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Abstract
Double-leaf wall systems such as plasterboard walls can potentially achieve a high sound insulation with
a relatively low weight. The accurate sound transmission analysis of this type of wall is challenging since
the leafs are usually coupled to a common frame for reasons of cost and lateral stability, and since the
finite dimensions play a role at lower frequencies. In this work, a sound transmission prediction model that
achieves a high prediction accuracy at a low computational cost is developed. The wall components that
display low geometrical complexity are modeled in a analytic way while the metal studs are modeled in full
detail with finite elements. The wall is coupled to the diffuse sound fields in the sending and receiving rooms
by employing a hybrid deterministic-statistical energy analysis framework. The sound insulation is predicted
for a range of different double-leaf plasterboard walls. The obtained transmission losses are validated against
the results of an extensive set of experimental tests.

1 Introduction

Double leaf wall systems are often used because of their light weight and potentially high sound insulation
the construction, aerospace, railway, and other industries. The leafs are usually coupled to a common frame
for reasons of cost and lateral stability, even when the walls are not load bearing, Double-leaf plasterboard
walls with a common metal frame are very often employed in the construction industry for partitioning
large open spaces into smaller rooms. However, the common frame introduces a structural transmission
path between both leafs in addition to the airborne path through the cavity. The airborne sound insulation
of a decoupled double wall depends mainly on the individual plate thicknesses, the number of plates, the
combination of different thicknesses and plate materials, the cavity depth, and the wall dimensions. The stud
geometry, the number of studs and the number of screws per stud are additional parameters influencing the
sound insulation when the leafs are coupled. The mass-spring-mass resonance is both defined by the total
weight of the leafs and the cavity depth. The coincidence frequency, at which the wavelength of the incident
wave and the bending wavelength of a leaf are equal, depends on the material parameters of the leaf and its
thickness. All these different phenomena and input parameters make it hard to accurately predict the airborne
sound insulation using a simplified model.

Existing models for the prediction of the airborne sound insulation of double-leaf walls can be subdivided
into analytical and numerical models. Analytical models are often used to gain insight into the main physical
phenomena. A low computational cost is achieved by assuming diffuse conditions in the transmission rooms
and by using simplified models for the vibrational behavior of the leafs and the cavity. The prediction of
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Figure 1: Components of a double wall with a flexible stud frame.

the sound insulation is often inaccurate due to this simplified representation. Numerical models, e.g finite
element models, give a more accurate representation of the vibratory behavior of both the wall and the trans-
mission rooms. This makes it possible to accurately predict the single number rating at a high computational
cost at high frequencies.

A prediction model for the airborne sound insulation of double walls is developed with both a high prediction
accuracy and a low computational cost. Due to this low computational cost and high prediction accuracy, the
model can be used as a design tool for the sound insulation of double walls.

The present paper is an abbreviated version of a more detailed analysis to be found in reference [1].

2 Prediction model

The wall is modelled deterministically while the sound fields in the sending and receiving rooms are modelled
as diffuse. The components of the model are represented in Fig. 1. The metal studs, shown as part 31 till
3nst in Fig. 1, are modelled in full detail with finite elements due to their highly deformable cross-section
and complex geometrical shape. To reduce the computational cost, the wall leafs and the cavity, represented
as components 2, 4 and 5 in Fig. 1, are modelled in an analytical way. The hybrid DET-SEA modelling
framework is used to rigorously couple the diffuse sound fields in the transmission rooms, represented as
components 1 and 6 in Fig. 1, to the deterministic wall model by employing the diffuse field reciprocity
relationship [2]. In what follows, the deterministic model of the wall system is elaborated first. Subsequently,
the interaction between the wall and the sound fields in the adjoining rooms is described.

2.1 Deterministic model

The double wall consists of two thin leafs coupled to a common stud frame and separated by an air cavity.
In the first instance, the leafs, the cavity and the individual studs are decoupled from each other. The out-of-
plane vibration field of the two wall leafs, ul1 and ul2, the pressure field within cavity, pcav, and the vibration
field of the stud number l, ust,l, at spatial location x and frequency ω, are approximated using a finite set of
basis functions φ, that satisfy the boundary conditions. The choice of the basis functions φ of the decoupled
components will be discussed in detail below. Subsequently, the interaction between the components will
be achieved by introducing coupling loads between the cavity and the leafs and by constraining the leaf and
stud displacements to be equal at the connection locations. This will result in a system of equations in which
the generalized coordinates of the wall components are coupled:
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(1)

or shortly,
Ddq = f (2)

In Eq. (1), Dl1, Dl2, Dcav and Dst,l represent the dynamic stiffness matrices the first wall leaf, the second
wall leaf, the cavity and stud number l, respectively; Lf1 and Lf2 account for the fluid loading (acoustic
pressure) of the cavity onto the first and the second wall leaf, respectively; Ls1 and Ls2 account for the
structural vibration loading by the first and second wall leaf, respectively, onto the cavity fluid; the C matrices
are matrices that are employed for constraining the stud and wall displacements at their connection locations,
and λ collects the corresponding Lagrange multipliers; and finally fl1 and fl2 represent the external fluid
loading, by the acoustic pressure in the adjoining rooms, onto respectively wall leafs 1 and 2. All matrices
introduced above will be discussed in detail in the following sections.

2.1.1 Analytical model of the wall leafs

The dynamic behavior of the leafs is modelled as a simply supported plate using Kirchoff-Love thin plate
theory as in [3]. When decoupled from all other wall components, the vibrational behavior of the leaf can be
modelled analytically. This is presented here for the first wall leaf; the same can be followed for the second
leaf. The mass-normalized mode shapes of the decoupled, thin, rectangular, simply supported wall leaf, with
the corresponding angular natural frequency ωl1,k, are used to approximate the vibrational behavior of the
leaf:

φl1,k(x) =
2√
ml1

sin

(
qkπx

Lx

)
sin

(
rkπy

Ly

)
and ωl1,k =

√
Dl1

m′′l1

((
qkπ

Lx

)2

+

(
rkπ

Ly

)2
)
, (3)

whereml1 denotes the total mass of the leaf, Lx andLy denote its planar dimensions in the x and y coordinate
directions, respectively, and qk ∈ N0 and rk ∈ N0 denote the number of half wavelengths in those directions,
specific for mode number k; Dl1 denotes the bending stiffness of the leaf, and m′′l1 its mass per unit surface
area. The modes are numbered according to increasing natural frequency.

The leaf may consist of a single thin plate, or of multiple plates on top of each other. In the latter case, it will
be assumed that there are no shear connections between the plate, such that perfect slip conditions exist at the
plate-plate interfaces. In this way the bending stiffness of the leaf is slightly underestimated since in reality
the plates are jointly screwed into the flexible studs at discrete points. However, Davidsson and Brunskog
[3] have shown that the perfect slip assumption is fairly accurate, so the bending stiffness of the entire leaf
can be obtained from

Dl1 =

npl1∑

s=1

Dpl,s (4)

where npl1 denotes the total number of plates from which the considered leaf is composed, andDpl,s denotes
the dynamic bending stiffness of plate number s:

Dpl,s =
Ests

3

12(1− ν2
s )
, (5)
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In this equation, Es denotes the Young’s modulus of plate s, νs its Poisson’s ratio, and ts its thickness.

Since the basis functions have been chosen to be the mass-normalized mode shapes of the leaf, the cor-
responding generalized coordinates are the modal amplitudes of the leaf. Its equation of motion therefore
reads

Dl1ql1 = f̃l1 (6)

where Dl1 is a diagonal matrix with entries

Dl1,kk = −ω2 + ω2
l1,k(1 + iηl1,k), (7)

i :=
√
−1 is the imaginary unit and ηl1,k denotes the damping loss factor of mode k.

2.1.2 Analytical model of the cavity

The conventional linear acoustic theory is adopted for the sound field within the cavity. Since there are
no sound sources within the cavity itself, the acoustic pressure within the cavity pcav(x, ω) satisfies the
homogeneous Helmholtz equation. The interaction between the sound field in the cavity and the studs is
neglected, i.e., the studs are assumed to be acoustically transparent, such that the cavity has a rectangular
cuboid shape. Since the particle velocity at the boundaries is small, hard-walled boundary conditions are
assumed. The interaction between the wall leafs and the cavity is not modeled by imposing continuity of
the velocity fields, but by taking the displacement fields of the wall leafs as external loads onto the cavity
pressure field, and vice versa. These interactions will be detailed further on.

The normalized mode shapes of the decoupled, hard-walled, rectangular cuboid cavity, with corresponding
angular natural frequencies ωcav,k, are used to approximate the behavior of the cavity [4]:

φcav,k(x) = ak cos

(
mkπx

Lx

)
cos

(
nkπy

Ly

)
cos

(
pkπz

Lz

)
and ωcav,k = c

√(
mkπ

Lx

)2

+

(
nkπ

Ly

)2

+

(
pkπ

Lz

)2

,

(8)

where Lz denotes the cavity depth, mk ∈ N, nk ∈ N and pk ∈ N denote the number of half wavelengths
in the x, y and z coordinate directions. The modes are numbered according to increasing natural frequency.
The normalization constant satisfies

ak =
cγ(mk)γ(nk)γ(pk)√

LxLyLz

where γ(s) =

{√
2 if s = 0

1 if s 6= 0
(9)

and c denotes the sound speed.

Since the basis functions have been chosen to be the normalized mode shapes of the cavity, the corresponding
generalized coordinates are the modal amplitudes of the cavity. Its equation of motion therefore reads

Dcavqcav = f̃cav (10)

where Dcav is a diagonal matrix with entries

Dcav,kk = −ω2 + ω2
cav,k(1 + iηcav,k), (11)

and ηcav,k denotes the damping loss factor of mode k. When the cavity is empty, the damping inside the
cavity is prescribed in terms of a reverberation time Tcav, the modal loss factors can be determined from [5,
Ch 2.4.1]

ηcav,k =
4.4π

ωcav,kTcav
. (12)

To increase thermal and acoustic performance, soft porous materials such as mineral wool are often placed
inside the cavity. Since the deformation of the solid skeleton of the porous material is negligible, the pre-
sented cavity fluid model can still be employed yet with modified, complex material properties. Several of
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these so-called equivalent fluid models have been proposed in the literature on an empirical basis. In the
present work, the Delany-Bazley-Miki equivalent fluid model (DBM) is used. The DBM-model depends
only on the flow resistivity σ of the porous material and the frequency. When reformulated in terms of a
complex sound speed cc and complex fluid density ρc, this model reads

cc =
c

1 + 7.81a− i11.41a
and ρc =

cρa

cc
[1 + 5.50b− i8.43b] , (13)

a =

(
103 f

′

σ′

)−0.618

and b =

(
103 f

′

σ′

)−0.632

, (14)

where f ′ := f
1 Hz denotes a dimensionless frequency, σ′ := σ

1 Ns/m4 a dimensionless flow resistivity and ρa

the air density. Note that, when cavity damping is modelled with complex material properties, ηcav,k is taken
to be zero in (11).

2.1.3 Fluid-structure interaction at the cavity boundaries

In the following the interaction between the velocity of the decoupled wall leafs and the pressure inside the
hard-walled cavity is considered. Let us now consider the part of the modal load onto the first wall leaf,
f̃l1, which is due to the cavity pressure pcav(x, ω). Note that the same line can be followed to obtain the
fluid-structure coupling matrices between the cavity and wall leaf 2. When a particular mode k of the leaf is
considered, this load equals

fl1,k,cav(ω) = −
∫

Γl1

φl1,k(x)pcav(x, ω)dx (15)

where Γl1 denotes the interface surface area between the leaf and the cavity. The minus sign results from
the fact that for a positive cavity pressure, the force exerted onto the first wall leaf points in the negative z
direction (see Fig. 1). With the chosen set of basis functions for the cavity pressure, the above expression
can be elaborated as

fl1,k,cav(ω) ≈ −
ncav∑

l=1

Lf1,klqcav,l(ω) where Lf1,kl :=

∫

Γl1

φl1,k(x)φcav,l(x)dx (16)

Substitution of (3) and (8) into (16) and evaluating the integral yields

Lf1,kl =
−2alLxLy

π2√ml1
cos

(
pπz

Lz

)
b (qk,ml) b (rk, nl) (17)

where

b (α, β) :=

{
β cos(απ) cos(βπ)−β+α sin(απ) sin(βπ)

α2−β2 for k 6= l
sin(απ)2

2α for k = l
(18)

Subsequently, let us consider the part of the modal load onto the cavity, f̃cav, which is due to displacement
of the first wall leaf, ul1(x, ω). When a particular mode k of the cavity is considered and with the chosen set
of basis functions for the leaf displacement, this load equals

fcav,k,l1(ω) ≈ −
n1∑

l=1

Ls1,klql1,l(ω) where Ls1,kl := ρaω
2Lf1,lk (19)
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Figure 2: Finite element mesh of a single decoupled metal C-stud for a cavity depth of 75 mm. Structural
shell elements are used. As indicated on the top right part of the figure, the boundary displacements are
restrained at one of the flange edges and at the opposite flange at the bottom.

2.1.4 Finite element model of the studs

The dynamic behavior of the studs has a large influence on the overall sound insulation when both wall leafs
are connected to a common frame. Two types of stud are commonly employed in the construction industry:
wooden studs with a solid rectangular cross-section, and metal studs with a thin-walled open cross section,
such as metal C-studs. The dynamic mechanical behavior of both types of stud is fundamentally different.
The cross section of rectangular studs is relatively rigid, and therefore they can be taken to satisfy Euler-
Bernouilli or Timoshenko beam theory. The studs that are usually employed in the construction industry are
very flexible; it typically concerns metal C-studs with a wall thickness of 0.6 mm and a web height of up to
100 mm and more. It is this type of stud that is considered here, and it has been confirmed in the present
study that such studs show, next to a beam-like behavior, also substantial cross-sectional deformation, even
at low frequencies.

The studs can be adequately modelled numerically with structural shell elements as they are thin-walled
profiles. In this model, the Shell181 element from the Ansys finite element software is used; it is a four-
node element with six degrees of freedom - three displacements and three rotations - at each node. An
element edge length of 5 mm is employed (Fig. 2), as the wavelength of deformation at high frequencies
of the flexible studs is small. ‘Hinged’ boundary conditions are assumed at the ends of each stud; they are
implemented by restraining all nodal displacements (but not the rotations) at one flange at the bottom and at
the opposite flange at the top (Fig. 2). This is a simplification, as the metal studs of a double-leaf wall are
usually placed in flexible rails that are mounted on the floor and the ceiling. These rails are not considered
in the present model.

This finite element model represents a single stud that is decoupled from the leafs and from the cavity, since
any interaction between the cavity and the leafs is neglected. The interaction with the wall leafs will be
detailed further on. The model is employed for computing the natural frequencies and mass-normalized
displacement mode shapes of the decoupled stud. These numerically computed mode shapes are taken to be
the basis functions to approximate their vibrational behavior. The corresponding generalized coordinates are
then the modal amplitudes of the stud. The equation of motion of a particular stud l therefore reads

Dst,lqst,l = f̃st,l and Dst,l,kk = −ω2 + ω2
st,l,k(1 + iηst,l,k) (20)

where Dst,l is a diagonal matrix with entries Dst,l,kk. ωst,l,k is the numerically computed angular natural
frequency of mode k of stud l, and ηst,l,k the corresponding structural damping loss factor. When the loading
onto the stud is coupled within the modal load vector f̃st,l, (20) is fully consistent with block row 3 + l of the
equation of motion of the entire wall system, Eq. (1). Note that, when all studs are identical, the numerical
modal analysis needs to be performed only once, i.e., for a single decoupled stud.

660 PROCEEDINGS OF ISMA2018 AND USD2018



Figure 3: Coupling of the out-of-plane displacements of a metal C-stud and the leaf at four pairs of discrete
screw positions. The screws constituting a pair have the same height and they have a horizontal distance of
1 cm.

2.1.5 Stud-leaf interaction

A stud is loaded only through the connections with the wall leafs, i.e there is no interaction between the
studs and the cavity. For the walls that are considered in the present work, the plates constituting the leafs
are screwed directly into the studs at a few points over the height of the stud. Typically, the vertical joints
between the plates (not modelled here) coincide with the center of the flange of a stud. Since both plates are
screwed into the same common stud, the screws connecting stud and leaf occur in pairs of two. The screws
constituting a pair have the same height and a relatively small horizontal distance between them; a distance
of 1 cm is taken in the present paper. The stud-leaf connections are modelled by rigidly coupling the out
of plane displacements at the screw locations (Fig. 3). This implies that in the model, the finite stiffness of
the screws is neglected, and the studs and leafs can deform independently everywhere except at the screw
locations. This connection model was found to result in a good prediction accuracy as discussed further.
Alternative connection models, where the stud and the leaf are connected along the entire centerline of the
stud flange, or even at the entire stud-leaf interface area, were also considered but they result in a wall system
that is too stiff.

The interaction between the stud and the wall leaf can be modelled by means of constraint equations on the
displacements rather than through explicitly accounting for the interface forces because rigid point couplings
are considered. Let us take the interaction between leaf 1 and stud l. Note that the same line can be followed
for all other studs and their interaction with the second wall leaf. This results in the following set of constraint
equations:

∀s : ust,l(xl1s) = ul1(xl1s) (21)

where xl1s denotes the location at which screw number s connects stud number l to the first wall leaf. Using
the basis functions to describe the vibrational behavior of the stud and the wall leaf, the constraints can be
expressed in terms of the generalized coordinates:

∀s : φst,l(xl1s)qst,l = φl1(xl1s)ql1 (22)

or in matrix form:
C̃lqst,l + C̃l1,lql1 = 0 (23)

where φst,l(xl1s) equals row number s of C̃l, and −φl1(xl1s) equals row number s of C̃l1,l.

Consider for a moment the equations of motion of leaf 1 (6) and of stud l (20) without any external loading:

[
Dl1 0
0 Dst,l

] [
ql1

qst,l

]
= 0 (24)

The constraints of Eq. (23) can be incorporated into the equations of motion of Eq. (24) with the technique
of Lagrange multipliers [6, Sec. 13.2]. Suppose for a moment that the loading by the first wall leaf is the
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only loading acting on stud l, and vice versa. This results in



Dl1 0 C̃T

l1,l

0 Dst,l C̃T
l

C̃l1,l C̃l 0





ql1

qst,l

λl1,l


 = 0, (25)

where the Lagrange multipliers have been collected into the vector λl1,l.

More generally, the system of equations (23) can be extended to include all stud-leaf interactions:

Cl1ql1 + Cl1ql2 +

nst∑

l=1

Clqst,l = 0. (26)

Application of the Lagrange multiplier technique to the entire wall system then leads to the overall system
of equations, (1).

2.1.6 Reduction of the dynamic stiffness matrix

Since the only external loading by the sound pressure in the adjoining rooms is applied at the leafs, all interior
degrees of freedom can be eliminated from (1). The resulting reduced system of equations is denoted as

D′dq
′ = f ′ (27)

where

D′d :=

[
Dl1 0
0 Dl2

]
+ D′fsi + D′st and q′ :=

[
ql1

ql2

]
(28)

In this equation, D′fsi is a fluid-structure interaction matrix resulting from the elimination of the cavity pres-
sure degrees of freedom from (1),

D′fsi = ω2

[
Lf,1

Lf,2

]
D−1

cav

[
Ls,1 Ls,2

]
, (29)

and D′st is a matrix resulting from the elimination of the stud displacement degrees of freedom and the
Lagrange multipliers from (1),

D′st,cp =

[
CT

l1

CT
l2

]( nst∑

l=1

ClD
−1
st,lC

T
l

)
[
Cl1 Cl2

]
(30)

2.2 Transmission suite model

In the previous section, the deterministic model of the double-leaf wall was described in full detail. In the
present section, this wall model is coupled to models for the sound fields in the adjoining rooms.
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The hybrid model contains two diffuse (SEA) subsystems - the sending and receiving rooms - and in the
context of a sound transmission analysis, the quantity of interest is the so-called coupling loss factor between
both rooms. If in a stationary situation, the sound power flow from room 1 to room 2 (so through the wall) is
denoted as P12, the total acoustic energy of room k is denoted as Ek and its modal density (i.e., the expected
number of modes per unit radial bandwidth) as nk, then the coupling loss factor η12 is defined as [7]

η12 :=
ωn1

P12

(
E1

n1
− E2

n2

)
(31)

Although the coupling loss factor is a random quantity (because the sound fields in the rooms are random,
diffuse fields), only its mean value will be of interest in the present analysis as the intention is to predict the
mean sound transmission loss of the wall. The coupling loss factor relates directly to the sound transmission
coefficient, τ , which is defined as the ratio between the power flow P12 from room 1 to room 2 through the
wall, and the incident sound power on the wall in room 1. The relationship reads [8]

τ =
4V1ω

LxLyc
η12 (32)

where V1 denotes the volume of the sending room. The sound transmission loss (or airborne sound insulation)
of the wall then immediately follows from

R := 10 log
1

τ
= 10 log

LxLyc

4V1ωη12
(33)

Within the hybrid DET-SEA framework, the coupling loss factor η12 can be rigorously evaluated by consid-
ering the interaction between the wall and the direct field response of the rooms at their interfaces [9, 10, 11].
The direct field response of a room is the sound field that would occur if the room would be of infinite extent,
in other words, if the room would behave as an acoustic half-space as seen from the room-wall interface
when that interface is embedded in an infinite planar baffle. The related acoustic dynamic stiffness matrix
is then termed the direct field dynamic stiffness matrix of the room. For room 1 for example, this matrix
describes the relationship between the displacements and forces at the interface with the first wall leaf:

Ddir1ql1 = f̃dir1 (34)

The components of f̃dir1 denote the forces acting on the (generalized) degrees of freedom of the first wall
leaf ql1 due to the pressure field in the acoustic half-space The direct field dynamic stiffness matrix Ddir1

can be numerically computed via evaluation of the Rayleigh integral, e.g. using a wavelet discretization of
the baffled interface; details of this approach are provided by Langley [12].

Once the direct field acoustic dynamic stiffness matrices of both rooms have been computed, the coupling
loss factor is obtained from [9]

η12 =
2

πωn1

∑

rs

Im
(
D′dir2,rs

) (
D−1

totIm
(
D′dir1

)
D−H

tot

)
rs

(35)

where
Dtot := D′d + D′dir1 + D′dir2, (36)

D′d denotes the reduced dynamic stiffness matrix of the wall as defined in (28), and D′dir1 and D′dir2 are the
direct field acoustic dynamic stiffness matrices expressed in terms of the reduced wall coordinate vector q′.

The computational efficiency can be further increased by exploiting the block structure of the direct field
acoustic dynamic stiffness matrices:

D′dir1 =

[
Ddir1 0
0 0

]
and D′dir2 =

[
0 0
0 Ddir2

]
. (37)
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Equation (35) can be elaborated as

η12 =
2

πωn1

∑

rs

Im (Ddir2,rs)
((

D−1
tot

)
2,1

Im (Ddir1)
(
D−1

tot

)H
2,1

)
rs

(38)

where
(
D−1

tot

)
2,1

denotes the left bottom block matrix of D−1
tot which can be computed using the following

property of block-matrices.

(
A−1

)
2,1

= −
(
A2,2 −A2,1A

−1
1,1A1,2

)−1
A2,1A

−1
1,1 (39)

where Ai,j represents the block matrix with index (i,j) of the matrix A.

3 Validation

Figure 4: Positioning of studs and screw pairs within a wall. Eleven screw pairs are situated on each side of
the stud with a vertical distance of 250 mm starting 100 mm from the bottom. Center to center spacing of
the studs is 600 mm for the middle studs and 350 mm at the sides.

The airborne sound insulation of 14 different double-leaf plasterboard walls that each have a common flexible
metal stud frame is predicted using the model as described above. The walls have different the cavity depths
(40, 45, 50 or 100 mm), different material inside the cavity (air or mineral wool) and a different number of
plasterboard layers comprising the leafs (single, double or triple plating). The results are compared to an
extensive measurement campaign [13] to assess the accuracy of the predictions.

3.1 Wall and room properties

The transmission suite at the TNO TPD Delft Acoustics Laboratory is modelled in this validation study. The
transmission rooms have a volume of 100 m3 each and are separated by an opening with a width of 3.75
m and a height of 2.65 m where the test samples are mounted. The walls are constructed using a frame
consisting of steel C-studs with a flange width of 50 mm and a wall thickness of 0.6 mm. The web height
of the studs equals the cavity depth, i.e. 40, 45, 50 or 100 mm. All walls contain eight studs in total, two
of which are placed against the vertical edges of the test opening, and six in between. The center to center
distance between two adjoining studs equals 350 mm at the vertical edges of the test opening and 600 mm in
between. In order to connect a plasterboard plate to a metal stud, eleven screws are used along the vertical
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Figure 5: Predicted versus measured airborne sound insulation of a set of studded double-leaf plasterboard walls. Cavity filled
with air.
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Figure 6: Predicted versus measured airborne sound insulation of a set of studded double-leaf plasterboard walls. Cavity filled
with mineral wool.

plate edge. Screws start at 100 mm from the bottom edge and end at 50 mm from the top edge of a plate.
The vertical distance between two screws is 250 mm. The horizontal distance between two screws in a pair
is 10 mm in the model. The stud and screw positions are depicted in Fig. 4.

The plasterboard plates have a nominal density of 720 kg/m3 [13]. The Young’s modulus and the Poisson
ratio of the plasterboard plates are chosen to match the experimental coincidence frequencies in two of the
sound transmission tests, since no experimental values are available. This results in a Young’s modulus
of 2.5 GPa and a Poisson’s ratio of 0.3 [14]. A constant damping loss factor of 0.03 is assumed for the
plasterboard, as in [14]. The assumed material properties for the galvanized steel studs are: a Young’s
modulus of 210 GPa, a density of 7800 kg/m3, a Poisson’s ratio of 0.25 and a damping loss factor of 0.02.
For air the following material properties are assumed: a density of 1.21 kg/m3 and a sound speed of 340
m/s. The flow resistivity of the mineral wool, used as sound absorbent in the cavity, was measured to be
5000 N/sm4 [13].

3.2 Sound insulation predictions

The airborne sound transmission loss is computed at 320 frequency lines with center frequencies between 50
and 4000 Hz. These frequency lines coincide with the 1/48-octave band center frequencies. The harmonic
transmission losses are subsequently averaged over each 1/3 octave band for comparison with the experi-
mental results. The calculations have been performed on a single personal computer with a 2.7 GHz Intel
Core i7 processor and 16 GB RAM. The time needed to compute the transmission loss at all 320 frequency
lines ranged from 45 minutes to 1 hour, depending on the specific wall configuration.

The 14 walls that are considered in this study are labeled by the combination of the number of platings consti-
tuting one leaf, the thickness of a single plating in mm, the cavity depth in mm and the type of cavity filling
(air or mineral wool). For example, the wall labeled as 2x12.5/50 mw has leafs with double plasterboard
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plating, an individual plating thickness of 12.5 mm and, a cavity with a depth of 50 mm and mineral wool
as filling. In Table 1, the sound insulation predictions are summarized in terms of the single-number ratings
according to the ISO 717 - 1 : 1996 standard [15]. The transmission loss curves as a function of frequency
are displayed in Figs. 5 and 6.

Wall type RW(C; Ctr)exp dB RW(C; Ctr)model dB
1x15/40 air 34(-1;-5) 33(-1;-5)
1x12.5/45 air 34(-2;-6) 33(-2;-6)
1x12.5/50 air 34(-2;-6) 33(-2;-6)
1x12.5/100 air 38(-1;-6) 36(-2;-7)
2x12.5/50 air 42(-2;-7) 41(-2;-8)
2x12.5/100 air 47(-2;-6) 44(-1;-7)
3x12.5/50 air 45(-2;-7) 47(-2;-8)
3x12.5/100 air 49(-2;-7) 49(-2;-7)
1x15/40 mw 42(-2;-7) 40(-3;-8)
1x12.5/45 mw 41(-3;-9) 41(-4;-10)
1x12.5/50 mw 42(-3;-10) 40(-3;-9)
1x12.5/100 mw 46(-3;-9) 43(-1;-11)
2x12.5/50 mw 50(-2;-8) 46(-2;-8)
2x12.5/100 mw 52(-3;-8) 50(-4;-11)

Table 1: Wall type with corresponding experimental results and predictions of the single number ratings.

3.3 Physical interpretation and comparison with experiments

In Table 1 and Figs. 5 and 6, the prediction results are also compared with data from the extensive experi-
mental study as reported by Vermeir and Gerretsen [13].

In general, a very good agreement between the model predictions and the experimental results can be ob-
served. This is also the case at low frequencies, although the sound fields in the rooms are modelled as
diffuse while in a single experiment, the modal behavior of the rooms will be important. The ISO 12999 -
1 : 2014 standard [16] defines an average experimental reproducibility for the single number ratings Rw,
Rw + C and Rw + Ctr as respectively 2.0, 2.1 and 2.4 dB for a 95 % confidence interval. From Table 1 it
can be concluded that for nearly all walls, the predicted single-number ratings differ from the experimental
values by 0 to 2 dB which is close to the average reproducibility with a coverage probability of 95 % for
experiments.

An important resonance phenomenon for double-leaf walls is the so-called mass-spring-mass resonance. For
an infinite wall without studs, the leafs then vibrate as rigid masses and compress the cavity fluid. For a
finite studded wall, the mass-spring-mass resonance cannot fully develop due to restrained motion at the leaf
edges and the presence of the studs. Nevertheless, a dip in the airborne sound insulation is usually observed
around the theoretical mass-spring-mass resonance frequency, especially when there is no absorbent present
in the cavity. This is also the case for the walls considered here. As can be observed in Figs. 5 and 6, the
mass-spring-mass resonance dip is situated between 71 Hz (for wall 3x12.5/100 air) and 182 Hz (for wall
1x12.5/45 air). From these figures, it can also be observed that the predicted sound insulation around the
mass-spring-mass resonance frequency agrees very will with the experimental findings.

At high frequencies, a pronounced dip can be observed in all transmission loss curves. This is the so-called
coincidence dip. It occurs at the critical frequency of a single plasterboard plating, i.e., the lowest frequency
at which the free bending wavelength on an infinite leaf matches the projected free wavelength in air. The
theoretical value of the critical frequency is 2274 Hz for a plasterboard plate with thickness of 15 mm, and
2728 Hz for a plate of 12.5 mm thickness. The predicted and observed coincidence dips match well. For
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walls 1x15/40 air and 1x12.5/45 air, this comes as no surprise, since the Young’s modulus and Poisson
ratio of the plasterboard material were determined from the coincidence dips that are observed for these two
walls. More important is that in the experimental results, the critical frequency remains unchanged when
the number of platings is increased from one to two or three: this proofs that the assumption of perfect slip
conditions at the plate-plate interfaces is valid.

4 Conclusions

In this paper, an accurate and computationally efficient model is presented for the prediction of the airborne
sound insulation of studded double walls. In this model, the parts of the wall that display a low geometrical
complexity, i.e. the leafs and the cavity, are modelled analytically to reduce computational cost. The studs are
modelled in detail with the shell finite elements, since flexible studs display a large cross-sectional deforma-
tion that cannot be captured with an analytical model. The sound fields in the rooms are modeled as diffuse,
and a rigorous coupling with the deterministic wall model is achieved within the hybrid DET-SEA frame-
work. The computation cost of this model was verified to be more than three orders of magnitude lower than
that of a recently proposed detailed finite element model of the transmission suite with frequency-dependent
mesh, while the prediction accuracy remains the same.

The model was extensively validated against measured transmission loss data of 14 different plasterboard
walls with metal C-studs. An absolute accuracy between 0 and 2 dB on the single number ratings was
achieved for nearly all wall types. This is within the average reproducibility of the experiments. Thanks to
its prediction accuracy and computational efficiency, the model can be employed as a high-fidelity tool for
the design of double-leaf wall systems.
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