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Abstract. The aim of the work is to estimate sound energy transmission through asymmetrical cross-junctions in build-
ings. Several kinds of these joints have been investigated. Theoretical calculation model to obtain transmission loss was
developed and a system of equations established. The equations were solved and expressions were obtained for predict-
ing transmission loss. Using this procedure for different structural connections, the simplified calculation formulas were
received for different cases of asymmetrical cross-joint. The influence of geometrical parameters and material properties
were determined for the sound energy attenuation in the joints of buildings. The obtained results may be applied for
evaluation of influence flanking noise transmission through different asymmetric cross-junctions in buildings.
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1. Introduction

Researchers have been investigating the process re-
garding the transmission of sound energy through the
joints of buildings for many years. One of the origina-
tors Cremer L. identified [1] the calculation expressions
of transmission loss when the bending waves propagate
through the joints. Kihlman T. [2] estimated the trans-
mission of longitudinal waves, although his method is
rather complicated and requires many initial data. Craven
P. G., Gibbs B. M. estimated [3, 4] sound energy attenu-
ation at the joints of buildings by using thin-plate theory.

Afterwards this theory was developed into another
theory - statistical energy analysis (SEA). Craik R. J. M.
in his works [5, 6] referred to it as SEA theory. He also
systematised research results of sound attenuation at the
joints and presented transmission coefficient prediction
expressions for appropriate corner, tee and cross-joints.
Hopkins C. applied SEA theory for calculations of joints
[7] and compared the obtained results similar to the cal-
culated results obtained by finite elements method (FEM)
and with the results of experimental survey [8, 9].

As light-structures started to be used in buildings,
the joints have also changed. Joints with elastic layers
have appeared. The current and other problems related
to sound transmission through the joints of light-struc-
tures were analysed by Mees P. et al [10-12]. Evalua-
tion of sound power transmission through heavy- and
light-structures has therefore become a relevant issue.
Successful theoretical models of this type of structural
connections were developed by Zhang X. M. [13].

In modern construction there appear more and more
non-traditional solutions with asymmetrical joints. It is
quite difficult to evaluate the sound energy transmission
through the joints, as appropriate methodology does not
prevail. With the help of the methodology presented in
EN 12354-1:2000 [14] it is possible to evaluate only
symmetric joints. As there is no comprehensive survey
results of such asymmetric structural connections, it will
be referred only to a few surveys performed in order to
determine sound transmission throughout asymmetric
joints. Reis F. was one of a few who had established
[15] that tee joints do not depend upon the layout of the
elements but only upon their properties. However, this
assumption is only valid under certain conditions [16—
18].

The aim of this work is therefore to define the sim-
plified calculations and expressions of vibration attenua-
tion in various asymmetric cross-junctions of buildings
and to evaluate the parameters that influence the attenu-
ation level at a joint.

2. Propagation of sound waves at joints

Transmission coefficient g is the main indicator to
evaluate the sound power reduction in joints of build-
ings. It is a ratio of powers, ie out-going from the joint
and incident on it:

- W (1)
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In order to define transmission coefficient it is nec-
essary to perform the following actions:

o describe the waves that develop in each joint ele-
ment;

o describe boundary conditions;

o define the amplitude of each wave leaving the con-
nection;

o define calculations and expressions of the transmis-
sion coefficient.

The prevailing assumption is that the elements of
the cross-joint are semi-infinite plates, which are con-
nected to the beam. This beam has no mass and is not
deformed in their planes, which are perpendicular to the
joint. It is considered that bending waves are generated
within the elements; nevertheless, the effect of longitudi-
nal waves is not considered as a means of simplification
of calculations.

2.1. Sound wave equation and properties

Sound wave properties in a plate are defined ac-
cording to the power and moment effect into the ele-

ment (Fig 1).
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Fig 1. Co-ordinate system for the cross-joint

Interaction of the mentioned powers and moments
is described by the equation, the so-called wave equa-
tion:

Ba% 9%
madd T2
mox™ ot
Application of the equation (2) allows to establish
various wave properties. Displacement of the element &
within a generated wave may be expressed via the wave
amplitude 4, which appears in the positive x-axis direc-
tion and via the number of waves £:

& = Acos(wt — kx) . 3)

=0. )

Furthermore, it is more convenient to use a com-
plex notation and as a result the equation (3) can be
re-written:

£ = ARele (M-19)= ARele ™), )
where Re( ) means a real part. For consistency, only the
real part shall be used and for this reason all equations
omit Re ().

Bending wave incidents on the joint from the first
plate at angle 6. The wave amplitude is unitary. Number
of waves k_ in the direction of x-axis is kcosq, and num-
ber of waves ky in the direction of y-axis is ksinf. Dis-
placement & of this incident wave will be equal to

|k cosex —ikysin®
<$::inc * ! y (6))

Two bending waves develop from the joint into each
plate — ie travelling and near field waves:

K= +W1/2(Ps )1/4. _ +iW1/2(pS)1/4 =ik, (6)
=T E 5 - B =

where pg — surface density (kg/m?), B — bending stiff-
ness per unit width for a plate (Nm).

Trace of wavelength in the direction of y-axis is
equal to all waves in all plates. The current dependence
is expressed via the incoming wave into the joint and is
used to define the angle at which waves leave the joint:

k1§n61= kisinei . (7)

In general, any wave that leaves the joint in the
plate i holds the following form:

E_»i — Aie_ X|Xe—|k19n91y (®)

Travelling and near field waves were described with
reference to their number:

Ky = +iy/kZ — k?sin 0, ==ik; cos6; » ©)
Ky =y kZsin? 6, —k? - (10)

The reflected travelling wave on the first plate will
be reflected at the same angle as the incoming wave.
Travelling wave will develop in the negative direction
of x-axis and in the positive direction of y-axis.

The displacements of all plates are:

§1=( gikicosOyx Aleiklws"lx + A11ekn1x)e kg X =ik sineyy gt

(11)
£, =(A2e IkzOOSGZZ"'Ah nzzk—iklsinelyeiwt’ (12)
Ea= (Age |k3c0363x_i_A~I kn3x)e—ik15m91yeiwt , (13)
E4= (A4 olkacos6sz A14ekn4z)3—ik15m91yeiwt. (14)
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2.2. Boundary conditions

Applying the simplest and most commonly used
case, it may be assumed of that there are no displace-
ments at the joint. The condition, stating that the dis-
placement at the edge (where x = 0 and z = 0) of the
first plate & is equal to zero, can be simplified (11)
according to the first equation of expression:

1+4,+4,=0. (15)
Accordingly, it can be found that:
Ay, +A4,=0, (16)
Ay +A4,=0, 17
A, +A4,=0. (18)

In case of the rigid joints, if one of the planes ro-
tates, the others also must rotate in the same way of the
angle, so that the angles between members remain con-
stant. Power balance is necessary for the sum of mo-
ments, which act into the joint element, to be equal to
zero. For this reason, rotation of the first and the second
plates are ¢, = 0,. Expressing the rotations by the dis-
placement condition ¢ =d/dx (at presence of x = 0
and z = 0), it may be found that

95 _dGy (19)
oX 0z

By introducing & and 4 values respectively, the
following equations are obtained:

A (K +ikg €088 )+ Ap (=Ko +iky €088, ) = kg +iK; COSO;
A (=K +iKq €0S8; )+ Ag(—Kpg + ik 0883) = ki +ik; cos8;,(20)
Al(_knl + |k1 C0501)+ A4(kn4 - |k4 00394) = knl + |k1 COSOl .

The final equilibrium condition is: the sum of mo-
ments which act into the joint is equal to zero. This is
characterised by the expression (Fig 1)

M, — M, — M, + M, = 0. 1)

In the latter, the moments M, can be substituted by
appropriate moment values that are expressed in terms
of displacements by the equation (2):

82 2 2 2
g P8, 2% ) P2, 22,
ox ay? 0z ay*
22)
2% 2% 2% 2% (
By 841,058 |y 2584y,, 252 |0
PR P
By introducing & and 4_ values respectively, the
following equations are obtained:
A (B kD) FA(-Bok, )+ A (-Byk P +A (B k=B k2. (23)
The equations (20) and (23) are integrated into the
system of equations:

A (= Ky +1k; €080; )+ Ag(— Ky +iky €OSO,) = Ky + kg COSO;
A (= Ky +iky €080 )+ Ag(— K3 +ik3 C0S83) = Ky +ikq COSO;
A (=K + ik 00507 )+ Aq(Kng —iky COSO4) = Ky +ikg COSO;
A(BkE J Tol- Bl )+ Al By )+ u(Bulh)= B
(24)
A legend is introduced to simplify calculation:

x=2 oyl ke 25)
Ky ky Ky
Boks? 2 2
x=-22 y_ B 5 Bl g
Biky Biky Biky
=1+sin291 a2=1—sin261. 27

Consequently, the system of equations (24) is rear-
ranged to:

A1(— ay +i a2)+ ( Jx +sin el+|Jx —-sin 91) ay +i a2

Al(— ay +i a2)+A3(—\/y2+sin201+i\/y2—sin e)

Al(— a +i a2)+A4(\/22+sin291—i\/zz—sin291]=(\ﬁ+| az)
A+ A(= X)+ Ag(=Y) + Ay(Z)=-1.

(28)

In the presence of normal incident angle of bending

wave, which passes throughout the wave amplitudes 4,,
4, and A, of the joint:

A= < zy(1-i) , (29)
YZ+YXZ+ ZXy + Xyz
YZ+YXZ+ ZXy + Xyz

A= Ny xy(i—1) . 31)
YZ+YXZ+ ZXy + Xyz

Sound power that is transmitted to the joint depends
upon the wave amplitude and incident angle. Next phase
is to define simplified calculations and expressions of
the transmission coefficient.

3. Estimation of vibration transmission coefficient

Calculation of transmission coefficient vy,, accord-
ing to Cremer L. [1], when the vibration starts from the
first joint element towards the other ones, is made
according to

_ Psiky cos;. k, cos8;

ook 0S8y AP (32)

Insertion of expressions of appropriate equations
(29-31) into the equation (32) and rearranging terms,
allows to determine the following:



132 V. J. Stauskis, M. Mickaitis / JOURNAL OF CIVIL ENGINEERING AND MANAGEMENT — 2005, Vol XI, No 2, 129-135

X\/xz—sjnzel

€0os6;

Y\/ y2 —sin291

€0s6,

Zy 72 —sinzel

c0s6,

Al (33)

T12=

|Ag, (34)

T13=

Y14 = A% (35)

Possible asymmetric cases of cross-joints situations
are:

1) no equal elements in a joint,
2) two equal elements in a joint,
3) three equal elements in a joint.

The equal elements are considered to be the ele-
ments of the same cross-section height # and (or) made
of material with the same surface density pg and same
longitudinal wave-speed ;. In the article, the third case
of asymmetry was addressed, but was the one least ex-
amined.

Joints with three equal elements may be divided into
three groups — depending on the asymmetry of the ele-
ments:

o asymmetry of the first element,
o asymmetry of the second (fourth) element,
o asymmetry of the third element.

For each case, the appropriate transmission coeffi-

cient calculation expressions are now defined.

3.1. Asymmetry of the first element

In case of asymmetry of the first element (Fig 2),
all other elements are equal — the second, the third and
the fourth (h, = hy = hy, ps, = Pg3 = Pgg @and ¢, = ¢ 5 =
¢;4)- Therefore, the members of equation (29-31) are
x=y=zand X =Y = Z In order to simplify the calcu-
lation, it was considered that the falling angle of the wave
into the joint is normal.

Inserting the latter expressions into equations
(29-31) and the received results into equations (33-35)

vl 2
V13
»—l——-—-———\ )
14

Fig 2. Principal diagram of the cross-joint with the first
asymmetrical element

enables to obtain the simplified expressions of the trans-
mission coefficient

2XX

_eXx (36)
(x+3X)?

T2="3=T14=

3.2. Asymmetry of the second (fourth) element

When there are three equal elements in the cross-
joint, the second element is asymmetrical (Fig 3) and all
other elements are equal (4, = hy = hy, Py = Pg3 = Psa
and ¢, = ¢ ;3 = ¢,). Then members of equations
(29-3l)arey=z=1,also Y =2=1.

Fig 3. Principal diagram of the cross-joint with the sec-
ond asymmetrical element

If the latter values are used in the equations
(29-31) and (33-35), the simplified expressions of trans-
mission coefficient for this case of cross-joint can be
obtained:

2 XX
Vo=, (37)
27 (X +3x)2
2x2
13= Y14 (x +3x)2

Similar results can be obtained in case of the asym-
metry of the fourth element (Fig 4). Then 7yy5 will be
equal to Y93 and can be calculated by formula (38).
Value y14 can be found by (37) expression.

Fig 4. Principal diagram of the cross-joint with the fourth
asymmetric element
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3.3. Asymmetry of the third element

In Fig 5, the first, second and fourth elements will
be the same (h, = h, = h,, pg, = P, = Pgq @and ¢ | = ¢|,
= ¢;4), therefore the members of the equation (29-31)
arex=z=land X=Y=1Z7

Yl 7] 2

—— Ny
[
\\
.,
Y
Mo
(2l

"\,

RN

NN

Y14

N
=

Fig 5. Principal diagram of the cross-joint with the third
asymmetric element

These values were similarly used for previous cases
in Egs (29-31) and (33-35) and simplified calculation
expressions of the transmission coefficient were obtained:

2y2
=y =2 (39)
Y12 ="Y14 (v +3y)?
2yY
13 Y+ 3y)2

4. Calculation results

Using the formulas (36—40) the influence of geo-
metrical parameters and material properties on the asym-
metric cross-joints with three equal elements, can be
defined. Transmission coefficient 7y is represented in
the diagrams as the transmission loss R ;:

1
R; =10log—- (41)
Yii

In order to define the influence of geometrical pa-
rameters, it is considered that all the elements were made
from material with the same surface density pq and the
same longitudinal wave-speed c;. Dependence of trans-
mission loss upon the cross-section height / alternation
of the asymmetrical element in respect to other (equal)
elements is represented in Figs 6, 8 and 10.

In order to define the influence of material proper-
ties it was considered that all elements were made from
material with the same cross-section height 4. Transmis-
sion loss dependence upon longitudinal wave-speed c|,
in regard to the asymmetrical element in the joint, is rep-
resented in Figs 7, 9 and 11.

In Figs 6-11 transmission loss R,; dependence upon
ratio of element properties is represented. For example,

133
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Fig 6. Transmission loss in cross-joint with the asymme-
try of the first element. Influence of geometrical param-
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in Fig 8: R, transmission loss is shown when vibration
propagates from the first element of the joint into the
second one. In this case transmission loss depends on
the ratio 4, / h, which varies from 0,1 to 10.

Influence of geometrical parameters and material
properties is shown in Figs 6, 7 for the joint with asym-
metry of the first element (Fig 2). Therein, it can be
remarked that vibration attenuation into all elements is
equal. Although it is considerably higher in the case when
the cross-section height of the first element is far lower
than of the one of other elements. Similarly, the situa-
tion remains the same if the longitudinal wave-speed of
the first element is considerably lower than of the other
elements.

Vibration attenuation is represented in Figs 8, 9 for
the joint with asymmetry of the second element (Fig 3).
Attenuation is maximal when the power is transmitted
into the second element and when there is the greatest
difference of material properties and geometrical param-
eters between these elements. A little amount of vibra-
tion loss is noticed when noise is transmitted into the
other elements. Similar results are obtained in a joint
with the fourth asymmetric element (Fig 4).

Influence of geometrical parameters and material
properties is represented in Figs 10 and 11 for the joint
with asymmetry of the third element (Fig 5).

Calculation results were compared with other au-
thors’ theoretical results of vibration attenuation at asym-
metrical or cross-joints [5, 15]. The present results con-
firm the proposition that vibration attenuation at junc-
tions does not depend mostly on the joint form but de-
pends on geometrical and material properties.

For practical evaluation of the present calculations,
it would be advisable to perform experimental tests in-
vestigating in practice and more in detail the vibration
attenuation performance of asymmetric cross-joints.

5. Conclusions

Simplified expressions for transmission coefficient
calculation have been suggested for asymmetric cross-
joints, where three equal elements prevail with the same
cross-section height and/or with the same material prop-
erties. With their help the following has been found:

1) ten times increase of cross-section height of asym-
metric element with respect to other joint elements:
vibration energy losses may reach 28,1 dB;

2) 1,8 times (almost double) increase of longitudinal
wave-speed of asymmetric element material with
respect to other joint elements: the latter index may
increase up to 17,3 dB;

3) vibration attenuation at asymmetric cross-junctions
does not depend mostly on the form of junction but
depends on geometrical and material properties.
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VIBRACIJU SILPIMAS ASIMETRINESE KRYZIAUS FORMOS PASTATUY JUNGTYSE
V. J. Stauskis, M. Mickaitis
Santrauka

Pagrindinis darbo tikslas yra nustatyti garso energijos slopinima asimetrinése kryziaus formos pastaty konstrukcijy jungtyse.
Analizuoti keli asimetriniy kryziaus formos mazgy tipai. Sudarytas teorinis vibraciju perdavimo koeficienty skai¢iavimo
modelis ir gauta lygCiy sistema. Ja iSsprendus, nustatytos vibraciju perdavimo koeficiento (perdavimo nuostoliy)
supaprastintos skaiiuojamosios iSraiskos. Kartojant Sia procedilira, gautos supaprastintos lygtys ivairiems asimetriniy
mazgy atvejams. Naudojantis gautomis iSraiSkomis, nustatyti pagrindiniai parametrai, turintys itakos garso energijos
slopinimui pastato jungtyse. Gauti rezultatai gali bliti panaudoti netiesioginio triuk§mo sklidimo {vairiomis asimetrinémis
kryziaus formos jungtimis jtakai jvertinti.

RaktaZodziai: struktiiriné akustika, vibracijos, perdavimo nuostoliai, asimetriniai mazgai.
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