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Summary

In this paper, a wave based model is used for the investigation of the sound transmission through
double walls with structural connections. Point and line connections with an increasing degree of
complexity are introduced in the double wall model to incorporate the effect of structure-horne paths.
The studs and ties are modeled as rigid connections or a combination of translational and rotational
springs. Alternatively, the studs are modeled as beams, accounting for the modal behaviour of the
studs. The wave based results are compared with experiments and infinite plate models based on
a decoupled approach or a periodic approach. It is shown that the finite dimensions can have a
significant influence on the sound insulation, both at low frequencies and at higher frequencies. The
pass- and stop-band behaviour of periodic structures cannot fully develop in finite double walls.

PACS no. 43.55.Rg, 43.55.Ti, 43.55.Ka

1. Introduction are often not satisfied in laboratory and real condi-
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The acoustic performance of double leaf walls is of-
ten determined by structure-borne sound transmis-
sion through mechanical links between the two leaves,
like studs or ties. The transmission loss of double pan-
els with structural links has been studied extensively,
both experimentally and theoretically.

Hongisto et al. [1] carried out a comprehensive ex-
perimental parametric study of double walls. For dou-
ble walls with studs, the stiffness or type of the stud
and the spacing of the screws between the panel and
the stud were the most influencing parameters.

Structural coupling can be simply introduced in
SEA models as a coupling loss factor between the
plates [2]. Semi-analytical prediction models [3, 4, 5]
address the sound transmission through double walls
with structural links by decoupling the total trans-
mission in terms of an airborne path through the cav-
ity and a structure-borne path through the structural
links, under the assumption of infinite plates and dif-
fuse incident sound fields. A second type of analytic
models assume infinite structures with periodically
placed studs [6, 7, 8]. The periodicity of the struc-
ture allows the use of Fourier transform techniques to
solve the problem in the wavenumber domain.

Assumptions made in the analytic and statistical
models, like high modal density and modal overlap,
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tions. Previously, a wave based model has been de-
veloped to model the airborne sound transmission
through double walls between two rooms, taking into
account the modal behaviour of both rooms and struc-
ture [9]. It was shown that the modal behaviour of the
double wall can play an important role in a broad fre-
quency range. In this paper, the sound transmission
through finite double walls with structural point or
line connections is investigated. Relatively few stud-
ies treating this problem have been reported in litera-
ture. Diaz-Cereceda et al. [10] used modal analysis to
predict the vibration level difference between coupled
plates in the case of mechanical excitation. Arjunan et
al. [11] developed a finite element model for gypsum
plasterboard walls with steel studs. Due to the high
computational cost, calculations were only performed
at the 1/3 octave band center frequencies. The com-
putational efficiency of the wave based model allows
a more detailed analysis of the transmission loss over
frequency, which is important when the fluctuations
due to the modal behaviour are large.

2. Wave based model (WBM)

2.1. Problem definition

Figure 1 gives a schematic overview of the model. A
rectangular double wall is placed between two rooms
with rigid side and back walls. A harmonic volume
point source is placed in the source room to calcu-
late the sound transmission through the double wall.
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Figure 1. Geometry of the wave based model: a double
panel with structural point and line connections, placed
between two rooms with rigid side and back walls.

Flanking transmission is neglected. The plates have
simply supported boundary conditions and are as-
sumed homogeneous, isotropic and acoustically thin.
The two plates are connected by Ng point connections
and V] vertical line connections. Horizontal line con-
nections are not considered in this paper but can be
taken into account in a similar way. The point and line
connections are modeled as massless rigid or mass-
less spring connections. Alternatively, a beam model
is used for the line connections.

2.1.1. Rooms and air cavity

The source room is divided into two subdomains (V(*)
and V(l)) by a plane through the point source, paral-
lel to the back wall. Tt is assumed that the structural
connections in the cavity (V) of the double wall
are acoustically transparent, i.e. they do not block the
acoustic waves in the cavity. The steady-state acous-
tical pressure B,(;) in each (sub)room V® (i =0...3)
is governed by the homogeneous Helmholtz equation:

V2l + k2pt) = 0. (1)

ko = % is the acoustic wave number in air, with w the
circular frequency and c, the speed of sound in air.
The underscore (_) denotes a complex value through-
out the paper. In source and receiving room, uniform
spatial damping is introduced by making the acoustic
wave number complex:

; 1 2.2
ED =k (1-j=—=2 2
K =k (105705 ) @
where T() is the reverberation time of the room. f is
the frequency, j = v/—1.

2.1.2. Rigid and spring connections
Each point connection (¢ = 1...N;) is modeled as
a massless translational spring with a stiffness Kj;.
The stiffness links the force F; in the spring to the
displacement of the two panels at the connection:

(2) 1

wél)(xsi,ysi) — Wy (Tsis Ysi) = 217 ¥
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with (zg;,ysi) the position of point connection 1.

Each line connection (i = 1...N}) is modeled as
a combination of a massless translational spring with
stiffness per unit length K/, and a massless rotational
spring with stiffness per unit length K/,. The force
F);(y) and moment M, (y) per unit length for each
line connection i are linked to the displacement and
rotation of the two panels at the line connection by:

Fy(y)

Mz(;l)(xlia y) — w](gz) (210, y) = ?a (4)
ti
6&1(71) (xli7y) o awigf) (xliay) _ Mll(y) (5)
ox oz K/,

with zy; the position of vertical line connection 1.

Rigid point and line connections can be incorpo-
rated in a straightforward way by setting the com-
pliances Cy; = 1/Ky;, C{; = 1/K{, and C|, = 1/K],
equal to zero.

2.1.3. Beams

For beams with a symmetric section, the translational
displacement wy,,; and rotational displacement 6y, ; of
each beam (i = 1...N)) are governed by following
uncoupled equations:

84
[B - WQW{n} Wy, = El(zl) i

7bi67y4 li >
(6)

o4 0? 1 2
{sz'ayz; +Ibi87f - WzIsz} 01,y = Ml(i) - Ml(z )

(7)

El(zl) and Ml(zl) are the force and moment per unit
length exerted by plate 1 on the beam. El(iz) and Ml(f)
are the force and moment exerted by plate 2. The
beam bending stiffness B, ,, torsional stiffness 7', and
warping stiffness W, are defined as

By, = Evi(1+ jnwi) L, (8)
Ty, = Goi(1 + 3mui) Jyis 9)
Wi = Evi(1 + jnpi) Lwi, (10)

with I,; the second moment of area with respect to
the z-axis, Jy; the torsional constant in the y-direction
and I,,; the warping constant. mj, is the mass per unit
length and Iy,s; the moment of inertia per unit length
of beam 7. The material of beam 7 has a Young’s mod-
ulus F};, a shear modulus Gy,; and a loss factor ny,;.

2.1.4. Plates

The transverse displacements wg) of the plates (i =

1,2) fulfil Kirchhoff’s thin plate bending wave equa-
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tion:
BV —wmf]wlM) =
Ny
) p( ) — [Esz(s(z Tsir Y — Ysi)]
=1
N
> [E05(e —) - foaPse -] . (a0
i=1
[ByV* — wPmfy] wl?) =
Ny
P —p® + > [Fd(x — 26,y — ysi)]
i=1
N a
+Z [Fl(f)fS(SC — xy) — FMS)CS(I —xy)|, (12)
i=1

where the plate bending stiffness B’ is defined as
Eih} (1 + jn;)

B, = 13
=T 901 - 02 (13)
m} = p;h; is the surface mass density and h; the

thickness of plate i. The material of plate ¢ has a den-
sity p;, a Young’s modulus E;, a loss factor n; and a
Poisson’s ratio v;. The equations of motion account for
the fluid loading and the forces and moments exerted
by the point and line connections. In the case of rigid
or spring connections, the forces and moments exerted
on plate 1 and plate 2 are the same: F(l) Flgg) F;

and MY = M = M.

2.2. Field variable expansions

The acoustic pressures are approximated in terms of
the following acoustic wave function expansion,

égi) :Z{e—ﬂcimzP(l) + szmZQ }

xcos | 22 cos My . (14)
L{_(L‘Z) LZ(J'L)
where

9 2 2
(3) - (3) _ mm _ nm
Ez,mn - (Ea ) (LSZ) ) (Lg) ) I (15)

with m, n =0,1,2,.... The wave functions are exact so-
lutions of the homogeneous Helmholtz equation. The
time dependence e/“! has been omitted throughout
this paper.

Using Euler’s equation, eq. (14) leads to following
wave function expansion for the air particle displace-
ment in the z-direction,

o - I [eyksl,mzP(i) ez ) }
- W2pa — —mn
X ESZM cos (m(zr) x) cos %y ) (16)
L L
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with p, the density of air.
The transverse displacement of the acoustically thin
plates is written as an expansion series:

A( ) — A P an 17
Z ; sin (pr x) sin (pry (17)
with p, ¢ = 1,2,3,. ... These expansion functions satisfy
a priori the simply supported boundary conditions.

The forces and moments in each line connection are
also written as an expansion series:

=D ( - y) .y

Lpy
S

Py

The beam displacements are expanded as:
@bzi = Zwbzi,q sin (qﬂ-y> ) (20)
Lpy

ébyz Z Opyi,q Sin (

A(l)/(2)

y) (21)

PZI

2.3. Boundary and continuity conditions

At the rigid back walls of source and receiving room,
the air particle displacement must be zero:

@ (x,y,0) =0, (22)
0P (z,y, LNY) = 0. (23)

At the plates surfaces, continuity of transverse dis-
placement is imposed,

i) (z,y) = 0 (x,9,0), (24)
= (z,y) = 0P (z,y,0). (25)
For the case of beams coupling the two plates, con-

tinuity of transverse displacement and rotation is im-
posed,

@él) (ISi7 y) = @bzi (y) w§12) (Isiv y)a (26)
o) (zsi,y) 00 (2.,1)
—p TS (y) = —2
oz Bryi(y) S (27

2.4. Construction of system matrices and
post-processing

Because the proposed pressure expansions are exact
solutions of the homogeneous Helmholtz equation, the
participation factors B%)n and Q(’) are only deter-
mined by the boundary and contlnul‘ry conditions.
The pressure expansion functions satisfy a priori the
rigid wall boundary conditions. The other boundary
and continuity conditions can only be satisfied ap-
proximately, as only a finite number of expansion
functions can be taken into account. The residuals on
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the boundaries are minimized in an integral sense us-
ing a Galerkin weighted residual formulation [9]. The
wave functions used in the field variable expansions
are used as weighting functions. Because of the rect-
angular geometry, the factors Bﬁ,’l)n and Q) can be
eliminated analytically in function of the unknowns
qu) by use of the weighted residual formulation of the
boundary and continuity conditions (22)-(25). Equa-
tions (11) and (12) for the plates, equations (6) and
(7) for the beams, and equations (3)-(5) for the spring
connections are also solved by means of a weighted
residual formulation. This results in a symmetric set
of linear equations in the primary unknowns Aj(fq), F,
F(l)/(2)7 MD/@)

li,q li,q ’ wbz@q and Qbyi,q'

The additional computational effort to include
structural connections in the wave based model is lim-
ited, because the structural connections do not influ-
ence the original matrix elements for the double wall
model without structural connections; it only results
in additional columns and rows.

After the wave function contribution factors are de-
termined, the transmission loss (TL) is determined by
following measurement formula:

TL = Lpe — Ly + 101og Ai’ (28)

where L,. and L,, are the average sound pressure
level in emitting and receiving room, S is the surface
area of the wall and A, = 0'1T76VT the absorption area
of the receiving room, with Vrrthe volume and 7). the
reverberation time. Calculations are performed at 81
frequencies per one-third octave band and averaged.

3. Results

3.1. Wooden floor

As a first example a wooden floor is considered, con-
sisting of 25 mm matched boards in floor and ceiling.
The boards are coupled by wooden beams with height
220 mm (equal to the cavity depth), width 67 mm and
spacing distance 600 mm. The cavity is filled with
mineral wool with a flow resistivity of 17700 Ns/m®.
First, the wooden beams are modeled as rigid line
connections. The TL of the wooden floor is calculated
with the decoupled approach of Davy [5], the peri-
odic model of Legault et al. [8] and the WBM. In the
WBM, a floor with dimensions 4m x 3m is consid-
ered with seven 3m long beams. The material prop-
erties used for the wooden floor and ceiling boards are
given in table I. The mineral wool is modeled as an
equivalent fluid. The results are shown in figure 2 and
compared with the TL of the infinite floor without
structural connections as calculated with the transfer
matrix method. The rigid line connections influence
the TL in the entire frequency range of interest. All
models show that the structure-borne sound transmis-
sion is dominant above 63 Hz. Around 630 — 800 Hz,
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Figure 2. TL of a double wooden floor without and with
rigid line connections.

Table I. Material properties used in simulations.

plkg/m?|  E[MPa] n[] v[]
Wood (plate) 500 6550  0.01  0.30
Wood (beam) 500 9800  0.015 0.30
Aluminum 2742 70000 0.0l  0.33
Gypsum 720 2500  0.03  0.30

the coincidence dip of the wooden boards is observed.
The periodic model predicts two additional dips at
280 Hz and 1500 Hz linked to the pass bands of the pe-
riodic structure. This pass- and stop-band behaviour
is not seen for the finite plate with seven beams. Below
200 Hz, the WBM fluctuations reflect the modal be-
haviour of the finite structure, but the general trends
are the same as for the periodic model. The studs
improve the TL below 63 Hz thanks to the increased
stiffness. This cannot be predicted with the model of
Davy, because the total transmission is calculated as
the sum of the airborne and structure-borne trans-
mission component. Furthermore, the semi-analytical
approach of Davy disregards any pass- and stop-band
phenomena caused by wave propagation in the peri-
odic structure.

When the beams are modeled as separate elements
in the WBM (section 2.1.3), the TL is slightly changed
(figure 3). Above 50Hz, the TL is increased by ap-
proximately 3 dB in most frequency bands thanks to
the additional mass of the wooden beams. At low fre-
quencies, the positive influence of the stiffness of the
rigid connections is not observed any more when tak-
ing into account the modal behaviour of the beams.

3.2. Aluminum double panel

A second example considers the double aluminum
panel of [8]. It is made up from two 1220mm x
2030 mm aluminum plates with thickness 1 and 2 mm
separated by a 50.8 mm cavity filled with a fibrous
material. The aluminum panels, with material prop-
erties given in table I, are linked with five C-section
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Figure 3. WBM simulations of the TL (in 1/3 octave
bands) of a 4m x 3m double wooden floor without and
with wooden beams.

aluminum channels spaced by a distance of 508 mm.
The TL of the double panel is predicted with the
WBM and with the infinite plate models of Davy
[5] and Legault et al. [8]. The channels are mod-
eled as line connections with a translational stiff-
ness K, = 22.8 x 10° N/m? and a rotational stiffness
K! = 3.675 x 10 Nm/rad m, as suggested in [8].

Figure 4 compares the measured 1/12 octave band
TL [8] with the different simulation results. The de-
coupled model of Davy underestimates the TL in the
entire frequency range of interest. The periodic model
gives good agreement up till 500 Hz. In the frequency
range 630 — 5000 Hz, where the TL is dominated by
structure-borne sound transmission across the chan-
nels, the TL is overestimated by 5 to 10dB. The co-
incidence dip at 6300 Hz is well predicted. The WBM
results correspond well with the measured TL in a
broad frequency range with only an underestimation
around 4000 Hz. The overestimation at low frequen-
cies can be attributed to the fact that no detailed
information was available on the measurement setup
and transmission rooms, making assumptions neces-
sary in the WBM. Again, the pass- and stop-band
behaviour predicted with the periodic model is not
observed as clearly in the WBM and measurement
results.

3.3. Double gypsum fiberboard wall

Finally, a double gypsum plasterboard wall with cav-
ity thickness 45 mm and 12.5 mm thick leafs is consid-
ered. The cavity is filled with a 40 mm mineral wool
layer. The TL was measured in the large transmission
opening of the reverberation chambers of the Labora-
tory of Acoustics at the KU Leuven. The transmission
opening has a width of 3.25m and a height of 2.95m.
The leafs are screwed to a steel stud frame consisting
of 5 steel studs type CW with a spacing of 60 cm. The
distance between screws is 25 cm.

The TL is simulated the WBM. The material prop-
erties used for the gypsum plasterboard leafs are given
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Figure 4. Measured and simulated TL (taken from [8]) of
an aluminum double panel with 5 C-section channels.

in table I. The mineral wool is modeled as an equiva-

lent fluid assuming a flow resistivity of 10000 Ns/m®.

The steel studs are modeled as:

e rigid line connections;

e line connections with a frequency dependent, equiv-
alent translational stiffness K/ (f) according to
12, 13]:

log K, = 0.6286x° — 4.40512% + 10.3323z
—2.0722 with z =log f; (29)

e 12 rigid point connections with spacing distance
ds = 25 cm;

e 4 rigid point connections with spacing distance
ds = 75 cm;

The last cases are included to investigate whether the

assumption of a perfect line connection is reasonable,

knowing that the panels and studs are only fixed at

discrete positions. A reference model without steel

studs is also set up.

The WBM results are compared with the measured
TL in figure 5. In the frequency range 125—250 Hz, the
WBM without structural connections agrees well with
the measurement results, indicating that the airborne
transmission is dominant in this frequency range.
However, the TL is underestimated below 125 Hz and
overestimated above 250 Hz. The studs improve the
TL at low frequencies. The largest improvement is
found when the studs are modeled as rigid line connec-
tions, but the difference between all models is small.
Above 250 Hz, structure-borne sound transmission is
important. In this frequency range, the TL is there-
fore strongly influenced by the type of structural cou-
pling. When the studs are modeled as rigid line con-
nections, the structure-borne sound transmission is
overestimated and the overall TL is underestimated.
The equivalent translational spring model gives bet-
ter results above 315 Hz, but underestimates the TL
strongly around 250 Hz. The models with rigid point
connections give a higher TL than the model with
rigid line connections, apart from a strong dip at
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Figure 5. TL of a double gypsum fiberboard wall 12.5 /
45 / 12.5 mm with steel studs and cavity absorption. Ex-
perimental results and WBM simulations.

315 Hz in the model with 12 rigid point connections
(ds = 25cm). The TL increases significantly when the
number of point connections is reduced. Generally, the
model with point connections with ds = 75 cm agrees
best with the measurement results. These results in-
dicate, however, that it is difficult to accurately pre-
dict the TL in this frequency because the structure-
borne sound transmission can be influenced by small
details. The importance of small details has also been
observed in experiments [1] and round robin tests [14].
The loss factor of the plates, which was estimated in
the model, may also influence the TL significantly [9].

4. Conclusions

In this paper, the wave based methodology is ex-
tended for the investigation of the sound transmis-
sion through double walls with structural connections.
Comparison between WBM results and infinite plate
results show that the finite dimensions can have a
significant influence on the sound insulation, both at
low frequencies and at higher frequencies. Some gen-
eral trends are observed in the WBM simulations. At
and below the mass-spring-mass resonance frequency,
the TL is improved thanks to the stiffness provided by
the studs. At mid frequencies, the TL is determined
by airborne transmission through the cavity and the
influence of structural connections is limited. For dou-
ble walls with cavity absorption, the structure-borne
transmission is dominant above a certain bridge fre-
quency, which is determined by the specific configu-
ration of the double wall and the structural connec-
tions. In this frequency range, the TL is influenced
by the type of structural coupling (point or line con-
nections, rigid, spring or beam connections), mak-
ing accurate predictions difficult in building acousti-
cal applications. The pass- and stop-band behaviour
observed for infinite periodic structures cannot fully
develop in finite double walls.
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