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Abstract

This paper studies the acoustic behaviour provided by a single infinite elastic partition dividing an infinite acoustic
medium, containing two-dimensional (2D) heterogeneities placed parallel to the layer’s surfaces, which simulate the
presence of fittings such as pipes. The problem is solved in the frequency domain using the boundary element method
(BEM). Only the surfaces of the heterogeneities are discretized, since 2.5D Green’s functions for the single layered media,
bounded by acoustic media, are used. Time domain responses are also computed by applying a (fast) Fourier transform to
the responses obtained in the frequency domain. The heterogeneities are assumed to be either rigid, free, fluid-filled or
elastic-filled inclusions. The simulated models are used to study the contribution of the heterogeneities to the final airborne
sound insulation and impact sound pressure level provided by a single partition. It was found that both airborne sound
insulation and impact sound pressure level may be influenced by the presence of the heterogeneity at higher frequencies.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

In order to accurately predict the transmission of sound through a single separating partition a large
number of variables needs to be considered. These variables include: the physical properties of the panel
(mass, internal damping, elasticity modulus, Poisson’s ratio); the finiteness of the element; the mounting
conditions, and the non-diffuseness of the test room. The simulation of all the acoustic phenomena involved in
the sound transmission would lead to highly complex mathematical models, and so quite a number of works
found in the literature adopt simplifications to deal with the problem. Among these is the well-known
theoretical Mass Law, where the element is assumed to behave like a group of infinite juxtaposed masses with
independent displacement and null damping forces. Sewell [1] and Sharp [2] have proposed simplified models
for the frequencies below, in the vicinity of and above the coincidence effect to calculate the airborne sound
insulation of single panels, improving the prediction accuracy relative to Mass Law. More recently, Tadeu et
al. [3,4] developed an algorithm for predicting the airborne sound insulation provided by a single partition
based on the definitions of pressure and displacement potentials, which are combined so as to verify the
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boundary conditions at the fluid/solid interfaces. Jong-Hwa et al. [5] revisit the problem of resonant
transmission related to the sound insulation of rectangular finite panels in an infinite baffle at frequencies
below the critical frequency by using the general modal expansion method followed by Sewell. They
investigated the validity of neglecting the resonant transmission components in the prediction of transmission
loss by calculating the differences between the total transmission loss and the non-resonant transmission loss.
Alba et al. [6] revised the expression for an infinite impervious layer in a diffuse field and adjusted it in order to
include the energy loss mechanisms (internal and coupling losses) produced in the layer. These authors further
developed algorithms which can be used to obtain the mechanical properties of the layer with the appropriate
set-up conditions, if databases are available.

Knowledge of the impact sound pressure level expected from partitions is also important at the design stage.
Although the final responses provided by the loads that act in an acoustic or in an elastic medium differ, the
dynamic behaviour of partitions may be similar. Ver [7] determined a relation between airborne sound
insulation and impact sound pressure level provided by partitions. Gerretsen [8] initially proposed a model to
predict airborne sound insulation including flanking transmission. His model requires knowing the direct
sound reduction index provided by a partition and takes into account the boundary conditions by means of a
structural reverberation time and the vibration level differences across junctions, which are calculated from in
situ measurements. Since a major part of the model concerns vibration transmission and radiation, he later
extended it to predict impact sound pressure level [9].

Most of the works found in the literature refer to the prediction of homogeneous partitions. However, the
acoustic behaviour of real partitions may be influenced by the presence of heterogeneities, which are often
present inside. These may be other building elements such as heat, sewerage, drainage or water pressure pipes
or pipes that host electrical cables and wires. These are not taken into account during design, and when the
performance of walls is tested the results may not match the predictions. Therefore it seems important to see if
the presence of those elements can influence the sound insulation of partitions. This work aims to contribute to
the analysis of this problem by developing and applying a boundary element method (BEM) model to assess
the acoustic behaviour of single partitions infinite in two directions (infinite plates) dividing an infinite acoustic
medium. The influence of heterogeneities in the elastic partition on the acoustic behaviour is studied by
determining airborne sound insulation and impact sound pressure levels. Results for a single layer solution
without discontinuities are used as a reference. The algorithm uses a Boundary Element formulation where
only the heterogeneity needs to be discretized, since Green’s functions for single layered media are used. These
heterogeneities may be rigid, free, fluid-filled or elastic-filled inclusions. The Green’s functions’ solutions are
the analytical solutions developed by Tadeu et al. [3,4] to predict airborne sound insulation provided by a
single panel. The computations are performed in the frequency domain, assuming that harmonic line loads act
either in the fluid or in the elastic medium. Time domain responses are then obtained by applying an Inverse
Fourier Transform. Wave propagation features occurring in a single layered medium with a heterogeneity are
investigated by analysing the responses provided by different sets of receivers placed in the acoustic medium.
The influence of the direction of the load on impact sound pressure level is studied. Different positions and
sizes of the heterogeneity are modelled and the resulting sound level is analysed.

The next section outlines the problem formulation, indicating the Green’s functions for a single layer
medium, and the BEM. Then the procedure used to calculate time domain responses is summarized. The
simulations are described next, and finally the results are discussed.

2. Problem formulation

Consider an elastic layer of thickness 4, infinite along its plane (x and z directions), dividing an infinite
acoustic medium, as in Fig. 1. The acoustic medium has a mass density p; a Lamé constant A, and permits a

dilatational wave velocity oy =, /4r/p,. The material properties of the elastic medium are the density p,,

Poisson’s ratio vy and a shear modulus yu,. In this medium the propagation occurs following compressional
waves with a velocity o, = \/ 2u (1 —vy)/py(1 — 2v,) and shear waves with a velocity §; = +/1,/p,. The internal
material losses are considered by using a complex shear modulus and a complex Lamé constant. The shear
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Fig. 1. Geometry of the problem.

modulus is computed as p = p,(1 + i), where p, corresponds to the classic modulus and # is the loss factor.
The Lamé constant is written in the same form as the shear modulus.

In this paper the influence of a heterogeneity in the elastic partition on sound pressure level is studied by
inserting a cylindrical circular inclusion with radius R, infinite along the z direction, into the elastic layer.
When the system is excited by a point load oscillating with a frequency w and acting in the acoustic medium at
(X0, Yo, zo), the incident pressure field at a point (x, y, z) can be obtained by the following expression:

7 (@f‘f— \/(X—xo)z+(}’—yo)2+(2_50)2>

"

- Ae”

O‘glg(w, X, Y, Z) = > D) 3 s
VG =0+ (0= 30) + ¢ —20)

in which 4 is the wave amplitude and i = +/—1. As the geometry of the model is constant along the z direction
and the source is three-dimensional (3D), the incident field can also be obtained by calculating a series of 2D
problems and applying a Fourier transformation in the z direction. With this procedure, the responses are

(1)

obtained in the frequency—wavenumber domain for varying effective wavenumbers, kaf = (w/ ocf)2 - k_%,
with Im (kaf

sinusoidal harmonic line loads acting at (x,, yo) whose pressure field at a point (x, y) is given by

)<0 and k. being the axial wavenumber. In this k., domain, the system is excited by spatially

—i4 ooz
o) = 5B (ko o= 0 4 (=0 ) @

The former 3D pressure field is then calculated as a discrete summation of 2D problems obtained using
expression (2), by applying an inverse Fourier transformation, and assuming the existence of an infinite
number of sources placed along the z direction at equal intervals, L. This equation converges and can be
approximated by a finite sum of terms. The distance L needs to be large enough to avoid spatial
contamination.

The same procedure can be applied to point loads acting within the solid medium. Each 2D incident field
produced by a spatially sinusoidal harmonic line load acting at a point (x;, y,) of the elastic medium can be
expressed by the displacements G; jf“" (where the index i = x, y, z defines the direction in which the load is
acting, while the second index, j = x, y, z, indicates the direction of the displacement) at a point (x, y)
according to the following expressions [10]:

1 .
G;‘”(w,x,y, k;)=A k?Hoﬂ - 731 + V%Bz , with i=j=ux,y, 3)
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G w, x,p,k.) = [k?Ho/; — kaO],
Gy, x,y.k:) = G, x,y.k2) = 7,9, 4By,
G, x, p, k) = ng(a), x,y,k.) =ik.y;,AB; with i=j=x,y,
where 4 = 1/4ip,w*; 7, =(x—x)/r; y, =@ —y)/r; By = kyH g — KyH s Hpy = H'P (kyr) and H,p =
H'P (kg,r) are Hankel functions of the second kind and order n; k, = Vo/Bgr= \/ (x —x)* + (v— ys)z;

kuy = 1/ (/) = k2 with Tm(k,,) <O; kg, = 1/ (0/B,)" — k2 with Im (k) <0 and k. = Q2n/L)n.
In the same way, the scattered field produced by point loads with a heterogeneity inserted into the single
layer can be evaluated by solving a sequence of 2D problems, with varying values of k..

2.1. Green’s functions for a single layered medium

This section briefly describes the procedure used to obtain the 2.5D Green’s functions for a single
homogeneous elastic layer bounded by two fluid media, when excited by harmonic line loads with different k.
values. These solutions have already been derived by Tadeu et al. [3] and can be expressed as the sum of the
source terms equal to those in full space (which can be calculated according to above-defined expressions, (2)
and (3)) and surface terms generated by the fluid/solid interfaces (interfaces ¢ and b, as in Fig. 2). The
calculation of the surface terms requires knowledge of the solid layer displacement potentials and the pressure
potentials generated by the solid/fluid surfaces. These potentials are written as a superposition of plane waves
by means of a discrete wavenumber representation (after applying a Fourier transform in the x direction). The
integrals of the expressions are transformed into a summation by considering an infinite number of virtual
plane sources distributed along the x direction at equal intervals, L,. In the fluid medium, pressure potentials
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Fig. 2. Definition of potentials, stresses and displacements at the interfaces.

Table 1
Potentials generated at the interfaces when the load acts in the elastic medium along the x direction

Interface a Interface b
Elastic medium n=+ :
Y=E, 3 (k'; E4Ay)Eq SR> (k:; E}E})Eq
n=—N n=—N
o w_o
n=+N , 4
P = E k. ZN(%-B;)Ed P = Ek. z ( LEy)Eg
n=—. —
x,a N a X X, b x
‘//; = _E“ '];N(E(‘Ch)Ed l//}’ = E“ n*Z—N(ECG;i)Ed

Fluid medium o N (RN wh_ N[N
(#/‘ = X n:Z—N (/)z/f' 7}1 n Ed ¢‘f = L_YUZZ—N wz;‘/ TH" Ed




804 A. Pereira, A. Tadeu | Journal of Sound and Vibration 300 (2007) 800-816

Table 2
Potentials generated at the interfaces when the load acts in the elastic medium along the y direction

Interface a Interface b
Elastic medium
¢ =E, Z (E4AN)E, ¢’ =—E, z (EVEN)Eq
n=—N n_—]\
‘V,M Euk Z ( < C})Ed ‘V b = Euk Z ( )Ed
n=—N n=-—
Y =0 Yyt =
n=+N
l//y" — Z (kJE?B%> E, l//{b Z (kn EbFV)E
- n - =N
n_—N n=—N
Fluid medium va LN\ B 7.b Py “/2 £
¢f = T Iy :Z—:N wZZ/ Z n Ed (]5/- = _L_XHEN 2 /f 7H E‘l
Table 3
Potentials generated at the interfaces when the load acts in the elastic medium along the z direction
Interface a Interface b
Elastic medium n=+N ,pa n=+
= Bk 3 (A7) Ea ¢ = Ek: 30 (E>
Ea Z (E(IB.,) [p :—Ea Z (EhF“)
n= +
za _ —kn pa oz z kn b
wi,(l =0 lﬂih -0
Fluid medium ca _ (RN E A AT
¢ =—zc 2 W, ) Pn| Ea ¢ = X o, ) e Ea
= n n=—N n
Table 4
Potentials generated at the interfaces when the load acts in the fluid medium
Interface a Interface b
Elastic medium n=+N n=+N .
¢ = E, 3y (Ej4})Eq ¢'* = —E, Y (E}E})Eq
n=—N
. . n=+N b
W_/\/a Eak Z ( < Cf>Ed %,h = Eak: Z < }fa G;)Ed
n=—N n=—N
w{:,a -0 lk/,h _
fa "IN (e rapf b kn b of
v =85 (B W =, Z("”)E
n=—N
Fluid medium “ Cn=AN[ [/ -2\ E¢ . Cn=+N[/ a2\ ED
A i SN L b i L\ gt
o= n:szK“’z’if') v Dﬁ} Fa ¢; Tk n:z—:N{(wz;'f> v H"} Fa

(d) q.’) ) are defined at the interfaces, whereas in the elastic medium, the wave field is expressed by means of
b i ib b by e

pressure potentials (¢™, ¢"’) and shear potentials (f2%, W™, W™, g™t Vs 2 with i=x,y,z,f corre-

sponding to the loads applied (as listed in Tables 1-4).

- vl . ‘y—h| .
_“4 ; E/}ﬂ = e_“’z ; v/’;

In the expressions listed in Tables 14, the coefficients correspond to: E" =e

I 7 2 - ) L S e Rl 2 2 g2
ka - kz - kn with Im(vg) <09 EZ =e! Eb =e"'n 5 E(LI = lln E ~'n s T = ks - kz - kn
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with Im(yn) <0;v, = ,/kf7 - kf - kﬁ with Im(v,,)<0' E,, =1/2p,0?Ly; E; = e *n=%0); k, = 2n/L)n; kl’f =
w/os and k, = o /o, The coefficients 4., B, C!, D!, E' F' G!, and H! with i = x, y, z, f are unknowns
which are determined by deriving the above-deﬁned potentials in order to calculate stresses and displacements,

and then establishing the appropriate boundary conditions: continuity of normal displace-

ments (U = uy%, u’,” u*’) and  stresses (o7 = o™, aj;f, =¢"") and null tangential stresses
(030 =0, ol = 0, o;)f =0, afvf =0) at the interfaces (see Fig. 2).

Once the “unknown coefficients have been calculated, the displacements and stresses associated with the
surface terms can be determined by applying partial derivatives to the potentials defined in Tables 1-4. The
Green’s functions for the solid/fluid formation are then obtained from the sum of the source terms and the
surface terms. When this has been done, expressions for displacements Gf“;rf , in the elastic medium are given,
as follows:

Load acting in the elastic medium in the x direction:

surf full o X lki a X k% X a o X lki : X lkg X b
Gt =G+ E, Y |4 S B+ —iy, C¥ — EYEq+E, Y |E} E)+ —1ynG;1—y FX|E}\E,,
n

n=—N n n=—N
n=+N n=+N
Gu' =G+ E, Z (—iknASES +iky CXES) Eq + Ey Y (ikyEXE} — ikyGLE?) Eq,
— n=—N
n=+N n=+N
ik.k ik.k, ik.k, ik.k
Gil_irf :Giull +E, Z ( 1 "4 ;1( Z_i_l B‘(EU) s+ E, Z ( 1 EVE Rzln px Eh>E (4)
n=—N Vn n=—N n
Load acting in the elastic medium in the y direction:
n=+N n=+N
Gt =GW' + E, Y (—id)knEj +iBjknES)Eq + Ey Y (—iEjknE} +iF)k,ED)Eq,
n=—N n=—N
n=+N _ik? —ik2 n=+N ii2 1k2
Gt =GM'+ E, Y {—ivnAJ,;Eg—i—( ; Ly - Cy)E”} Eq+Eq Y {—w,,E Eb + ( , ) 2 )E”} Ey,
n=—N n n r—ye
n=+N n=+N
Gt =G + E, Y (—iA)k-Ef +iClk-ES)Eq + E, Y (—iEjk-E} +iG)k-E0)E,. (5)
n=—N n=—N

Load acting in the elastic medium in the z direction:

n=+N : n=+N . .
—ik.k, . ik.k, —ik.k, . ik.k, .
G =G+ E, ) ( LALEG + - C“E“) Ei+E. Y ( S ELE) + ; "G;Ef,)Ed,

n=—N n n=—N n n
n=+N n=+N
Gt =GM' + E, Y (—ik-A;E} +iBk-E)Eq+ E, Y  (—ik-E,E} +iF,k-E?)Eq,
n=—N n=—N
n=+N 2 ) n=+N 2 7.2
S ik —ik ik? —ik
f full zZ 4z z : Z b : z b
G = gt +Ean—ZNi =4 SEY + ( Vn" : —v/an)Eg}Ed—i—EanZN[ - ZEED + ( yn"Gn —1~nFn>Ec}Ed.
(6)
Load acting in the fluid medium:
n=+N ) n=+N
Gy =E, Y (—iAlkyEf +iBkyES)Eq + Eq » | (—iEjkuE} +iF}k,EL)Eq.
n=—N n=—N
n=+N 2 n=+N 72 72
g ik ik —ik: ik,
GU =E, S [—wnAf;E;H— ( gy TR of )E] E,+E, Y [—wnEf Eb+ (I"F;Jr oz Gf>Eb] Eq,
n=—N Vn Vn n=—N Vn Vn
n=+N n=+N
GP" =E, Y (—iAjk-E} +iClk-ES)Eq+ Eq Y (—iEjk-E} +iGlk-E})E,. (7)

n=—N n=—N



806 A. Pereira, A. Tadeu | Journal of Sound and Vibration 300 (2007) 800-816

The pressure ¢ with i = x, y, z, f corresponding to the loads applied, in the fluid medium, can be obtained

by applying the following expressions:

f fal 1 & Ep
o' =Ko — — {— D! } E; (when y<0),
LX H;N \4 " y

surf 1 o EJI'7 i
o= - Z —-H,|Eq (when y>h), ®)

X p=—N| Vn

where k = 0 if the source is in the elastic medium and x = 1 if the source is in the fluid.
The expressions for the Green’s functions in the full medium ¢™" and Gi‘]‘", can be defined in explicit form
using expressions (2) and (3).

2.2. BEM formulation

Each 2D scattered field produced by the presence of a heterogeneity inside the layer is solved in the
frequency domain by using the BEM. The model used in this work includes the above-defined 2.5D functions
for a single-layer medium, thus only the boundaries of the heterogeneity need to be discretized. This may be
rigid, free, fluid-filled or elastic-filled. If the inclusion is assumed to be elastic-filled, continuity of stresses and
displacements are ascribed to the boundaries. By applying a set of three virtual loads to the outer part of the
heterogeneity’s boundary and another set of three virtual loads to the inner part of boundary, the full system
of equations is obtained. Considering a virtual load acting at point x of the outer part of the boundary, in the
k direction, the boundary integral equations may be written as [11]:

Z [ s )G (5.0 4 + G (s1,357,0)

= Z/ uy(x, a))HS‘lrf (xp,x,v,0)dS + Cry wi(xp, @), 9)

and if the load is applied at the inner boundary,

3 3
> [ v )G (e 0) a5 = 3 [ wier o) HE (x.5.v,0) ds + Cuana (3. 0). (10)
=17S =1S

In these equations u;(x, w) and #;(x, v, w) describe displacements and stresses in direction / at a point x of the
boundary S; Gsk‘,‘ff (gp, X, w) are the Green’s functions for displacements in the single layered medium (obtained
as described in the previous section) at point x in direction / caused by a sinusoidal line load acting at the
source point xp in direction k; HZ“,f (x s X, V, w) are the Green’s functions for traction components obtained by
applying the well known equations relating strains and displacements; H{"' (xp, x,v,w) and G} (xp, x, ») are
the Green’s functions for traction and displacement components in a full space (full details of these functions
can be found in Ref. [10]); Glnc (Eo:ﬁpa ) is the incident displacement field when the source is placed at x,,
obtained from the Green’s functions described in the previous section; v is the unit outward normal for
boundary S; the subscripts k,/ = 1,2, 3 denote the normal (n), tangential (¢) directions relative to the boundary
surface and z directions; Cy,; is a constant that equals d;;/2 for a smooth boundary, where J; is the
Kronecker delta function. Standard vector transformation operators are used to transform the Green’s
functions from the Cartesian coordinate system.

When the heterogeneity is assumed to be fluid-filled, Eq. (9) is simplified because only the continuity of
displacements and normal stresses and null tangential stresses at the boundaries need to be verified. Eq. (10)
becomes:

/ p(x, )G (xp, x, ) dS = / un(x, ) H Y (xp, x, 0) dS + Cp(xp, ), (11)
S S
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where p(x, ) is the pressure at a point x of the boundary in the acoustic medium; G} ull (xP,x w) and
Hﬁ“, (x Py X, a)) are the Green’s tensors for normal displacement and pressure in a full fluid medium [10]; Cis a
constant that equals 1 5 for a smooth boundary and the subscript / denotes here the normal direction to the
boundary. If free or rigid inclusions are assumed only Eq. (9) is applied, simplified so that null stresses at the
boundaries are confirmed for the former and null displacements for the latter.

The Boundary Integral equations are solved after discretization into N constant boundary elements. The
resulting integrations are calculated using a Gaussian quadrature scheme, except for the integrations of the
Green'’s functions for the full space and the source terms of the Green’s functions for the single solid layer,
which are carried out analytically when the element to be integrated is the loaded element [12,13].

Solving the resulting system makes it possible to obtain nodal solid displacements and stresses. The
scattered wave field produced by the presence of the heterogeneity at any point of the domain can then be
calculated by applying the Boundary Integral equation.

3. Responses in the time domain

The pressure field in the spatial-temporal domain is obtained by modelling a Ricker wavelet whose Fourier
transform is

Ule) = 4|27 1e7o | Q% (12)

in which Q = wt,/2; A4 is the amplitude; #, is the time when the maximum occurs and 7t, is the characteristic
(dominant) period of the wavelet.

This wavelet form has been chosen because it decays rapidly, both in time and frequency, reducing
computational effort and allowing easier interpretation of the computed time series and synthetic waveforms.

The Fourier transformations are obtained by discrete summations over wavenumbers and frequencies.
Mathematically, this is achieved by adding periodic sources at spatial intervals L, = 2n/Ak, (in the x-axis)
with Ak, being the wavenumber step, and temporal intervals 7 = 27/Aw where Aw is frequency step [14]. The
spatial separation, L,, must be large enough to guarantee that the response of the fictitious sources occurs at
times later than 7, thereby avoiding contamination. The analysis uses complex frequencies where w. = w — i,
with { = 0.7Aw, which further reduce the influence of the neighbouring fictitious sources and avoid the
aliasing phenomena. In the time domain, this shift is later taken into account by applying an exponential
window e to the response [15].

4. Verification of the model

The BEM algorithm used in this work was implemented and verified by comparing the results with a BEM
model where 2.5D Green functions for a full space are used. This model requires the discretization of the
interfaces of both the layer and the heterogeneity. In order to limit the number of boundary elements used to
discretize the interfaces of the layer, complex frequencies with an imaginary part are used ({ = 0.72%/T). This
considerably attenuates the contribution of the responses from the boundary elements placed at L = 2a,T
reducing the length of the interface to be discretized [15]. In our calculations a value of 7'=0.02s and
L =90m were used to define this discretization.

Several verifications were performed, considering all the different types of inclusions. The responses
provided by a cylindrical circular elastic inclusion (z; = 431.3ms™!; B, =282.9ms™!; p, = 140.00 kgm™)
with radius R = 3.0 m, inside an elastic layer were chosen to illustrate the accuracy of the model (see Fig. 3(a)).
The elastic layer (¢, =2182.2ms™!; B, = 1336.3ms™!; p, = 1400.00 kgm~3) of thickness # = 15.0m divides
an infinite acoustic medium with a density p, = 1000.00 kgm™3, allowing a dilatational wave velocity of

;= 1500.0ms~!. The geometry was subjected to a dilatational harmonic line load applied at point (0.0 m;
—2 0m) of the fluid medium with k. = 0.5rad m~'. The responses were calculated at a receiver R1 placed in
the medium containing the source ((4.0m; —1.5m)) and at a receiver R2 placed in the receiving fluid medium
((4.0m; 16.5m)). Computations are performed in the frequency range 2.0-256.0 Hz, with a frequency step of
2.0Hz. The BEM model using Green’s functions for a full space assumes surfaces discretized with 400
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Fig. 3. Verification of the solution: (a) geometry; (b) pressure response at receiver R1; and (c) pressure response at receiver R2. (——,
Model 1: real part; ----, Model 1: imaginary part; V, Model 2: real part; B, Model 2: imaginary part).

boundary elements and an inclusion modelled with 200 boundary elements. Using the BEM model described
in this paper, only the heterogeneity is discretized, using 200 boundary elements. In order to illustrate the
responses obtained in the verification, Figs. 3(b) and (c) display the scattered pressure recorded at receivers R1
and R2 obtained with the two models. In this figure, the solid line represents the solution obtained by the
BEM model where all the interfaces are discretized (labelled in the plots as Model 1), and the marks illustrate
the solution provided by the BEM model used in this work (labelled in the plots as Model 2). Analysis of the
results confirms a good agreement between the two solutions. Equally good results were achieved for all the
types of inclusions.

5. Applications

The contribution of a heterogeneity inside a single partition to the airborne sound insulation and impact
sound pressure level is assessed. The responses provided by a homogeneous layer are used as a reference. Both
frequency and time responses are computed. The partition is 0.20 m thick (see Fig. 4), infinite along its plane
and divides an infinite acoustic medium. The layer is made of either concrete (o, = 3498.60ms™!;
B, =2245.00ms™'; p, =2500.00kgm=3; 5, =6.00x 107°) or ceramic material (o, =2182.20ms";
B, = 1336.30ms™'; p, = 1400.00kgm~3; 5, = 1.50 x 1072). The acoustic medium is air (p; =1.22kgm™?
and oy = 340.00ms™").
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Fig. 4. Geometry of the model used in the simulations.

The model is excited by sources placed either in the acoustic medium (Sy) at (0.0 m; —2.0m) or in the elastic
medium (S;) at (0.0m; 0.0 m). The influence of the direction of the load in the elastic medium is studied by
placing loads that can act either in the y (vertical load) or x (horizontal load) direction. Responses provided by
rigid, free, fluid-filled and elastic-filled cylindrical circular inclusions are modelled. The fluid inside the fluid-
filled heterogeneity may take the properties of air or water (p, = 1000.00 kg m~3; ar = 1500.00ms~") and the
elastic-filled heterogeneity is built with cork (¢, =431.30ms™!; B, =282.90ms™!; p, = 140.00kgm~3;
n, = 0.15).

The importance of the heterogeneity’s size is addressed by modelling inclusions with different radii
(R =0.05,0.75 and 0.09 m). The influence of the inclusion’s position is also considered by setting the centre of
the heterogeneity at a depth of 0.10m and changing its distance from the source along the x direction, x;
(x, =0.0, 1.0, 5.0 and 10.0 m).

The frequency domain analysis uses a frequency range of [2.0; 8192.0 Hz] with an increment of 2.0 Hz. The
responses are obtained by calculating the sound pressure over a grid of receivers equally spaced at distances of
2.0m along the x direction, as illustrated in Fig. 4.

Responses in the time domain are also computed using a total time given by 7 = ﬁ = 0.5s. The spatial
distance between the virtual sources was set to 4o,7. The source used is a Ricker wavelet pulse with a
characteristic frequency of 2000 Hz.

The heterogeneity is modelled using constant boundary elements whose number varies with the excitation
frequency. The minimum number of boundary elements used was always greater than 30.

5.1. Acoustic behaviour of a single partition with an air-filled heterogeneity

Fig. 5 presents the frequency domain responses when the model is excited by a cylindrical line load that acts
in the fluid medium. In this figure, the plots regard the responses for a single concrete layer without (Fig. 5(a))
and with (Fig. 5(b)) the presence of an air-filled heterogeneity with R = 0.075 m placed at (10.0 m; 0.10 m). The
responses were calculated at lines of receivers equally spaced at distances of 0.30 m, placed 0.5m from the
layer’s surfaces. Once the pressure responses generated by the pressure load and recorded by the two lines of
receivers were computed, the airborne sound insulation was obtained by computing the differences between
the sound pressure levels at receivers placed in the emitting and receiving space at the same x location. In the
Figures a greyscale is used to represent the airborne sound insulation amplitudes.

The analysis of Fig. 5(a) shows that airborne sound insulation increases as the frequency increases,
particularly at receivers placed in the vicinity of the source. The coincidence effect (Iabelled ‘fc’ in the plots)
associated with the propagation of guided waves along the layer is visible. Notice that this effect only starts to
be clearly visible at receivers placed further from the source. At higher frequencies the interactions between the
incident and directly-reflected wave fields (taking place in the medium containing the source), occurring when
the difference in the travel paths is a multiple of the wavelength, are quite noticeable (labelled ‘fint’ in the
plots). When the layer contains a heterogeneity (see Fig. 5(b)), the resulting wave field is disturbed and
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Fig. 5. Airborne sound insulation obtained at the line of receivers 0.5 m from the surface of a concrete layer: (a) homogeneous single layer

and (b) single layer with an air-filled inclusion.
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Fig. 6. Impact sound pressure level when the load acts in the y direction (vertical) obtained at the line of receivers 0.5 m from the surfaces
of a concrete layer: (a) homogeneous single layer and (b) single layer with an air-filled inclusion.
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additional reflections occur. In this Figure a solid line represents the position of the inclusion. The responses
provided by the single layer and by the same layer with the heterogeneity are very similar at low and medium
frequencies (see Figs. 5(a) and (b)). At higher frequencies the airborne sound insulation is found to increase at
receivers on the right of the inclusion. Moreover, at receivers on the left of the inclusion additional reflections
produced by the inclusion occur, although not with a pronounced amplitude. At very high frequencies the
airborne sound insulation again tends to approach that provided by the single layer. This phenomenon may be
explained by waves travelling above and bellow the inclusion in the elastic layer.

The impact sound pressure level caused by the impact load acting in the vertical direction is also analysed
for the single layer without (see Fig. 6(a)) and with the presence of the air-filled inclusion (see Fig. 6(b)). The
responses were obtained by computing the sound pressure level in the acoustic receiving side.

When the load acts in the vertical direction, the impact sound level provided by the single homogeneous
layer (see Fig. 6(a)) shows, as expected, a fall in sound level as frequency increases, except in the vicinity of the
coincidence effect frequencies. The resonance effects occurring inside the elastic layer can be found at the end
of the frequency domain response, at receivers placed near the load (labelled ‘fres’ in the plots). When the
inclusion is inserted inside that layer (see Fig. 6(b)), the sound level at higher frequencies changes: the sound
pressure level oscillates at receivers on the left of the inclusion while it decreases at receivers on the right of the
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inclusion, as a result of the wave field reflected by the inclusion. It can thus be concluded that the heterogeneity
reduces the amount of waves propagating along the elastic layer, particularly at higher frequencies.

When the load excites the elastic medium in the x direction the resulting responses show similar features to
those registered when the load is applied in the y direction (not illustrated). In this case the wavefield reflected
on the inclusion appears to be stronger than that observed for the vertical load.

In order to better illustrate the physical phenomena described above, time domain responses, with the
load in the acoustic medium, were computed for the set of receivers placed in the receiving medium, without
(Fig. 7(a)) and with the air-filled inclusion (Fig. 7(b)).

Fig. 7(a) displays the responses obtained when the source is placed in the fluid medium in the presence of the
homogeneous concrete layer. The plot registers a set of pulses that reach the receivers at different times. These
are produced by refractions and mode conversions at the layer’s surfaces. The first pulses recorded correspond
to the refracted dilatational wave pulse (labelled as P in the plot) and to the refracted shear elastic wave pulse
(labelled as S in the plot). A set of dispersive pulses then follows, generated in the guided waves that travel
along the surfaces at different velocities. The last wave to arrive is the slowest one, the dilatational wave in the
fluid (labelled in the plot as Pj). Notice that the pulses related to guided waves become more important at
receivers placed at a certain distance from the source.

Fig. 7(b) presents the responses when the source Sj; excites the concrete layer with the air-filled
heterogeneity. The plot shows that the receivers placed on the left of the inclusion (labelled in the plots as
x=0.0m; x =4.0m; x = 8.0m) record another set of high frequency pulses (in relation to the single layer
solution), appearing after the arrival of the refracted pulses produced by the layer. These refer to the reflected
waves produced by the heterogeneity. The other receivers, on the right of the inclusion, show a fall in the
amplitude of higher frequency pulses when compared with the solution provided by the homogeneous layer.
Lower frequencies tend to travel along the layer without being affected by the presence of the inclusion. These
features are in accordance with the frequency domain analysis.

Fig. 8(a) illustrates the time domain responses obtained when the source S;, acting in the vertical direction,
excites the homogeneous layer. The pulses recorded in this plot are related to the refractions occurring in the
single layer medium followed by dispersive pulses due to propagation of the guided waves along the solid
layer. When there is a heterogeneity (see Fig. 8(b)) extra pulses are added to the responses registered at the
receivers on the left of the heterogeneity, referring to the reflected field produced by the inclusion. Moreover,
the high frequency dispersive pulses recorded at the receivers on the right of the heterogeneity are attenuated.

Figs. 9(a) and (b) display the average airborne sound insulation. This is determined as follows: first, the
average sound pressure level in each medium is computed as ten times the common logarithm of the ratio of
the space average of the squared sound pressure to the square of the reference sound pressure; then the
difference between the average of the sound pressure level in the incident and receiving media is plotted.

In these figures the average sound insulation curves provided by different sets of receivers are plotted. The
sound insulation is determined from the average pressure at all receivers (henceforth referred to as rec$1); for
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Fig. 7. Time domain pressure responses in the receiving medium produced by a source placed in the acoustic medium acting with a
characteristic frequency of 2000 Hz: (a) homogeneous single layer and (b) single layer with an air-filled inclusion.
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Fig. 8. Time domain pressure responses in the receiving medium produced by a source acting within the elastic medium in the y direction
(vertical) with a characteristic frequency of 2000 Hz: (a) homogeneous single layer and (b) single layer with an air-filled inclusion.
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Fig. 9. Airborne sound insulation provided by a single concrete layer with an air-filled heterogeneity with radius R = 0.075m placed at
xp=10.0m: (a) rectl vs. recs2 and (b) rectl vs. rect3 (@, homogeneous layer: rec#l; V, homogeneous layer: rec#2; O, air-filled
heterogeneity: rec#l; [, air-filled heterogeneity: rec#2; ¥, homogeneous layer: rec#3; M, air-filled heterogeneity: rec#3).

the receivers on the left of the inclusion (henceforth referred to as rec$2), and from the responses at receivers
on the right of the inclusion (henceforth referred to as rec#3). In the figures the responses provided by the
single layer are added for reference.

The airborne sound insulation provided by the homogeneous layer (see Fig. 9(a)) calculated considering all
receivers (rec#l) enables some of the acoustic phenomena above described to be observed (see comments to
Fig. 5). A detailed analysis of this curve can be found in Ref. [4]. Comparisons of the curves provided by the
single layers without and with the heterogeneity, show that, at higher frequencies, the airborne sound
insulation is only slightly affected by the inclusion, and only small differences are found. In fact the airborne
sound insulation calculated, taking the pressure at all receivers into account, does not allow a full description
of the wave propagation features when the heterogeneity is present, as seen in Fig. 5. The average response is
considerably influenced by the higher sound pressure levels that occur in the receiving medium at receivers
placed closer to the source, given that the calculation is performed on an energy basis, enhancing the higher
amplitudes. Thus, the lower amplitude signals recorded at receivers rec#3 are hidden in the results computed
using all receivers. Therefore an analysis considering the average pressure recorded at receivers rec#2 and
rec#3 is performed to better quantify the influence of the heterogeneity. Anyway, for diagnostic purposes a
uniformly spatial distribution of microphone positions should be used since the global results are more
relevant.

Comparisons of the curves provided by the homogeneous layer (see Fig. 9(a)), obtained from receivers rec#/
and rec#2, shows that the airborne sound insulation indicated by receivers rec#2 is higher than that calculated
using all receivers (rec#1). This increase in insulation occurs mainly because the coincidence effect does not
influence the sound level at receivers placed near the source. In fact, the propagation of the waves related to
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this effect is only captured at receivers placed further away from the source, therefore the critical frequency is
not seen in the responses provided by rect2 (see also comments in Figs. 5 and 7). Analysis of the curves
indicated by receivers rec$2, for the single partition without and with the heterogeneity, shows that the two
curves are very similar. At higher frequencies small dips at specific frequencies are found (not clearly visible),
produced by the layer containing the inclusion (related to the interaction between scattered pulses generated
by the inclusion).

Analysis of airborne sound insulation provided by the homogeneous layer and captured at receivers rec#/
and rec#3 (see Fig. 9(b)) shows that the response obtained by rec#3 is lower. In fact the incident field is lower
at the receivers placed further away from the source owing to the attenuation of sound level due to the
distance, thus the average airborne sound insulation using these receivers, decreases. Comparisons of the
airborne sound insulation according to receivers rec¥3 shows that there are major differences at higher
frequencies between the solutions provided by the homogeneous layer and by the layer that contains a
heterogeneity. These differences reveal an increase in the airborne sound insulation when the heterogeneity is
present. At the end of the frequency domain response the sound insulation tends to approach that provided by
the single layer.

When the load acts in the vertical direction (see Fig. 10(a)), the average impact sound level (obtained by
averaging the sound pressure levels recorded at receivers placed in the receiving medium on an energy basis),
calculated at all receivers (rec#1) shows only small differences at higher frequencies when the layer contains an
inclusion. The responses calculated for receivers rec#2, again exhibit slightly higher sound pressure levels than
those observed for the case of a homogeneous layer. Notice also that for this set of receivers the coincidence
effect is not present. Analysis of the responses provided by receivers rec#3 (see Fig. 10(b)), shows that the
heterogeneity reduces the propagation of waves along the elastic medium as the frequency increases.

5.1.1. Influence of the position of the heterogeneity

Fig. 11 presents the responses calculated at receivers rec#3, assuming that the air-filled heterogeneity with
radius R =0.075m is placed at positions x;, = 0.0, 1.0, 5.0 and 10.0m. The airborne sound insulation
provided by both the homogeneous layer and the same layer with a heterogeneity placed below the load
(x, = 0.0m), are very similar. As the heterogeneity is placed further away from the position of the load, the
airborne sound insulation increases for a larger frequency range at higher frequencies (see Fig. 11(a)).

When the inclusion is near the source more energy tends to be refracted to the elastic medium on the right of
the heterogeneity, and thus more energy propagates along the layer. Therefore, the airborne sound insulation
increases only slightly. If the inclusion is placed at a certain distance from the source, the wave field increases
on the left of the inclusion, owing to scattered phenomena generated at the inclusion. Thus, less energy
propagates along the layer to the right of the inclusion.
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Fig. 10. Impact sound pressure level when the source acts in the y direction (vertical) provided by a single concrete layer with an air-filled
heterogeneity with radius R = 0.075m placed at x;, = 10.0m: (a) rect! vs. rec#2 and (b) rectl vs. rect3 (@, homogeneous layer: rectl; V ,
homogeneous layer: rec2; O, air-filled heterogeneity: rectl; (1, air-filled heterogeneity: rec#2; ¥, homogeneous layer: rec#3; B, air-filled
heterogeneity: rect3).
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The impact sound pressure level results (see Fig. 11(b)) show that the sound level increases at high
frequencies, when the inclusion is placed below the heterogeneity. When the inclusion is placed at x;, = 1.0, 5.0
and 10.0m, the impact sound pressure levels provided by the partitions are similar and show a reduction in
sound level at high frequencies.

5.1.2. Influence of the size of the heterogeneity

The influence of the size of the inclusion is assessed when the air-filled heterogeneity is placed inside the
concrete partition at x;, = 10.0m and its radius changes from R = 0.05, 0.075 to 0.09m (see Fig. 12).

The responses computed at receivers rec#3 (see Fig. 12(a)) show that the airborne sound insulation increases
as the size of the heterogeneity increases, at higher frequencies. This phenomenon starts to be observable at
further lower frequencies as the size of the heterogeneity increases. Notice also that at the end of the response
all plots tend to approach the single homogeneous layer solution. Impact sound pressure level (see Fig. 12(b))
falls, as expected, at similar frequency ranges to those observed in Fig. 12(a). Analysis of the responses
provided by receivers rec#2 lets us conclude that the scattered field produced by the heterogeneity on its left
does not change significantly even when the inclusion is bigger (not displayed).

5.1.3. Influence of the stiffness provided by the single layer

The influence of the stiffness of the layer is assessed by changing the material of the partition from concrete
to ceramic. Responses provided by receivers rec#3 when the air-filled inclusion is placed at x;, = 10.0m, are
plotted in Fig. 13. Analysis of these responses makes it possible to see that when the layer is made of ceramic,
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Fig. 11. Frequency domain responses provided by a single concrete layer with an air-filled inclusion with radius R = 0.075m placed at
different positions: (a) airborne sound insulation and (b) impact sound pressure level when the source acts in the y direction (vertical) (V,
homogeneous layer; O, x, =0.0m; @, x,=1.0m; B, x, = 5.0m; [J, x, = 10.0m).
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Fig. 12. Frequency domain responses provided by a single concrete layer with an air-filled inclusion for different radii: (a) airborne sound
insulation and (b) impact sound pressure level when the source acts in the y direction (vertical) (V, homogeneous layer; (I, R = 0.05m; O,
R=0.075m; @, R =0.09m).
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Fig. 13. Frequency domain responses provided by a single layer of either ceramic or concrete with an air-filled heterogeneity with radius
R =0.075m placed at x;, = 10.0m: (a) airborne sound insulation; and (b) impact sound pressure level when the source acts in the y
direction (vertical). (@, homogeneous ceramic layer; V , homogeneous concrete layer; O, ceramic layer with heterogeneity; [J, concrete
layer with heterogeneity).
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Fig. 14. Frequency domain responses provided by a single concrete layer with different types of heterogeneities with radius R = 0.075m
placed at x;, = 10.0m: (a) airborne sound insulation and (b) impact sound pressure level when the source acts in the y direction (vertical).
(V, homogeneous layer; B, air-filled heterogeneity; +, water-filled heterogeneity; O, cork-filled heterogeneity; @, rigid heterogeneity; [J,
free heterogeneity).

waves propagating at lower frequencies are more affected by the presence of the heterogeneity. As the panel’s
stiffness increases, both airborne sound insulation and impact sound pressure level responses are more affected
in higher frequency domains.

5.2. Acoustic behaviour of a single concrete partition with a free, a rigid, a fluid-filled and an elastic-filled
heterogeneity

In order to understand how the assumption of different boundary conditions at the heterogeneity’s
boundary may influence the responses, a rigid, a fluid (air or water filled) and an elastic (with the properties of
cork) inclusion, with a radius R = 0.075 m, placed inside the concrete layer at x;, = 10.0 m, were modelled. Fig.
14 displays the computed responses using the records at receivers rec#3.

The plots in Fig. 14 show that when a rigid heterogeneity is modelled the resulting airborne sound insulation
is much higher than that produced by the homogeneous layer. On the other hand, the corresponding impact
sound pressure level provided by the layer with the heterogeneity is lower than that given by the single layer. In
fact, as the displacements in the boundaries of the inclusion are restricted, most of the energy that travels in
the elastic medium hits the heterogeneity, and is reflected. The layer’s movement is also reduced, and thus less
energy propagates along it. For higher frequencies the waves propagate through the spaces between the
inclusion and the surfaces more easily, causing a drop in airborne sound insulation and an increase in impact
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sound pressure level. When an elastic heterogeneity made of cork is assumed, the responses are very similar to
those obtained for the free inclusion, and a clear attenuation is found in the wave propagation to the right of
the inclusion. Cork is a flexible material and has the ability to dissipate energy, thus diminishing the wave
propagation along the layer.

The results for an air-filled heterogeneity do not differ significantly in comparison with the ones obtained
for the water-filled heterogeneity. In fact both tend to approach those provided by the cork-filled inclusion.
Analysis of the responses computed using receivers rec$2 shows that the curves provided by the free, fluid-
filled and elastic-filled inclusions are quite similar (not displayed).

6. Conclusions

This work has described a BEM model developed in order to calculate the acoustic responses provided by a
single layer with a heterogeneity. In this model only the boundaries of the inclusion were discretized since
Green’s functions are used for single layered medium bounded by acoustic media. The responses provoked by
rigid, fluid-filled and elastic-filled inclusions were investigated. The model has been used to calculate pressure
frequency and time responses due to cylindrical line loads acting in either the acoustic or the elastic medium.
The results showed that at low and medium frequencies the responses provided by the single layer, with and
without the presence of an air-filled inclusion, are very similar. At higher frequencies clear differences were
found mainly at receivers placed on the right of the inclusion (opposite to the source). On the left of the
inclusion only very small changes in the responses were identified. It was also found that the position and the
size of the air-filled heterogeneity and the layer’s material influence both the airborne sound insulation and
impact sound pressure level responses on the right-hand side of the inclusion. The results provided by a cork-
filled heterogeneity manifested a clear attenuation of wave propagation at medium and high frequencies.
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