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ABSTRACT

The modelling of sound transmission loss (STL) tigto multi alveolar brick walls is investigated. Besa of the

complex structures involved, a simplified approashderived. First, an efficient homogenization t@Edae is

developped to define an equivalent orthotropic kldhen, the STL of the homogenized wall is comguteanks to
a finite and multi-layered anisotropic thick platedel. A modal analysis is also performed on variballow brick

walls to confirm the predictions of the model. Hiyaa parametric study highlights the relevant gibgl parameters
for the improvement of the acoustic propertieshoke materials.

INTRODUCTION

Because of their thermal properties, hollow bricke a
attractive building elements. Typical core geonestriof
hollow blocks are depicted in Figure 1.

Figure 1. Different hole pattern of fired clay blocks

Unfortunately, the acoustic behaviour of such waks
complex since it strongly differs from others horangous
building elements. This point is clearly observed=igure 2
where the well known mass law [1] is compared ® S$TL
measured for two hollow brick walls. Various dipslgeaks
can be seen in the measured curves due to the eompl
properties of these walls (inhomogeneous, aniswtrdiick).
The aim of this work is to understand the physhethaviour

of brick walls.

From a numerical point of view, the simulation loétSTL of

a hollow brick wall is possible [2] but complex blks may
require very long computation times. Besides, aitalit
developments on the STL through periodically
inhomogeneous plates [3-4] are also too time comswif
one has to treat with a realistic situation (typjca masonry
wall).
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Figure2. STL measured on a (a): 20cm thick hollow brick
(b): 30cm thick wall. In both cases, results ammpared with

mmf
STL = 20lo
mass g[ PairCair

and m the mass density of the wall

J where p,;Cqir IS the air impedance

Therefore, in this paper, a simplified modellingtopted. In
first approximation, the inhomogeneous brick camdpgaced

by an equivalent homogeneous one using homogemrzati
theories [5-6]. This approximation is relevant pdad that
the size of the inhomogeneities is small compaoekalf the
wavelength of the vibrations [3]. Since the sizé¢haf holes in

a hollow brick does not exceed few centimeters, an
homogenized vibratory model should be a reliablatgm in

the frequency range [100Hz-5kHz].

AN HYBRID MODEL TO COMPUTE THE STL
OF A HOLLOW BRICK WALL

STL of an orthotropic thick plate

Considering homogenization theories mentionned @bone
is lead back to the STL of an equivalent multi-lege
anisotropic masonry wall. The transfer matrix folisra
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derived by Skelton & al. [7] is used to solve tipabblem.
Then the transmission coefficient of the wall igegi by

difuse 1 j L;}(e,q),f)sin(e)cos(e)deeq)

27y Z= PaCa (4)
Liskor—(L11+Z)Lop - 2) codp)
0< 0 <2M0<0<0,a

«(f,0,0)=[1)%,T=

Where the assumption of a diffuse incident field Heeen
made andLij,i,jz 12are the matrix elements connecting

normal stresses and velocities of the upper andreurfaces
of the wall.

Under this form, the finite dimensions of the walle not
taken into account. A more suitable solution is

Tfinite(fv9,¢v'-><v|-y):Tw(f,9,¢)0(f,9,¢,Lx,Ly) (5)

Where a correction functioo is introduced according to the
spatial filtering technique [8]. This approach takto
account the diffraction effect induced by the ngize of the
wall. However, no modal behaviour can be recovénetthis
manner since the boundaries conditions are notideresl.
Therefore, the STL of the homogenized brick walh dze
explicitly written as

STL()= —10Iog(t¥i’rifift‘$se) ©

Obviously, this formalism needs the knowledge o€ th
physical properties of the equivalent wall (elastémsor,
mass density). That is the reason why an efficient
homogenization technique is developped in the ¥alg
section.

A numerical homogenization process

The basic principle is to simulate different medhah
loadings applied to one block. To this end, an airtipic
model is adopted and a finite element method (FEM)
expansion is used.

When subjected to a compression test along theid ax
(i=x,y,z), the Young modulus along that directiondathe
Poisson ratios associated with the correspondiaggsl are

FL,
E,=——1jk=xy,zk#]
uiby
Uij:_ ;|¢j

j
Where F,L; ;.u; are respectively the force reaction on the
face i=L;, the hollow block dimensions and the

displacement induced by the Poisson effect.

Consequently, six of the nine elastic constantsodtained
with compression tests. To compute the last thieears
modulus, adapted boundaries conditions are dedirosd
pure shear stresses. The different computed loads a
summarized in Figure 3. Then, the shear modulus is
evaluated by

L PP
Gj=—=—"h]=xY.zi#] ®)
Vi 2
With T; the shear stress in the plane ij ayydhe distorsion
angle induced by the shearing.
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Figure 3. Examples of two numerical tests : Compression
along the X axis and Shear loadings in the XZ plane

Finally, the homogenized brick is characterized te
following elastic tensor

Ci1 Co CG3 0 O
Gz Cpp C3 0 O
Ciz C3 Ci3 0 O

(9)

o O O O

C=
0 0 0 Cyu4 O
0 0 0 0 Cs O
0 0 0 0 0 Cg
Comparison between simulations and
measurements

The former approach is now applied to the predictaf
sound transmission through the whole masonry: Tist f
layer is built from hollow bricks and covered by an
additionnal plaster lining.

This second layer is considered as an isotropierlayhose

properties are E=5 GPa =02 andp :1500<g/m3 . The

STL of each wall is determined using standard teghe)
according to the IS0 140-3 norm [9].

Besides, quantitative predictions are possible dhlywo
experimental key parameters are known. The firgt isrthe
set of mechanical parameters for the brick matétied clay
material). Their knowledge, along with that of thellow
core geometry, will obiously affects the values thie

homogenized tenso€ . Ultrasonic measurements have been
performed to determine these elastic constants.

The second one is the damping. A practical wayttutde it

in the model is to consider a complex elastic tenso

C=cl-in) (10)

In that expressionn stands for the total loss factor of the

wall and includes internal, radiation and couplifgss
factors. Structural reverberation times measuredeanh
partition give an estimation of this frequency degent
variable [10].

The first example is a 20cm thick wall covered bylan
thick plaster layer. The hole pattern of the brikd its
homogenized parameters are given in Figure 4 abteTa

||
SNl L

Figure 4. Hollow block under consideration
Ly =56cm L, =27em L, = 200m,pq 0595kg/n?)

The computed values are consistent with the alvguttern
that have been tested. First, the fact that=E, expresses

the nearly isotropic behaviour of this block in (%) plane.
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The high softness in that plane also explainsdhevalue of
the shear modulu§&y; =Cs5. On the contrary, the Young
modulus along the Y direction is the highest one tfoo
reasons. First, this direction matches that of shiffest
rididity of the brick material. Furthermore, in thdirection,
the stiffness of the block and the clay are disemtlated by

EY' =Suaylixlz) TEY®Y  (with  Syay<<Ixl;  and
EYik << ES® 010GPa).

Table 1. Parameters of the equivalent orthotropic brick wa

Ex Ey Ez | Gxy | Gxz | Gyz
(GPa) | (GPa) | (GPa)| (GPa)| (GPa)| (GPa) Yz | Uy | Vzx ps(kdmz)

048 | 218 | 044 ( 03 | 022 | 042 | 019 0.12] 0.01 125

Figure 5 shows the experimental STL and the caiedlane.
The orthotropic thin plate approximation, which d¢enfound
in ref [11], is also computed. In low frequencigbe
experimental dip is well predicted and correspotmghe
usual critical region of thin anisotropic platesorFan
orthotropic plate, this region is bounded by the tevitical
frequencies

2 2
=%a 1P andf, =2 |Ps (12)
2\ By 2m\ By

Where B, and B,
homogenized wall along the x and y axis.

are the bending stiffness of the

[ e i b -
= Experimental

= Thick plate model
= Thin plate approximation _
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Figure 5. Comparison between simulations and test data

Above [700Hz-800Hz], the thin plate approximatios i
clearly no longer valid for this wall. Measuremesitows
another dip higher in frequency, around 2.5kHz. sThi
decrease of the STL is predicted only by the thitkte
model. Unlike the thin plate assumption, this mazteisiders
the radiation of all Lamb modes existing in the logenized
wall. Because of its spatial shape, the first symiméamb
mode S1 may radiate from its cut off frequency

1|E,
fqO=
872 hps

(12

For the studied wall, numerical calculation locedizthis
frequency around 2200Hz, namely in the range wlieee
STL drops.

The second example is devoted to the study of c&Vthick
brick wall (covered by a 1.5cm thick plaster layer)
Compared to the first 20cm thick wall , both thieks and
core geometry are designed to minimize heat tresmam
(see Figure 6).
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Figure 6. Schematic view of the thick hollow block
(l_X =275mL, =2kcmL, =37 5m,pe, D940kg/n?)

Homogenized parameters for this hollow structure ar
summarized in Table 2 and call for several comméntthe

y direction, the Young modulus is the highest oae the
same reason as before. In the same way, the coreege in

the xz plane is consistent with a very low sheaduohaos
Gyxz =Cs5. A great attention should be also paid to the very
high softness of the block along the thicknessctima. This
point is directly due to the thermal constrain whaften lead

to winding profiles.

Table 2. Homogenized parameters

Ex Ey Ez | Gxy | Gxz | Gyz
(GPa)| (GPa) | (GPa) | (GPa)| (GPa)| (GPa) Yz | Uy | Vzx ps(kg/rr?)

21 | 676 | 013 | 082 | 007 | 0.63 | 0.18 | 0.17| 0.01 400

Figure 7 displays the STL predicted by the complsterid

model along with the approximate one with the meament.
The critical region is located in very low frequers
(roughly between 60Hz and 100Hz).

Such hollow brick wall cannot be seen as a thin dgenized
plate over most of the frequency range of inte(estept in
low frequencies). A large wall thickness coupledhva very
high softness of the wall along the z direction rgponsible
for this thick plate behaviour. In other words, tirep of the
STL around 500Hz is caused by the S1 Lamb modeatiadi
(numerical calculation givebg (1460Hz ).

T T T TTT

80~ | === Experimental
= Thick plate model
| |=Thin plate approxim:

f(Hz)
Figure 7. Results obtained on a 39cm thick brick wall

The main predictions made in this part will be fied in the
following section.

MODAL ANALYSIS

Lamb modes in homogeneous plates have been exgnsiv
studied [12,13]. Though, in a building acoustic teotty the
vibratory behaviour of complex walls such as hollbvick
ones remains an open question. To confirm the engst of
Lamb modes like in these partitions, an experineatal
numerical modal analysis are performed.
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Experimental study

From an experimental point of view, a masonry wal

dimensions 298x 378x 02m°> made of the former hollow
blocks (see Figure 4) has been built. One bricthaf wall is
mechanically excited using a shaker that generategite
noise signal in the range [100Hz-5kHz].

The vibratory response of the wall is then invedtg with
various pairs of accelerometers. A scheme of the
experimental setup is given in Figure 8.

1
Tﬁ'ﬁﬁm Hﬂﬂﬁ‘W
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h= 20cm
Figure 8. Schematic view of the experience. For each dair o
accelerometer ,k') (with kK = 123), the accelerometers
k andk' are located a(xk,yk WZk :0) and
(xk» Yk 1z = 21cm)

In our experiment, the frequency dependence oféhaive
phase between each accelerometer k and k' may give
precious information on the spatial shape of therating
wall.

Therefore, the phase of the following transfer fiorcH is
measured

K

Ay e (f) = arctar{H) = arctar{lOIo{vlz(]} =0y -0y (13)
VZ

Where v'§ ,v‘; are the normal velocities measured by the

accelerometer k and k’ (respectively). Resultsraported on
Figure 9.
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Figure 9. Phase shift measured on the differenplesof
sensors

Two behaviours are highlighted. From 100Hz to
approximately 2000Hz , the phase shift betweenwloesides

of the brick wall are (in average) equal to zerdnisTis
consistent with the hypothesis of bending wavepggating

in the partition.

Around the cut off frequency of the S1 Lamb mode&hi$
homogenized wall (see equation 12), each couple of
accelerometers are in opposite phase. Thus thatighrof

the inner and outer surfaces of the wall are oythafse from
this frequency.

4
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Numerical modelling of the vibratory behaviour

To complete this experimental study, two hollowdiavalls
(see Figures 4 and 6) are now simulated thank2M finite
element model. As before, a constant force F idiegh@mnd

the vibratory responses of the walls are recordedifferent
pairs of nodes. Figure 10 summarizes the numerical
experience.

Figure 10. Close-up on the284x 021m? (left part) and

227x 039m? (right part) simulated walls. In both cases, the
plaster layer (in green) and the small bed joiimtlack)
between blocks are also represented

The relative phase between the inner and outenesfof
both walls is reported on Figure 11. Those resksin good
agreement with both the predictions made above thed
experimental modal analysis. In each case, thiselshift
equals zero until the cut off frequency of the Simb mode
of the homogenized wall. From this frequency, thege
shift signal exhibits oscillations with (in average 180° out
of phase. Some spatial deformed of the brick wédls
different frequencies are also shown.

couple (3,3

couple (33)
— couple (22)
—couple (1,1'

Phase shift (degrees)
5 & a 85 &
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Figure 11. FEM computation of the phase shift for the 21cm
thick wall (left upper part) and the 39cm thick qnight
upper part). (a) & (b): Visualization of the normalocities
Vz(y,z) at 700Hz and 2500Hz (respectively); (c)&:(
Visualization of the normal velocities Vz(y,z) @@z and
620Hz (respectively)

A PARAMETRIC SURVEY

This last part presents some hints to impove thé Sf
hollow block walls. In practice, two parameterstio¢ wall
can be modified: the geometry of the block and lthiek
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material itself. This one is kept constant here anda
attention is focused on the hollow geometry.

General considerations

Many input parameters are needed to compute thedBihe

wall : thickness, mass density and elastic tendothe

homogenized brick. It is logical to first analyzeetrelative
impact of each parameters. Considering a 20cm thnddlow

brick whose homogenized parameters are given ineTap
each component of its elastic tensor is submitted 60%
variation. Note that the Poisson ratios do not appecause
their impact on the STL is negligible

Table 3. Homogenized constants of the block

Ex Ey Ez Gxy Gxz Gyz ( 3 )
(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | Peq ka/m
0.63 2.9 0.57 0.52 0.26 0.69 547

The results of this parametric study are reported~gure
12. In low frequencies, the main impact comes fiexn Ey
and Gxy because these parameters are “thin platarus”.

If the Young modulus Ex and Ey are modified, thitiaal
region is also changed [10]. From this point ofwighe
more anisotropic the plate is, the wider the ailtiegion and
the more badly affected the STL is.

Higher in frequencies, those parameters do not m@ay
significant purpose anymore. On the contrary, anghdn the
rigidity in the thickness direction is seen to prod an
important increase of the STL. This is due to #sonance of
the S1 Lamb mode (see equation 9). Besides, thar she
modulus Gxz and Gyz are also important to imprdve t
acoustic behaviour of hollow block walls.

45
—Table 3 I |
E2=0.85GPa (+50%)] | !

—Ex=0.94GPa (+50%)| | |
—— Ey=4.35GPa (+50%)] | |

[N

LI

Too 1000 5000
f (Hz)

Figure 12. Influence of the Young modulus (lefttpand the
Shear modulus (right part) on the STL

Using those general considerations, the inversél@mo is
now adressed. In other words, the hollow core gegnitself
is modified in order to optimize its homogenizedsiants.

Application to various hollow core patterns

Three cases are considered: the first one is aln@eometry
where the holes describe a simple square lattice.sEcond
one is the same block where the thickness rigidsy
enhanced thanks to a higher number of connectiftdpés.
The last studied geometry is deduced from the ptesvbne
by additionnal connections in the brick interior.

These cases and their homogenized parameters sanmed
in Figure 13 and Table 4.
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Figure 13. Various hollow cores considered: sqlettee
(upper), rectangular lattice (middle) and squattickawith
smaller holes

Table 4. Equivalent constants of the different hollow ksic

Ex Ey Ez Gxy Gxz Gyz 3

(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | Peq (kg/m )
Ccase1| 097 | 152 | o080 | 038 | 026 | 045 547
case2| 099 | 173 | 117 [ o= 0.1 0.46 624
Case3| 1.37 2 1.2 029 | 012 | 047 724

The STL associated with these cases are showrgind-iL4.
If one considers first the influence of the masasity, two
points should be mentionned. According to the nhassthe
STL is the best one in the last case (namely tlawiBeone)
in very low frequencies.

However, this figure demonstrates the possibititgdnceive
light but efficient hollow brick walls. In particat, thanks to
its equivalent mechanical parameters, the firse qgaesents
the best STL in a very large frequency range.

This is mainly due to the sensibility of the sheaodulus
Gxz to the modification of the hole pattern. In thecond
case, the Young modulus Ez increases but a streagase
of the shear modulus Gxz is also associated (ccedparthe
first one). This decrease results from the rectimgoattern
of the holes in the second case.

Therefore, in the last case, a square patterncisnstructed
but only a small increase of Gxz is obtained (camgdo the
second case) because now the holes have smallesquar
sections.

Figure 14. Influence of the core geometry on the ST
predicted

This parametric study is finally applied to holldiocks of
common use in practice (20cm thick). As mentionabdve,

the hole pattern is mainly designed to improve tthermal
insulation of the wall.

Here again, three cases are treated: the first(labelled
“reference case”) has a simple square lattice déshoThe
second one is modified in order to lower thermadides. In

the same way, the last block is conceived to minntieat
transmission (see Figure 15). Table 5 reports the
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homogenized parameters in each situation whilevét®us
predicted STL are given in Figure 16.

| I
| I I |
Figure 15. Picture of the “thermal” hollow blockghe brick
labelled “thermal block 1” is on the left whileettithermal
block 2" is on the right.

Because of the very low stiffness of the “therntabck 2”
along the thickness direction, the computed STLiletsha
huge decrease between 1500Hz and 2500Hz due to the
resonance of the S1 Lamb mode. An intermediatetisalis
provided by the “thermal brick 1” where the acocatiloss
seems less critical.

Table 5. Homogenized parameters of the different bricks

Ex Ey Ez Gxy Gxz Gyz ( 3)
(GPa) | @Pa) | (GPa) | (GPa) | (GPa) | (GPa) | Peq\ka/m
Reference| 1.39 2 1.29 0.56 0.39 0.64 751
case
Thermal | 1.36 1.9 0.78 0.55 0.37 0.63 684
Brick 1
Thermal | 1.33 1.75 0.3 0.54 0.37 0.44 629
Brick 2
55 T T T T T T T
[ ! |
501 Referencecase| | | | || _ 4 _ =
Thermal brick 1| 1 1111 |
=——Thermal brick2| ' I I'I'| !
45 T T 77T all
| [y | |
D40 - —— 4 - — Ey/ 4 [
Z T | [
):' (A | | |
»n 35 TIATAT T r T
4 L | | |
30 (G T
| L | | |
| L | | |
25 CTTTIATAT T T T T T
| | | L | | |
1 1 1 I 1 1 1
2gOO 1000 5000
f (Hz)
Figure 16. Impact of the thermal constrain on tresljzted
STL

The acoustic behaviour of masonry walls made ofokol
bricks is studied. First of all, the brick wall@ésnsidered as a
thick orthotropic plate. An efficient technique, sed on
homogenization theories, is derived to obtain thaperties
of the homogenized brick. The vibratory behaviour o
different brick walls is analysed and comparedhe STL
predicted. As expected, such walls display usuatufes of
thin anisotropic plates in low frequencies. Howevisreir
large thickness and low stiffness in the thickraissction are
responsible for additionnal resonances where theexhibit
symmetric vibrations (due to the S1 Lamb mode). ifloelel
is then used to quantify the impact of each egeival
parameters and applied to underline the STL pragsexf
various hollow blocks.
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