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Abstract
In this work, an efﬁcient method is developed for computing the diffuse sound transmission of walls and ﬂoors that
consist of layers of solid, ﬂuid and/or poroelastic material. This is achieved by coupling a transfer matrix model
of the wall or ﬂoor to statistical energy analysis subsystem models of the adjacent room volumes, which obviates
the need for numerically integrating the plane wave transmission coefﬁcient for all possible angles of incidence.
The modal behavior of the wall is approximately accounted for by projecting the wall displacement onto a set of
sinusoidal lateral basis functions. The method is applied for predicting the airborne sound insulation of a thin plate,
a thick wall and a sandwich panel. The predictions are compared with alternative predictions and with measured
values. A good overall agreement is observed.

1

Introduction

Layered wall and ﬂoor systems are very frequently applied in order to achieve a high thermal and/or sound
insulation with a relatively low weight. Examples are double walls with decoupled wall leafs, roof panels, ﬂoors
with ﬂoating screeds, double and triple glazing, etc. At high frequencies, the airborne or impact sound transmission
through such layered systems can be computed with high accuracy using the transfer matrix method (TMM) [1, 2].
It is then assumed that the wall or ﬂoor is of inﬁnite lateral extent. This enables modeling the sound transmission
through each solid, ﬂuid and/or poro-elastic layer analytically in the frequency-wavenumber domain.
However, the conventional TMM has two disadvantages. Firstly, the assumption of an inﬁnite wall may lead
to important prediction errors at lower frequencies. The inﬂuence of diffraction effects may be accounted for by
spatial windowing [3], but in this way the modal behavior of the wall is still neglected. An alternative has therefore
been developed [4, 5], in which the wall displacement is projected onto a set of sinusoidal lateral basis functions,
such that the wall impedance at a given frequency and for a given lateral basis function (hence lateral wavenumber)
can be computed using the TMM. This approach approach accounts approximately for modal wall behavior when
the boundary conditions are simply supported.
A second disadvantage is that the computation of the mean diffuse-ﬁeld transmission involves numerical integration of the plane-wave transmission over all possible angles of incidence. This is computationally expensive,
especially when it needs to be combined with spatial windowing or the approximate modal technique. Furthermore,
the variance of the transmission loss which is caused by the diffuse ﬁeld assumption cannot be computed.
Therefore, an alternative approach is developed here, in which the diffuse ﬁelds in the rooms are modeled as in
statistical energy analysis (SEA), while the wall is still modeled deterministically, using the TMM with the approximate modal technique. This hybrid TMM-SEA approach accounts for the ﬁnite dimensions and approximately for
the modal behavior of the wall while it is computationally very efﬁcient, since the diffuse sound ﬁelds in the rooms
are modeled as SEA subsystems, which obviates the need to numerically integrate the plane wave transmission
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over all angles of incidence. The hybrid TMM-SEA approach can be considered as an extension of the hybrid
ﬁnite element - statistical energy analysis (FE-SEA) approach to vibro-acoustic analysis [6, 7, 8, 9], where the FE
model of a layered wall is replaced by a more efﬁcient TMM model.
The remainder of this article is organized as follows. Section 2 introduces the hybrid deterministic-SEA approach to sound transmission modeling in general, while section 3 makes the connection with the transfer matrix
method. Subsequently, the performance of this hybrid TMM-SEA approach is investigated in detail for three
walls, by comparing the predicted sound insulation values with other predictions and with measured values. The
considered wall types are a thin plate (section 4), a thick wall (section 5) and a sandwich panel (section 6). The
conclusions are presented in section 7.

2

Hybrid deterministic-SEA sound transmission modelling

Throughout this article, a room-wall-room system is considered, where the rooms carry a diffuse ﬁeld but the
wall does not. The out-of-plane displacement uz of the partition wall is decomposed using a set of Nm global basis
functions φ (which are usually the in-vacuo modes) and corresponding generalized coordinates q. For example,
when the wall is modeled as a plate or shell, one has
uz (x, y, ω) ≈

Nm


φp (x, y)qp (ω)

(1)

p=1

When a volumetric model of the wall is employed, the decomposition is made for each of both outer surfaces A
and B:
uz (x, y, zA , ω) ≈

Nm


φp (x, y, zA )qpA (ω)

uz (x, y, zB , ω) ≈

and

p=1

Nm


φp (x, y, zB )qpB (ω)

(2)

p=1

Let us collect all generalized response degrees of freedom (DOFs) in an amplitude vector q(ω) ∈ CNdof , so
that the time-domain response is given by Re(qeiωt ). Similarly, the corresponding generalized harmonic loads
are collected in the load amplitude vector f (ω) ∈ CNdof . Note that, when the wall is modeled as a plate or shell,
Ndof = Nm , but when it is modeled as a volume, Ndof = 2Nm . Since q contains all (generalized) interface degrees
of freedom between the wall and the rooms, the equations of motion of the whole system (room-wall-room) can
be written as
Dq = f ,
(3)
with D ∈ CNdof ×Ndof the dynamic stiffness matrix at frequency ω. D may be decomposed as the sum of the
dynamic stiffness matrix of the wall, denoted as Dd (subscript d stands for deterministic), and the dynamic stiffness
matrices of the rooms, which are both random subsystems, denoted as D1 and D2 :
D = Dd + D1 + D2

(4)

The dynamic stiffness matrix of a random subsystem (acoustic room volume) is decomposed as
(k)

Dk = Ddir + D(k)
rev ,

(5)

(k)

where Ddir := E [Dk ]. With this decomposition, the equations of motion for a random subsystem are
(k)

(k)
Ddir q = fk + frev
,
(k)

(6)

(k)

where the reverberant forces are deﬁned as frev := −Drev q, and fk denotes the sum of the loads applied to
subsystem k at its DOFs. The overall equations of motion (3) become
(1)
(2)
Dtot q = f + frev
+ frev
,

2

(k)

(7)

where Dtot := Dd + k=1 Ddir is a purely deterministic matrix.
When a diffuse ﬁeld acts in both rooms and these ﬁelds are statistically independent of each other, the mean
time-averaged total energy Êj of room j can be obtained from a stationary power balance which involves the other
random subsystems as well as the deterministic master system. For the case where the external loading acts solely
on the random subsystems (rooms), this reads [6]:


2

Êk
Êj
= E[Pj ],
−
j = 1, 2.
(8)
ω (ηj + ηd,j ) Êj +
ωηjk nj
nj
nk
k=1
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In this expression, ηj is the damping loss factor of subsystem j, nj its modal density, Pj the power input from
external forces applied directly to this subsystem, and




2 
(j)
−H
ωηd,j =
Im (Dd,rs ) D−1
(9)
tot Im Ddir Dtot
πnj r,s
rs





2
(j)
(k)
−H
ωηjk nj =
Im Ddir,rs D−1
(10)
tot Im Ddir Dtot
π r,s
rs
where the superscript H denotes Hermitian transpose. If the wall provides sufﬁcient sound insulation, E[Pj ] can be
approximated as the mean power input to the decoupled room. It can be noted that the power balance equation (8)
has formally the same structure as in standard SEA. Therefore the factors ηjk can be interpreted as coupling loss
factors, and (10) provides a rigorous way to compute them, even when the overall system is partly deterministic.
The mean sound reduction index can be computed by solving the system of two equations (8) in two unknowns
(Ê1 and Ê2 ) for a given excitation in the sending room, e.g., P1 = 1 and P2 = 0. Once this has been performed,
the mean sound reduction index follows from [9]
E[R] ≈ 10 log

Ê1 V2 S
Ê2 V1 A2

,

(11)

where S is the surface area of the partition wall, and A2 the acoustic absorption in the receiving room, and V1 and
V2 the volumes of the sending and receiving room, respectively.
Before the system of equations (8) can be solved however, some subsystem-related quantities are needed. The
damping loss factors of the rooms can be obtained from the corresponding reverberation times via
η=

4.4π
ωT

(12)

The modal density of a room can be estimated as [10]
n(ω) =

ω2 V
2π 2 c3

(13)

where c denotes the sound speed.
(k)
The frequency-dependent matrix Ddir can be computed as the direct ﬁeld receptance matrix of room (subsystem) k [11, 12]. The term ‘direct ﬁeld’ denotes the part of the subsystem response containing outgoing waves
only; it is the limiting response that would be observed at the interface when the extent of the subsystem would
be increased. For the case of a transmission suite, where two rooms are separated by a plane ﬂexible structure
of ﬁnite size, the direct ﬁeld dynamic stiffness matrix of a room as seen by the structure corresponds to the one
of a grid of points covering the interface between the room and the structure, but embedded in an inﬁnite planar
bafﬂe facing an acoustic halfspace. In order to evaluate this stiffness matrix, the wavelet approach [13] is followed
in this article. The obtained force-displacement dynamic stiffness matrix is then projected onto the generalized
coordinates.
Finally, the dynamic stiffness matrix of the wall Dd in modal coordinates is needed. When the wall is a thin
simply supported plate of dimensions Lx × Ly × t, a natural choice for the basis functions in (1) are the exact plate
mode shapes, which are [10, Sec. 5.7.2]


px πx
py πy
φp (x, y) = sin
sin
,
(14)
Lx
Ly
where px and py denote the integer number of half wavelengths in the x and y directions, respectively, of mode p.
The elements of the dynamic stiffness matrix are then
ρtLx Ly
(15)
−ω 2 + ωp2 (1 + ηp ) δpq
4
where ρ denotes the density of the plate material, δpq the Kronecker delta, ηp the loss factor of the plate, and ωp
the natural frequency of mode p:
Dd,pq (ω) =

ωp =

D 2
2
,
k + kpy
ρt px

D :=

Et3
,
12(1 − ν 2 )

kpx :=

px π
,
Lx

kpy :=

py π
Ly

(16)

with E the Young’s modulus of the plate and ν the Poisson’s ratio.
For thick or multilayered walls, the dynamic stiffness matrix Dd will need to be computed in a different way,
e.g., by means of a ﬁnite element model [6, 7, 9]. In the next section, a more efﬁcient approach is presented, which
makes the link with the transfer matrix method.
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3

Computing ﬁnite wall impedances with the transfer matrix method

The transfer matrix method [1, 2] is an efﬁcient framework that allows computing the mechanical impedance
matrix Z(kx , ω) for two-dimensional (x-z) wave propagation between both sides of an inﬁnite wall consisting of
solid, ﬂuid and/or poroelastic layers for a given longitudinal wavenumber kx and a given frequency ω:



Z11 (kx , ω) Z12 (kx , ω) vzA (kx , ω)
pA (kx , ω)
=
(17)
Z21 (kx , ω) Z22 (kx , ω) vzB (kx , ω)
pB (kx , ω)
where vzA and vzB denote the velocities and pA and pB the pressures at sides A and B of the wall, respectively.
For ﬁnite walls with simply supported boundaries, the out-of-plane displacement uz (x, y, z, ω) can be approximated as
Nm

uz (x, y, z, ω) ≈
φp (x, y)qp (z, ω),
(18)
p=1

The plate velocities and the pressures at both wall sides can then be written as [4, 5]
 

 

pA (x, y, ω)
VzAp (ω)
PAp (ω)
vzA (x, y, ω)
and
=
φ (x, y)
=
φ (x, y)
vzB (x, y, ω)
VzBp (ω) p
pB (x, y, ω)
PBp (ω) p
p

(19)

p

When φp (x, y) is chosen as in (14), it corresponds to a bending mode shape of a ﬁnite, homogenous thin plate,
with modal wavenumber

2 + k2
kp = kpx
(20)
py
The modal response of this homogenous thin plate can also be obtained by imposing this modal wavenumber as
trace wavenumber in an inﬁnite plate model. Since the basis functions φp (x, y) are also orthogonal to each other,
one has the following exact relationship for a ﬁnite homogenous thin plate:



Z11 (kp , ω) Z12 (kp , ω) VzAp (ω)
P (ω)
= Ap
(21)
Z21 (kp , ω) Z22 (kp , ω) VzBp (ω)
PBp (ω)
This implies that (1) the impedances of the wall in the chosen generalized coordinates can be computed independently for each basis function, and (2) the impedance matrix between both sides of a ﬁnite wall in generalized coordinates can be evaluated as the impedance matrix of the corresponding inﬁnite wall, evaluated for the wavenumber
kp of the basis function p. The dynamic stiffness matrix of the plate in generalized coordinates then follows from
Dd,p (ω) =

iωLx Ly
Z(kp , ω)
4

(22)

where the factor iω originates from the transformation from modal velocity to modal displacement, and the factor
Lx Ly
originates from the transformation from modal pressure to modal force:
4


Lx

fp =
0



Ly



Lx

p(x, y)φp (x, y)dxdy =

0

0



Ly
0

Pp φ2p (x, y)dxdy = Pp

Lx Ly
4

(23)

Eq. (22) is only exact for thin simply supported thin plate. Its validity for other wall types depends on the validity
of the approximation (18), which assumes that only waves with modal wavenumbers kp can propagate through the
structure.

4

Application 1: thin PMMA plate

As a ﬁrst application, the sound transmission loss of a thin, simply supported polymethyl mathacrylate (PMMA)
panel is computed with the hybrid TMM-SEA approach outlined above. The aim here is to validate the evaluation
of the dynamic stiffness matrix of the wall via the TMM vs. a direct, analytical evaluation via (15). The PMMA
kg
panel has a density ρ = 1275 m
3 , modulus of Elasticity E = 4.5 GPa, Poisson’s ratio ν = 0.35 and dimensions
1.25 m × 1.50 m × 0.015 m. For the damping ratio, measured values are used (see [9, Table 1]). The adjacent
kg
m
acoustic spaces have a volume 87 m3 , reverberation time T = 1.5 s, air density 1.2 m
3 and sound speed of 343 s .
Fig. 1 compares the analytic and the TMM-based hybrid predictions with each other. There is an excellent
agreement below 1000 Hz, which conﬁrms that both approaches are equivalent for thin, simply supported plates.
The differences near the coincidence dip, which is situated around 2500 Hz, are probably due to shear deformation
and rotational inertia, which are not included in the analytic hybrid predictions, but they are in the TMM-based hybrid predictions. The hybrid TMM-SEA results are also compared against narrow-band (1/48 octave) transmission
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Figure 1: Sound transmission loss of a PMMA panel as predicted with the hybrid TMM-SEA approach (red solid
line), as predicted with the hybrid analytical-SEA approach (black dashed line), as predicted with conventional
TMM (blue dash-dotted line) and as measured in the laboratory (thin blue line)
loss measurements that have been performed at the KU Leuven Acoustics Laboratory [9, 14]. Below the Schroeder
frequency [15] of the rooms, which is at 263 Hz, there is a strong oscillation in the measured sound transmission
loss, since individual room modes inﬂuence the transmission loss. Above the Schroeder frequency, the measured
transmission loss values are close to the predicted values, which are the mean values for diffuse sound ﬁelds in the
rooms. Finally, the predictions are also compared against conventional TMM predictions, which do not account for
the ﬁnite dimensions and the modal behavior of the plate. A conventional TMM model clearly underestimate the
sound transmission loss of the plate below coincidence. Above coincidence, the conventional TMM predictions
coincide with the hybrid TMM-SEA predictions, which indicates that at this high frequencies, neither the ﬁnite
dimensions nor the modal behavior of the plate inﬂuence the sound transmission loss.

5

Application 2: hollow brick wall
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The second wall that is considered is a perforated brick wall of dimensions 3.25 m×2.95 m×0.19 m, plastered
at both sides. The acoustic behavior of perforated brick walls is complex, given the inhomogeneities at three
different scales: the ﬁre clay material, the brick where small cavities are present in the ﬁre clay because of the
perforations, and the entire wall where the bricks are held together by mortar layers. When the inhomogeneities
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Figure 2: Sound transmission loss of a perforated brick wall as predicted with the hybrid TMM-SEA approach
(red solid line), as predicted with the hybrid analytical-SEA approach (black dashed line), as predicted with conventional TMM (blue dash-dotted line), and as measured in the laboratory (thin blue line)
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are small compared to the wavelength, and when the stiffness is only slightly different in both directions, the wall
can be modeled as homogeneous and isotropic. The thickness effects, however, can not be neglected: not only is
shear deformation important, thickness resonances (i.e., Lamb modes) are often observed in the audio frequency
range [16]. Following [4], the equivalent Young’s modulus, Poisson’s ratio, density and thickness of the considered
kg
wall are taken as E = 1825 MPa, ν = 0.2, ρ = 613.5 m
3 and t = 0.2934 m, respectively. For the damping ratio,
measured values are used (see Table [9, Table 1]). The rooms are the same as before.
Fig. 2 compares the hybrid TMM-SEA predictions with conventional TMM predictions and with predictions
using a hybrid FE-SEA model that have been reported earlier [9]. In the hybrid FE-SEA model, the wall is modeled
using 8-node solid linear elastic ﬁnite elements (of the SOLID45 element type in ANSYS) and only the boundary
displacements in the middle plane of the wall are restrained. The hybrid TMM-SEA and FE-SEA predictions agree
well but they are not exactly the same, which is expected since the boundary conditions are slightly different and
since (18) results in an approximation of the true wall behavior for thick walls. Both models correctly predict the
ﬁrst thickness resonance of the wall at around 3000 Hz. The comparison with the conventional TMM predictions
illustrate that the modal behavior of the wall plays an important role up to about 500 Hz. The low modal density
of the wall makes that the coincidence dip, which can be observed in the conventional TMM predictions between
125 Hz and 160 Hz, cannot develop. This is conﬁrmed by the comparison of the hybrid TMM-SEA results with
measured values [9]; again a good agreement is observed above the Schroeder frequency of the rooms, where the
modal behavior of these rooms plays a less important role.

6

Application 3: sandwich panel
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The ﬁnal application concerns a sandwich panel of dimensions 1.25 m × 1.50 m × 0.150 m. The panel consists
of a core of expanded polystyrene (EPS) to which a 4 mm thick ﬁberboard panel is glued at each side. In the
kg
simulations, the ﬁberboard has a density ρ = 765 m
3 , modulus of Elasticity E = 3.5 GPa, Poisson’s ratio ν = 0.46
kg
and loss factor η = 0.01, while the EPS has density ρ = 20 m
3 , modulus of Elasticity E = 12 MPa, Poisson’s
ratio ν = 0.10 and loss factor η = 0.05.
Fig. 3 compares the hybrid TMM-SEA predictions with conventional TMM predictions and predictions using
a hybrid wave-based transfer matrix method (WBTMM) model, both of which have been reported earlier [4]. The
hybrid WBTMM model takes both the room and the wall modes into account, while the conventional TMM model
assumes the panel to be of inﬁnite lateral extent and the rooms to carry a diffuse ﬁeld. The hybrid TMM-SEA
results are also compared with measured values. All models correctly predict the resonances around 1200 Hz
and around 3300 Hz, which are dilation and thickness resonance dips, respectively [4]. Below the dilation resonance frequency, the hybrid WBTMM model generally yields slightly higher transmission loss predictions than
the conventional TMM model, which in its turn yields slightly higher predictions than the hybrid TMM-SEA
model. Above the dilation resonance frequency, alle models predict the same transmission loss, which indicates
that neither the ﬁnite size of the wall, nor individual wall resonances, nor individual room resonances inﬂuence
the transmission loss at these high frequencies. The dip caused by the fundamental panel resonance, which is at
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Figure 3: Sound transmission loss of a perforated brick wall as predicted with the hybrid TMM-SEA approach (red
solid line), as predicted with the hybrid WBTMM approach (black dashed line), as predicted with conventional
TMM (blue dash-dotted line) and as measured in the laboratory (thin blue line)
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around 125 Hz, is clearly present in the hybrid TMM-SEA predictions. These predictions also agree well with
the measurements, although they underestimate the transmission loss in between the ﬁrst panel resonance and the
dilation resonance.

7

Conclusions

A hybridization between the transfer matrix method and statistical energy analysis has been developed for
computing the diffuse sound transmission through ﬁnite walls and ﬂoors that consist of layers of solid, ﬂuid and/or
poroelastic material. The approach is computationally very efﬁcient since it obviates the numerical integration of
the plane wave transmission for all possible angles of incidence, which needs to be performed in the conventional
transfer matrix method. The modal behavior of the wall is approximately accounted for. The sound insulation
predictions for a thin plate, a thick wall and a sandwich panel have been compared with predictions from alternative
methods and with measured values, and an overall good agreement has been observed. The connection with
statistical energy analysis also enables to estimate the variance of the predicted sound insulation that is inherent in
the statistical diffuse ﬁeld models of the rooms; this aspect will be investigated in more detail elsewhere.
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