmetric data Mid 14.88 0.68 3.55 -0.54 -0.1 0.93 1.0
Non-symmetric formula High 12.59 0.12 2.7 -0.28 -0.07 0.78 1.5
θ > 90o Low 13.98 — 3.95 — -0.1 0.88 1.6
Non-symmetric data Mid 15.12 — 2.96 — -0.1 0.92 1.1
Symmetric formula High 12.72 — 2.29 — -0.07 0.77 1.5
θ > 90o Low 13.98 0.0 3.95 0.0 -0.1 0.88 1.6
Symmetric data Mid 15.12 0.0 2.96 0.0 -0.1 0.92 1.1
Non-symmetric formula High 12.72 0.0 2.29 0.0 -0.07 0.77 1.5
θ > 90o Low 13.98 — 3.95 — -0.1 0.88 1.6
Symmetric data Mid 15.12 — 2.96 — -0.1 0.92 1.1
Symmetric formula High 12.72 — 2.29 — -0.07 0.77 1.5

Table 5: Regression coefficients for the L-junction with variable angle. Four different options
of statistical post-process imposing or not the symmetry are explored. ‘Symmetric data’ means
that data have been symmetrised and ‘Symmetric formula’ means that coefficients C1 and C3

are imposed to be null.
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Path Frequency C0 C1 C2 C3 Cθ R2 Std. Err. (dB)

θ ≤ 90o 1-2
Low 0.48 -1.32 4.32 -0.58 0.08 0.77 3.0
Mid -5.1 -1.48 3.16 -0.33 0.15 0.92 1.4
High -5.67 -2.03 2.87 -0.14 0.14 0.94 1.2

θ ≤ 90o 1-3
Low 0.82 6.42 2.87 -0.07 0.09 0.88 2.8
Mid -3.08 6.33 2.12 0.02 0.08 0.93 1.9
High -1.54 4.34 1.77 0.16 0.01 0.94 1.3

θ > 90o 1-2
Low 15.7 -0.7 4.75 -0.56 -0.11 0.89 1.6
Mid 17.25 0.1 4.16 -0.61 -0.12 0.91 1.4
High 15.87 0.38 3.7 -0.65 -0.1 0.92 1.1

θ > 90o 1-3
Low 17.44 6.42 2.87 -0.07 -0.09 0.88 2.8
Mid 11.47 6.33 2.12 0.02 -0.08 0.93 1.9
High 0.96 4.34 1.77 0.16 -0.01 0.94 1.9

Table 6: Regression coefficients for the T-junction with variable angle.

Path Frequency C0 C1 C2 C3 R2 Std. Err. (dB)

1-3
Low 7.21 2.49 4.96 -0.92 0.98 0.7
Mid 3.63 2.75 2.03 -0.19 0.73 2.1
High -0.22 1.99 1.95 -0.19 0.85 1.2

1-2
Low 5.47 2.51 5.68 -1.26 0.97 0.8
Mid 6.64 1.15 4.24 -0.76 0.97 0.6
High 6.68 0.77 2.99 -0.44 0.96 0.5

2-3
Low 5.31 -6.18 3.97 -0.88 0.98 0.8
Mid 6.50 -3.49 2.79 -0.68 0.95 0.7
High 6.58 -2.90 2.13 -0.65 0.96 0.5

Table 7: Regression coefficients for the asymmetrical T-junction.
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Usual
Path Frequency C0 C1 C2 C3 R2 Std. Err. (dB) Std. Err. (dB)

1-3
Low 8.43 5.1 4.18 1.1 0.98 0.73 3.4
Mid 6.49 4.92 1.93 0.22 0.85 1.69 2.8
High 1.82 3.29 0.79 0.02 0.84 1.18 2.5

1-4
Low 7.24 4.41 5.35 -1.25 0.97 1.1 2.9
Mid 7.7 2.54 4.39 -0.86 0.98 0.66 1.8
High 6.86 1.94 3.51 -0.6 0.98 0.49 1.5

2-4
Low 7.78 -4.34 6.13 1.48 0.96 1.35 —
Mid 8.05 -4.04 3.04 0.68 0.86 1.88 —
High 3.47 -2.99 1.87 0.31 0.80 1.71 —

1-2
Low 7.50 -5.49 3.92 -0.98 0.97 0.86 —
Mid 7.94 -3.85 2.62 -0.59 0.97 0.55 —
High 6.66 -2.55 2.45 -0.67 0.95 0.51 —

Table 8: Regression coefficients for the asymmetrical X-junction. The right column (‘Usual
Std. Err. (dB)’) is the standard error if the regression formula for the symmetrical X-junction,
with the coefficients in Table 10, is compared with the asymmetrical X-junction data.

Path Frequency C0 C1 C2 C3 R2 Std. Err. (dB)

1-3
Low 6.97 6.47 4.28 0.02 0.99 1.0
Mid 3.51 7.22 2.25 -0.03 0.94 1.8
High -0.28 4.22 1.65 0.19 0.91 1.6

1-2
Low 5.32 -1.77 5.84 -0.25 0.96 1.0
Mid 7.33 -0.39 4.71 -0.71 0.95 0.8
High 7.02 -0.94 3.92 -0.46 0.97 0.5

Table 9: Regression coefficients for the standard T-junction.

Path Frequency C0 C1 C2 C3 R2 Std. Err. (dB)

1-3
Low 8.29 9.23 5.17 -0.57 0.99 0.8
Mid 6.2 8.33 2.82 -0.13 0.96 1.7
High 2.23 5.94 1.86 0.17 0.92 1.9

1-2
Low 7.58 0.54 5.72 -0.86 0.96 1.0
Mid 8.77 0.35 4.4 -0.59 0.96 0.8
High 7.38 0.59 4.49 -0.63 0.98 0.6

Table 10: Regression coefficients for the standard X-junction.
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