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In this work, a numerical model is developed for determination of the sound
reduction index of building structures. It is implied that the model can serve to
forecast the single-valued number defined in the LVS EN ISO standards without
carrying out the practical measurements. Equations derived by Biot that differ from
the structural acoustic ones are used to show that the development of new building
materials can be achieved through simulation, thus avoiding the time-consuming and
expensive trial-and-error approach. To validate the model, the experiment has been
run for which a wall made of blocks keraterm 44 was taken. The blocks have a porous
microstructure, which is important for sound reduction in the material. From two
sources of sound — impact and airborne — the latter was measured. The modelling
approach can be used for optimization of existing constructions in order to achieve
better sound insulation properties.
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1. INTRODUCTION

The problem of sound reduction of building structures is highly topical, and
nowadays acquires ever increasing importance in the construction engineering. To
estimate the level of sound absorption by these structures a specific parameter — the
sound reduction (SR) index — is employed [1, 2].

For determination of this index rather expensive standard measurements are
carried out. At the same time, an appropriate mathematical model can make this
procedure much cheaper. Nowadays, the engineering solutions exist that allow
forecasting the one-third octave bands middle frequencies, from which the SR
index is calculated rather easily; however, the results of such calculations are not
precise enough, especially for the building elements with irregular structure.
Furthermore, if experiment shows that the building element does not have the
required SR index, to improve it an additional research work and the related
measurements are still needed. This method can be replaced with an appropriate
model for measurement and optimization without a real object (in our case a wall
of blocks).

The main goal of this work is, therefore, to develop a mathematical model
for calculation of the SR index of a building structure without carrying out the
measurements. To achieve the goal, for the model a real wall of building blocks
(keraterm 44, A/S Lode) was used. Each block is 440x245x238 mm in size and has
106 air gaps distributed for better thermal insulation. The blocks (Fig. 1) are made
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from clay having capillary microstructure where the energy dissipation occurs,
since gas (in this case air) in the pores interact with the rigid frame. This effect is
described by the Biot equations [3-5] (see Ch.3).

Fig. 1. A keraterm 44 building block.

The block for our investigation was chosen purposefully, since the results of
real relevant measurements had already been known and could be used later for the
model’s validation. The experimental setup for measuring the SR index and the
related specifications are found in LVS EN ISO standards [1]. Therefore, the
modelled setup was meant to maximally fit both the real experimental environment
and the standards. For exact simulation, a 3D model is required; however due to
mesh limitations for the wavelength the computer power was insufficient and the
model was reduced to two dimensions. These problems are treated in Ch. 4.

The standard measurement is carried out with a pink noise for the one-third
octave bands (100 Hz-3150 Hz). To adhere to the relevant physics, a time domain
analysis is necessary; however, it would be memory-consuming and therefore has
not been done. This problem and the related physics are discussed in Ch. 4.

In Ch. 5 the results of numerical simulation are compared with the experi-
mental data.

2. EXPERIMENT

The experiment to be used for validation of our model was carried out at a
certified laboratory in Latvia. The test facility and construction mounting re-
quirements are defined in [1]. The calculation of SR index for airbome mea-
surements is given in [2]. For this particular measurement the sizes of the source
room were: width — 4.3 m; length — 5.0 m; height — 3.3 m; and those of the
receiving room were: width — 4.3 m, length — 4.7 m, height — 3.3 m. The total area
of the wall between rooms was 9.9 m®. The omnidirectional noise generator was
put in the source room; the sound pressure was measured at five points in the
source room and at five points in the receiving room. In the experiment, a pink
noise was chosen, so that the sound intensity was equal at each octave band. The
geometry of the respective 2D mathematical model is shown in Eig. 2.

The sound intensity is defined as

2
Py, 1)
pc
where p — sound pressure, Pa;
¢ — speed of sound, m/s;
p — density, kg/m’.
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Fig. 2. The model geometry and boundary conditions.

The sound intensity level and the sound pressure level (SPL) in dB are
calculated using the reference values: 10-12 W/m® and 20 pPa, respectively, which
correspond to the pressure fluctuations due to chaotic motion of molecules. The
equation for the SPL is:

=20lg| £ |, )
ref pref

SPL=101g

where I, —the reference intensity W/m;
Pres — the reference pressure Pa.

For the measurement, the SPL is calculated as the sum of pressure squares:

2
SPL=101g Z—’; : 3)

Z pref

The SR index at one-third octave band frequencies, R, is defined as the
difference between the SPLs in different rooms:
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ey Wk
2 Peee

R=(SPL,-SPL,)=101g (4)

When experimentally measuring the sound pressure at one-third octave
bands a sideway noise should be taken into account. The SR index in this case is

calculated by the equation:

& Ry
R=-10lg/10 10 —10 10 |, (5)

where R' - the apparent SR index (calculated by Eq.(4));
R'r — the sideway SR index (previously measured).
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In the mathematical model the sideway noise is eliminated, therefore Eq. (4)
can be used.

The result is presented as the values at one-third octave band middle fre-
quencies. From these quantities and the reference values from [2] the SR index is
determined. The differences between the reference and measurement values are
taken into account in such a way: if the sum of positive differences exceeds 32, the
reference values are shifted by ~1 dB until the sum is less than 32. For the values
less than 32 the reference values are shifted by +1dB. The single-valued number
is the weighted SR index R, that corresponds to the shifted reference value at
500 Hz. In the experiment, the weighted SR index is 47 dB, so the shifted reference
values are below the starting point (see Fig. 3).
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Fig. 3. SR index of one-third octave band middle frequencies.

3. THEORETICAL APPROACH AND MATHEMATICAL MODEL

To describe the pressure field for the sound propagating in air a Helmholtz
equation is used, which in the time-dependent case is:

1 .ézp
o el s

+V[——1~(Vp—q)J - ©)
Yo,

where Q — the monopole source 1/s%;
g — the dipole source N/m’.

In the time-dependent studies where the noise can be modelled, it is
necessary to find sound pressure, which requires very large memory and computing
time, therefore it was avoided; instead, the time-harmonic case was used:

p(x,1)= p(x)e™, (7)

where i is the imaginary unit.
Then Eq. (6) reduces to [3, 6, 7]:

2

V(—%(VP“Q)J‘ —F=0. )

p-c

where  is the angular frequency, rad/s;
=0 (dipole source); and
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stands for a point source [6, 7], with P being the sound power, W/m.

The damping in the time harmonic case can be modelled by adding a
damping term in Eq. (2), which would mean complex values for the sound speed
and density in Eq. (3). The sound attenuation in air was avoided, because the effect
at a distance <10 m can be neglected [7, 8].

As yet, it is impossible to solve completely the 3D problem due to large
object sizes assumed in the model. For exarnple, when solving it for 3150 Hz a 3D
test room with the volume of 133.4 m® is used. As the wavelength should be
resolved with a 5-node mesh (per wavelength) at worst, the degrees of freedom for
the problem can be evaluated as the 5° times model volume measured in wave-
lengths. Since the wavelength for 3150 Hz is 10.9 cm, for this particular model it
would be 13.3 million degrees of freedom. Therefore, in the model the first-order
Lagrange elements were considered, while for the second-order elements the
problem remains to be involved.

For porous material domain the Biot equations [3-5] are used. In this work,
their basic principles are obeyed (corresponding equations are presented below).

The Biot model assumes a cube for which the pore size is small compared
with its side length, and the cube size is small compared with the wavelength. The
model assumes that fluid in the pores (in this case air) is of Poiseuille’s type and
moves in the direction of the solid matrix.

Therefore, equations for the time-harmonic case are:
wpavw2u+pfa)2w—Vcr=0 (10)
—pfcozu —pcwzw—fo =0,

where pf — the fluid density, kg/m’;
Diw the density averaged for solid and fluid parts of porous material, kg/m’;
pe — the complex density (is treated below), kg/m’;
u — the displacement of rigid skeleton, m;
w — the fluid displacement, m;
o — the stress tensor, Pa;
pr — the fluid pressure in a pore Pa.

The complex density can be expressed as

T H 7
pe(@)=—p; +L, (11)
&, LK
where 1 — the tortuosity of the material;
&p My — its porosity and viscosity Pa-s, respectively;
k  —the permeability accountmg for the viscous drag on the porous

matrix by fluid m® [3-7].

The equations written so far are good for the low frequency range when the
viscous forces dominate over the inertial ones.
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Solving the problem for two displacement fields is not optimal from the

numerical point of view, so instead of the fluid displacement [6, 7]:

1

W=——
@’ p_(w)

(fo - pfa)zu)

the fluid pressure in pores is to be found:
a(u,pf) =crd,(u)—a'3pfl ;

where ay - the Biot-Willis coefficient;
I — the identity matrix.

Equation (10) thus becomes:

2
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where s is the dynamic compressibility of fluid.
By making the substitutions:

1 _ p 1 )
—AY—SPZI +-aB—K—dr( -CZB),
_Pry, .
P
So =app L
Q=0'ae,;
qza)zpfu

into Eq.(14), we obtain a more familiar form of the wave equations:

0
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(12)

(13)

(14)

(15)

(16)

(17)
(18)

(19)

(20)

Next, the boundary conditions for the problem should be considered. In this
model four different boundary conditions are used. For the test room boundaries

the impedance boundary condition can be used:
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—n(—l(Vp—q)Jz—iw—p, (21)
ye, Z

where Z is the impedance, Pa-s/m.

However, the impedance of the wall is much higher than that of the air, which
leads to the reflection coefficient ~1, so the impedance boundary condition can be
replaced with the so-called sound hard boundary — i.e. completely reflecting:

_EF_ 0. 29
cn o2

For an air/pore boundary there is continuity between the air and the gas in
the pore.

On the boundaries of a wall it is difficult to define a relevant boundary
condition, because its eigenfrequencies are changing with different boundary
conditions. In this model a fixed boundary condition is used:

u=0
_,, 23)
on

For the air/solid boundary there is continuity at the air part, so the equation:
a, =-n(-w'u) (24)

describe the acceleration for air domains caused by deformation and the de-
formation caused by acceleration of air (a, is the normal acceleration).

For pore/pore and solid/solid boundaries there is continuity for the pore and
solid parts.

4. NUMERICAL MODEL

For the calculations, the Comsol Multiphysics [6] software with a built-in
acoustic module was used. The modelling was done with a direct solver rather than
iterative, because the convergence was very slow, especially in the region close to
the resonance frequencies. From the direct solvers, the Pardiso [6] was chosen,
because it showed the best performance due to its memory efficiency.

In this model, the wave field for one-third octave bands with a step of 1 Hz
is calculated.

The five sound pressure microphones set at different places in the source and
receiving room in the experiment are replaced with a rotating microphone analogue
in the mathematical model. In this case the absolute pressure is integrated over the
circle, and using Eq. (4) the SR index at each frequency is calculated.

The solution time depends on frequency, because for lower frequencies the
mesh was coarser in order to save the computation time. For a 3.4 GHz i7
processor it took approximately 20 s for a single low frequency and ~1 min for a
single high frequency calculation. The calculation was made on 5 meshes. The
mesh count could be increased, but not too much because the remeshing also takes
time.
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5. RESULTS AND DISCUSSION

The properties of SR at the one-third octave band middle frequencies found
by simulation are shown in Fig. 4.
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Fig. 4. Numerical simulations results compared with the experimental ones.

The wave fields for 180 Hz, 200 Hz and 1000 Hz are shown in Figs. 5, 6 and
7, respectively.
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Fig. 5. The SPL field at 180 Hz frequency.

SPL (dB) 105.14

-50

-100

-123.14
Fig. 6. The SPL field at 200 Hz frequency.
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Fig. 7. The SPL field at 1000 Hz frequency.

It can be seen that the SPL fields are different at 180 Hz and 200 Hz
frequencies, although they are close. This is because of the test room resonance
frequency. At the same time, the 1000 Hz sound pressure field is much different
because the wavelength is shorter.

The results presented here do not show a good fit with the experimental
values, so in this chapter possible sources of error will be discussed. The pressure
values at the test room resonance frequencies do not meet the requirement of small
perturbations that is due to the absence of damping factor in the model. To treat
this problem either damping or non linear acoustic equations must be used.
However, the classical damping models cannot describe this effect by using the
impedance concept. The sound hard boundary condition still seems to be a good
approximation, because for a wall with the reflectivity close to one the mesh
resolution limits the resonance but not the impedance boundary condition [8]. This
leads to a strong influence of the test room geometry on the results. In future works
this effect will be considered.

Another source of error is the fixed boundary condition on the boundaries of
the test wall. The wall eigenfrequencies change with the boundary conditions
applied, thus changing the result. This effect is possibly responsible for the lower
values in the frequency range between 500 Hz and 1250 Hz. In the experiment a
similar result can be seen at ~ 1600 Hz.

Apart from that, the eigenfrequencies are dependent on the material
parameters taken from similar materials and not measured for particular ones used
in the experiment.

These eigenfrequencies are important because the sound pressure in the
second room is produced by the wall vibration, which only happens at discrete
frequencies.

The microstructure of building blocks exerts a smaller effect on the final
results; at the same time, in the future its importance can increase many times, with
the accuracy of engineering calculations much better as compared with those based
on the area density.

6. CONCLUSIONS

To further develop the model, precise measurements of the required material
properties must be made. The eigenfrequencies of the wall being tested depend
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both on the boundary conditions at the ends of the test wall and the properties of
applied materials.

To obtain realistic pressure values at resonance frequencies, in future models
the damping factor should be considered. This is important because in our offered
model these frequencies are overrated.
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SKAITLISKAIS MODELIS SKANAS VAJINAJUMA INDEKSA GAISA
NOVERTESANAI PORAINAS BUVKONSTRUKCIJAS

J. Ratnieks, A. Jakovics, J. K]aving
Kopsavilkums

Saja darba ir izveidots matematiskais modelis skanas vajinajuma indeksa
gaisa noteikSanai kompozitam bavkonstrukcijam. Mérkis ir izmantot skaitlisko
modeli, lai ticami prognozétu izsvérto skapas vajinjuma indeksu gaisa bez
laboratorijas mérfjumu veikSanas. Lai validétu modeli, nemta bavkonstrukcija, kas
buvéta no A/S Lode keraterm 44 blokiem, kuriem ir poraina mikrostruktiira, kas ir
nozimigi skanu slapgjosiem materialiem. Darba lietoti vienadojumi, kuri apraksta
skanas izplatiSanos porainas biivkonstrukcijas. Izstradata pieeja paradzéta, lai
taupitu laiku un naudu, izstradajot un optimiz&jot biivmaterialus un bavkonstruk-
cijas, izvairoties no vajadzibas veikt realus mérfjumus. Stbriza rezultati precizi

neapraksta skanas vajindjumu buvkonstrukcijas, tadu sakrit kirtas robe7as.
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