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Abstract – A hybrid experimental-numerical approach is proposed for assessing acoustic radiation damping –

a major energy dissipating mechanism in lightweight structures. The vibrational behavior is characterized by
distributed mobility measurements using laser Doppler vibrometry allowing to realistically capture the mechan-
ical behavior of the structure under test. The experimentally obtained matrix of mobilities are coupled to a
boundary element model to evaluate the radiated sound power numerically. Thereby, acoustic measurements
and associated low frequency limitations are avoided, which results in two salient features of the proposed hy-
brid approach: modeling of diffuse incident acoustic fields and consideration of acoustic short-circuiting induced
by slits and gaps. These features contribute to an accurate and excitation-dependent estimation of acoustic
radiation damping in the low frequency range. The proposed hybrid approach is applied to flat and C-shaped
aluminum sandwich panels mounted onto a tub-shaped foundation. The results are compared to those obtained
by a previously reported numerical method.
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1 Introduction

Composite structures such as honeycomb sandwich pan-
els exhibit excellent elastic properties but only low material
inherent damping. The latter issue is addressed extensively
by material scientists and engineers with a view to mitigate
unwanted vibrations by means of passive and active damp-
ing devices. Clearly, an effective design of such damping
treatments requires accurate quantification of damping in
the first place [1]. In fact, accurate quantification of differ-
ent damping contributions is an essential aspect in the
design process of lightweight structures. An important
and yet often neglected damping contribution in light-
weight structures is known as acoustic radiation damping
[2]. It refers to the energy dissipation of vibrating structures
due to far-field sound radiation.

The earliest and perhaps most straight forward
approach for assessing radiation damping is based on in-
vacuo reference measurements [3, 4]. Clarkson and Brown
deduced damping values of a honeycomb sandwich panel
by relating the input power of a shaker to the average vibra-
tional velocity [3]. By conducting the same experiments in
air and in-vacuo, they were able to distinguish between

acoustic radiation damping and material inherent damping
of the panel. Zhou and Crocker followed a different
approach and determined radiation damping of sandwich
panels clamped in a window between two reverberation
rooms by measuring both the surface velocity and the sound
pressure in the receiving room [5].

In contrast to numerical modeling, such experiments
allow to properly capture the elastic behavior of structures
involving complex material configurations. This is an
important aspect since radiation damping is particularly
relevant in lightweight structures that are designed to
achieve a high ratio of bending stiffness to mass. However,
in the majority of the cases, experimental set-ups imply sig-
nificant limitations on the specimen’s geometry and also on
the boundary conditions, which make in-situ measurements
difficult. For example, a vacuum chamber needs to be large
enough to accommodate the specimen, and it can be cum-
bersome to access all surfaces by laser Doppler vibrometry
(LDV) in order to measure the vibration levels. Moreover,
excitation by incident acoustic fields is not possible,
although radiation damping strongly depends on the type
of excitation at low frequencies.

Similar restrictions hold for sound transmission facili-
ties, which limit the geometry of the specimen to the shape
of the window cut-out between the two rooms. Moreover,*Corresponding author: suhaib.baydoun@tum.de

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Acta Acustica 2022, 6, 44

Available online at:

�The Author(s), Published by EDP Sciences, 2022

https://acta-acustica.edpsciences.org

https://doi.org/10.1051/aacus/2022039

TECHNICAL & APPLIED ARTICLE

https://creativecommons.org/licenses/by/4.0/
https://www.edpsciences.org/
https://actacustica.edpsciences.org
https://actacustica.edpsciences.org
https://doi.org/10.1051/aacus/2022039


the clamping inside the window hardly resembles the actual
mounting condition, which can falsify the dynamic response
at low frequencies. Indeed, acoustic measurements are gen-
erally subject to large uncertainties in the low frequency
range: Measurements inside reverberation rooms are based
on the assumption of diffuse acoustic fields, which become
invalid due to the modal behavior of the room [6], and
the effectiveness of absorbent treatments in anechoic cham-
bers is also limited below the cut-off frequency [7].

Besides experimental approaches, radiation damping
can be estimated numerically based on a vibroacoustic sim-
ulation model. In our previous work, the finite (FEM) and
the boundary element method (BEM) were combined with
a nonlinear eigensolver in order to derive radiation damping
values corresponding to certain structural modes [8]. The
main advantage of that numerical approach compared to
the above mentioned experimental methods is that the
acoustic conditions and associated effects such as scattering
and short-circuiting can be accurately modeled even at low
frequencies. Further, the coupled FEM–BEM approach
allows to capture the modal behavior of the structure and
thus the excitation dependence of radiation damping. How-
ever, the corresponding eigenfrequencies depend on the
actual boundary conditions, which can hardly be repro-
duced in a simulation. Usually, idealized boundary condi-
tions are employed in finite element models such as
clamped or simply supported. Often, it is difficult to tell
which of these conditions resembles the actual configura-
tion, and indeed the truth in many cases lies somewhere
in between. Inaccurately modeled boundary conditions
can subject acoustic quantities to large errors when sound
radiation is mainly driven by edge and corner motions.
Moreover, prestress occurring in assembled components
can have implications on sound radiation as well, but is dif-
ficult to accurately model in simulations.

The uncertainty associated with boundary conditions,
excitation and acoustic measurements in the low frequency
range is illustrated in Figure 1, which shows radiation
damping values of a foam-filled honeycomb sandwich panel.
The experimental values are taken from the literature [5]
and were obtained by the authors in a window test rig
between two reverberation rooms using shaker excitation.
Figure 1 compares those experimental values to theoretical
estimates [9, 10] based on principles of power flow as well as
to radiation damping values computed by the FEM–BEM
approach assuming an infinitely extended acoustic baffle
and five randomly positioned point forces as excitation.
All three methods show good agreement to each other in
the higher frequency range above coincidence, which occurs
around 780 Hz. However, we also observe significant devia-
tions in the lower frequency range where the modes of the
panel are widely separated and radiation damping strongly
depends on the excitation. The deviation between the
experimental and the numerical results are likely attributed
to the effect of boundary conditions, the excitation and also
to the low modal density of the reverberation rooms. Our
conclusion is that reliable methods for predicting radiation
damping in the low frequency range are currently not
available.

The uncertainties related to boundary conditions, exci-
tation and diffuse acoustic fields in the low frequency range
are widely addressed in literature – not exactly with regard
to acoustic radiation damping but in the context of sound
transmission loss [11–14]. Different to radiation damping,
which is a generally relevant aspect in lightly damped struc-
tures, sound transmission analysis only applies to partitions
between sending and receiving rooms and does not require
measuring the structural response.

Usually, researchers focus on either experimental or
numerical methods and then use the respectively other
one for the purpose of verification. However, as discussed
above, both approaches exhibit shortcomings that are of
different origins. An intuitive and yet often overlooked
alternative is to combine the advantages of numerical and
experimental methods in a hybrid approach. Examples in
the literature include fitting the equations of motions with
respect to measured transfer functions [15] and experimen-
tal-numerical evaluation of sound radiation of a boat hull
[16]. Shephard et al. combined an experimental modal anal-
ysis with a lumped parameter model for the representation
of underwater sound radiation [17]. In this way, the authors
were able to numerically include the effect of added mass
after performing the measurements in air. A similar
approach has been studied in the context of active control
by using simulated measurement data and the boundary
element method [18]. More recently, Roozen et al. [19] char-
acterized sound transmission by means of mobility measure-
ments and the Rayleigh integral method – an approach that
may be categorized as vibration-based sound power mea-
surement [20, 21].

In this work, we propose a combined experimental-
numerical procedure, which extends the currently available
methods for assessing radiation damping to the low fre-
quency range. On the one hand, we characterize the dynam-
ical behavior of complex materials by an experimental
method – ideally even in the actual mounting condition.
On the other hand, we avoid acoustic measurements and
associated limitations and instead, employ the boundary
element method (BEM) [22] to characterize the acoustic

Figure 1. Radiation loss factors of a sandwich panel with foam-
filled honeycomb core. Comparison of experimental values taken
from the literature [5] to theoretical estimates as well as to
numerical results obtained by a FEM–BEM approach.
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field. For our purpose of evaluating damping by far-field
sound radiation, BEM is particularly appealing because it
does not require special treatments for modeling unbounded
acoustic domains. Moreover, in comparison to analytical
evaluation of sound radiation [19], the use of BEM allows
to consider complex geometries as well as acoustic short cir-
cuiting induced by slits and gaps. The latter plays a signif-
icant role in the sound insulation and radiation at low
frequencies [23, 24], which will be demonstrated later in this
paper. The proposed hybrid framework contributes to an
accurate low-frequency assessment of acoustic radiation
damping covering the following aspects:

� Firstly, the dynamic response is evaluated by taking
the actual mounting condition into account, thus
avoiding idealized mechanical boundary conditions.

� Secondly, the actual acoustic field and associated
effects such as scattering and short-circuiting are con-
sidered without the need of acoustic measurement
facilities.

� Lastly, radiation damping can be evaluated under any
excitation including diffuse incident fields.

The paper is organized as follows. Section 2 describes
the experimental-numerical framework and provides details
regarding the coupling, the modeling of diffuse incident
fields and the evaluation of radiation damping. The proce-
dure is applied in Sections 3 and 4 to flat and curved hon-
eycomb sandwich panels. The influences of excitation and
acoustic conditions on radiation damping in the low fre-
quency range are investigated and the results are compared
to those obtained by a previously reported numerical
method. The paper concludes in Section 5 with a summary
of the main findings and a discussion of future applications
and studies.

2 Combined experimental-numerical
evaluation of vibroacoustic responses

Despite the above-discussed drawbacks at low frequen-
cies, experimental assessment of radiation damping offers
several advantages compared to a purely numerical assess-
ment. The behavior of complex materials is properly taken
into account, and when the measurements are conducted in
the actual mounting condition, even the effect of the
mechanical boundary conditions can be realistically
addressed. In this work, we exploit these advantages and
characterize the dynamical behavior of structures by an
experimental procedure. The structural response is given by

vr ¼ YðxÞ f s þ f i½ �; ð1Þ
in which YðxÞ 2 Cnr�ne is the experimentally determined
matrix of mobilities relating the force excitation to the
surface velocity. The angular frequency is defined as
x = 2pf. We consider the general case in which the vector
vr 2 Cnr contains three velocity degrees of freedom (DOF)
for each node on the response grid – that is one velocity
DOF for each spatial dimension. The same applies to
the excitation vector in square brackets on the right-hand

side of equation (1), which is defined on a (possibly differ-
ent) excitation grid. It comprises structural excitation
f s 2 Cne as well as excitation f i 2 Cne by an incident
acoustic field.

The acoustic field, which comprises incident and scat-
tered sound waves, is described by the Helmholtz equation
and evaluated numerically, thus avoiding the use of acous-
tic measurement facilities and associated limitations. In the
context of this work, mainly unbounded acoustic domains
are of interest, since acoustic radiation damping is associ-
ated with far-field sound radiation. In this regard, BEM
[22] is particularly well-suited for solving the Helmholtz
equation, since it does not require special treatments for
truncating the far-field sound radiation. Reformulation of
the Helmholtz equation by the Kirchhoff integral theorem
and subsequent discretization by direct collocation BEM
yields the linear system of equations [25]

Hp ¼ G vf � vi
f

� �þHpi: ð2Þ

The vectors p 2 Cnf and vf 2 Cnf contain the complete
sound pressure and fluid particle velocities, i.e., the sum
of the respective incident and scattered fields. The coeffi-
cient matrices H and G are fully populated and frequency
dependent. Acoustic sources are considered by the inci-
dent sound pressure pi and the corresponding incident
particle velocity vi

f .
The fluid loading on the structure can be expressed by

the coupling condition

f f ¼ Cefp; ð3Þ
where the coupling matrix Cef 2 Rne�nf relates the acous-
tic quantities on the BE mesh to the excitation grid. Its
computation is presented in Section 2.1. Substituting
equation (2) into equation (3) yields

f f ¼ CefH�1Gvf þCef pi �H�1Gvi
f

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

f i

: ð4Þ

The first term on the right-hand side of equation (4) can
be interpreted as a reaction force acting on the structure
by virtue of the acoustic field. It includes the effects of
radiation damping and added mass, which are included
in the measured mobility matrix Y(x) in equation (1).
The second term on the right-hand side is the excitation
force due to the incident acoustic field. It equals the force
vector fi on the right-hand side of equation (1). Once the
structural velocity vr is evaluated for a given excitation,
the fluid particle velocity is obtained by the continuity
condition

vf ¼ Cfrvr; ð5Þ
where the matrix Cfr 2 Rnf�nr establishes the coupling
between the experimental response grid and the BE
nodes. Finally, the sound pressure field can be computed
via equation (2).

The proposed hybrid procedure can be incorporated
into the design process once subcomponents or prototypes
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are available. For example, in-situ mobility measurements
could be conducted on a prototype hull of a transport vehi-
cle, and the results could in turn be used to asses the acous-
tic loading transmitted to the inside. Once the mobility
matrix Y(x) is determined, the acoustic response to differ-
ent excitations can be computed without repeating the
experiments. As we will see in Section 2.2, even the response
to diffuse incident fields can be computed in the low fre-
quency range without need of special facilities.

But of course, these advantages come at the cost of
experimentally determining the mobility matrix Y(x) of a
possibly three-dimensional, large scale structure. While
the associated effort may have been prohibitive a decade
ago, nowadays it becomes manageable due to the arising
developments and automation of LDV. The excitation in
the measurements is carried out by means of an automated
modal hammer in this work. While it is indeed cumbersome
to re-position the hammer and to repeat the LDV scan,
oftentimes one is only interested in a local excitation, e.g.,
in an excitation by a point or line force. In these cases, it
is not necessary to excite the whole surface of the structure,
since only certain columns of Y(x) are needed. Moreover,
symmetry properties can also be exploited to reduce the
measurement effort in many applications [19]. Finally, we
note that the proposed hybrid procedure is predominantly
a low frequency method, and hence, coarse response and
excitation grids are generally sufficient. Details on the
experimental procedure for determining the mobility matrix
Y(x) are reported for the test cases in Sections 3.2 and 4.

2.1 Mesh coupling

The response and excitation grids need to be coupled to
the BE mesh in order to exchange field quantities between
the subdomains, see equations (3) and (5). The continuity,
for example between the surface velocity~vr of the structure
and the fluid particle velocity vf, can be expressed by the
scalar equation

~n �~vr ¼ vf ; ð6Þ
where~n is the normal vector on the surface pointing away
from the acoustic domain. In the discrete setting, equation
(6) can only be satisfied when the response points in the
mobility measurement coincide with the interpolation
nodes of the acoustic BE mesh. However, there are several
reasons that support the use of nonconforming BE
meshes: The appropriate resolution of the response grid
in the experiment can be well anticipated based on the
expected number of bending waves of the occurring struc-
tural modes. On the other hand, regarding BEM, there is
no meshing guideline available in the context of coupled
structural acoustic problems and hence, convergence stud-
ies are necessary in order to judge the appropriateness of a
given BE discretization. Moreover, when coincidence
occurs in the frequency range of interest, the acoustic
mesh needs to be finer than the structural grid. A gradual
refinement of a BE mesh in this context is computation-
ally affordable in most cases. In contrast, repeating the
mobility measurements on a finer grid is excessively

time-consuming if not prohibitive. The use of non-con-
forming meshes also allows the choice of different interpo-
lation functions in the BE model.

When using non-conforming BE meshes, the continuity
condition in equation (6) needs to be reformulated in a
weak sense, i.e. [26]Z

C
/~n �~vrdC ¼

Z
C
/vfdC; ð7Þ

in which C denotes the submerged surface. Following a
Bubnov–Galerkin approach, the test function / is chosen
as the interpolation function of the fluid domain. After
discretization, equation (7) can be written in matrix fromZ

C
NT

f n
TNrdCvr ¼

Z
C
NT

f NfdCvf ; ð8Þ

where Nf and Nr contain the interpolation functions asso-
ciated with the BE mesh and the response grid in the
experiment, respectively. Rearranging equation (8) yields
the coupling matrix introduced in (5), i.e. [27]

Cfr ¼
Z
C
NT

f NfdC
� ��1 Z

C
NT

f n
TNrdC: ð9Þ

Note that the matrix in square brackets is also known as
the boundary mass matrix H. Similar derivations are pos-
sible for the coupling matrix Cef, which was introduced in
equation (3) to relate field quantities in the BE domain to
the excitation grid.

The response and excitation grids used in the mobility
measurements are defined respectively by subdividing the
surface of the structure into quadrilateral elements. Both,
response and excitation elements have shape functions
which approximate the geometry of the surface. The nodes
associated with those shape functions are denoted as geo-
metrical nodes and they are located on the edges and
boundaries of the element, i.e. neighboring elements share
common geometrical nodes. Further, the above introduced
interpolation functions contained inNr (and similarly those
in Ne for the excitation grid) establish a spatial approxima-
tion of field quantities. The associated nodes are called
interpolation nodes. In the experiment, the structure under
test needs to be excited at interpolation nodes of the excita-
tion grid and the response needs to be measured at the
interpolation nodes of the response grid. In order to avoid
excitation and measurements on the edges and corners of
the structure, interpolation nodes are placed inside the ele-
ments leading to discontinuous approximation of field
quantities across element boundaries. In this work, quadri-
lateral elements with eight-noded, bi-quadratic geometry
approximation and constant interpolation functions are
used for the excitation and response grids. For the acoustic
BE mesh, quadrilateral elements with nine-noded, bi-quad-
ratic geometry approximation and discontinuous, bi-linear
interpolation functions are employed. These elements are
shown in Figure 2.

The integral in equation (9) cannot be evaluated ele-
ment-wise, since the interpolation functions of the response
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grid are not continuous across acoustic boundary elements
and vice versa. This issue is overcome by a Mortar method
[28], which works as follows: First, the acoustic boundary
elements are defined as the master elements, and the ele-
ments on the response grid are defined as the slave ele-
ments, respectively, and pairs of overlapping elements are
identified by a search algorithm. Then, an auxiliary projec-
tion plane and a corresponding normal vector are defined
based on the slave element. The master element is then pro-
jected onto that plane, the resulting intersection area is sub-
divided into triangular elements, and integration is
performed over them. The procedure is schematically
depicted in Figure 2.

2.2 Diffuse field excitation

One of the main advantages of the proposed hybrid
approach is the capability to experimentally determine
the response to diffuse acoustic fields without unwanted
effects associated with the measurement room. Usually,
experimental characterization of structures subject to dif-
fuse field excitation are conducted in reverberation rooms.
These rooms need to be large enough in order to avoid
modal behavior of the incident acoustic field, which is often
an issue in the low frequency range. In contrast, application
of incident acoustic fields in BEM only relies on accurate
modeling of the scatterer’s geometry.

There are three different approaches available to numer-
ically predict the response to a diffuse acoustic field [29, 30]:
(1) excitation by a set of random plane waves, (2) stochastic
analysis based on power spectral densities (PSD), and (3)
actual modeling of a large-enough reverberant room. Model-
ing a cavity that is large-enough to admit a diffuse sound
field is computationally prohibitive when using a conven-
tional BEM formulation. The approach based on PSD
allows analytical modeling of the diffuse field but requires
singular value decomposition and truncation of the PSD
matrix in order to avoid inversion of fully populated BE
matrices. But even with truncation of the PSD matrix, the
plane wave approach, which was originally proposed by
Rafaely [31], has been shown to be more efficient [29] and
is thus followed here. The energy quantity of interest is
computed as the average value among multiple simulations.

In each of those simulations, the structure is excited by a
combination of N incident plane waves. The incident sound
pressure pið~xÞ and corresponding particle velocity vifð~xÞ at
the interpolation node with the coordinate vector ~x are
obtained from

pi ~xð Þ ¼ 1ffiffiffiffi
N

p
XI

i¼1

XJ

j¼1

pi;je
i ~ki;j�~xþhi;jð Þ; and ð10Þ

vif ~xð Þ ¼ 1ffiffiffiffi
N

p
XI

i¼1

XJ

j¼1

pi;j
qc

~n �~ki;jei ~ki;j�~xþhi;jð Þ: ð11Þ

The plane waves arrive from spatially uniformly distributed
directions and are arranged on a semi-sphere. The corre-
sponding wave vectors are given as

~ki;j ¼ x
c

cos ai sin bj; sin ai sin bj; cos bj

� 	T
; ð12Þ

with ai = ip/I and bj = 2jp/J. Further, I is the integer
value of

ffiffiffiffiffiffiffiffiffiffiffiffi
Np=4

p
and J is the integer value of 2Isinai. Each

of the N plane waves have a normally distributed ampli-
tude p(i,j) and a random phase h(i,j).

2.3 Hybrid evaluation of radiation damping

The extent of radiation damping can be quantified
either by modal loss factors, which are properties of the
structural acoustic system, or by excitation dependent loss
factors, which are a result of a harmonic response analysis
[8]. Once the vibroacoustic response is evaluated by equa-
tions (1)–(5), the excitation dependent radiation loss factor
for a specific frequency point is obtained via [32]

gr ¼
P

xEtotj j : ð13Þ

The time-averaged radiated sound power P can be com-
puted from the acoustic quantities via

P ¼ 1
2
Re pTHv�

f

� �
; ð14Þ

�n

Figure 2. Schematic of the mortar projection of a master acoustic element (solid, red) onto the auxiliary plane (dotted) defined by an
overlapping slave structural element (dashed, blue) and subsequent definition of triangular integration cells. Solid circles represent
geometrical nodes and hollow squares represent interpolation nodes.
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where (�)* denotes the conjugate complex and Re(�) refers
to the real part of a complex quantity. The definition of
the boundary mass matrix H was introduced in equation
(9) and the paragraph thereafter. Note that the imaginary
part of the complex sound power corresponds to near-field
sound radiation, which has a mass-like effect on the struc-
ture and hence, does not dissipate energy.

For time-harmonic problems, the time-averaged total
vibrational energy Etot in equation (13) equals twice the
time-averaged kinetic energy or alternatively, twice the
time-averaged potential energy. The latter requires knowl-
edge of the (static) stiffness matrix of the structure under
test, which can not be estimated by mobility measurements.
Instead, in the proposed hybrid procedure, we will compute
the time-averaged total vibrational energy based on the
kinetic energy of the structural acoustic system, i.e.

Etot ¼ 1
2
vT
r Mr � i

x
CrfH�1GCfr


 �
v�
r ; ð15Þ

in which the mass matrix Mr of the structure under test is
set up by estimating the structural mass contribution of
each element on the response grid. For structures with
uniform thickness and mass density, the mass contribu-
tion of each element is simply its area percentage times
the total mass of the structure. Equation (15) also
includes energy contributions of the fluid field, where
the imaginary part ofH�1G corresponds to the additional
mass effect of the fluid, while the real part corresponds to
the energy dissipated by sound radiation. A more elabo-
rate discussion of equation (15) and the alternative way
of evaluating the total energy are given in Appendix A.

3 Assessment of radiation damping of
rectangular honeycomb sandwich panels

3.1 Set-up of the demonstrator

The set-up of the demonstrator is shown in Figure 3. A
flat aluminum honeycomb sandwich panel is mounted onto
a tub-shaped concrete foundation. The foundation has a
square cross section of 0.8 � 0.8 m2, a height of 0.4 m
and a vertically tapered wall thickness of around 0.06–
0.1 m. The short edges of the rectangular panel are glued
into aluminum F-profiles, which are then screwed onto
the upper edge of the foundation. The long edges of the
panel are not fixed and hence permit air flow between the
two sides of the panel. The free length of the panel is
approximately 0.750 m whereas two panel widths are stud-
ied. The studied panels are denoted with letters A and B,
and their dimensions are given in Table 1. The material
properties of aluminum and the honeycomb core are pro-
vided in Table 2. The concrete foundation is assumed to
be rigid in this work.

3.2 Mobility measurements

The mobility matrix is determined by using an auto-
mated modal hammer (NV Tech SAM1 [33]), which allows
to measure the exerted force by means of a force cell in the

hammer tip. The device is placed inside the concrete foun-
dation using a flexible measurement stand allowing to posi-
tion the hammer tip at the nodes of the excitation grids. A
uniform excitation grid of 6 � 4 (ne = 24) is used for panel
A, and likewise 6 � 2 (ne = 12) for panel B in order to
derive the respective mobility matrices.

The velocity response is measured by means of scanning
LDV using a single head Polytec PSV 500 system. The PSV
500 includes a camera for geometry alignment so that Euler
compensation is applied to correct for the angle of laser
beam incidence. Regarding the resolution of response grids,
preceding (in-vacuo) modal analyses of the panels have
been conducted with FEM in order to estimate the number
of bending waves in the considered frequency range up to
625 Hz. Then, the response grids are defined such that a
minimum of three elements capture one bending wave
length. This corresponds to a response grid of 8 � 6
(nr = 48) for panel A, and likewise 8 � 4 (nr = 32) for panel
B. The resulting mobility matrices Y(x) are of dimension
48� 24 and 32� 12, respectively. Reflective tape is applied
to the surfaces of the panels in order to improve the signal-
to-noise ratio, see Figure 3. The velocity response is only
measured on the top side of the panel and hence, the mobil-
ity data needs to be copied to the bottom side in order to
couple the mobility matrix to the three-dimensional BE
mesh. This approach is valid as long as the response of
the panel only involves anti-symmetric bending motion,
i.e. thickness deformation of the core does not occur, which
is a reasonable assumption in the low frequency range.

The mobility matrix Y(x) is obtained by relating the
measured velocities at the response nodes to the measured
force at the excitations nodes. The corresponding transfer
functions are evaluated based on a H1-estimator in the fre-
quency range up to 625 Hz with a resolution of approxi-
mately 0.4 Hz. Rectangular window functions are applied

Figure 3. Set-up of the demonstrator including an aluminum
honeycomb sandwich panel mounted onto a concrete founda-
tion. The black arrow indicates the location of the point force
introduced in Section 3.4.
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to the velocity as well as to the force signals in order to per-
form a fast Fourier transformation (FFT). The measure-
ment time is large enough so that the signals die out
within the window. All measurements are repeated ten
times and complex frequency domain averaging is used to
reduce the noise that is not phase correlated.

Although the mobility matrix Y(x) is subsequently
coupled to different BE models representing the acoustic
conditions (1)–(3), the actual measurement of Y(x) is con-
ducted only once in a standard laboratory without absor-
bent treatments on the walls. This is a convenient choice
and neglects the influence of the acoustic field on the struc-
tural response. This assumption will be justified later in
Section 3.5, in which fully coupled FEM–BEM simulations
are presented for the purpose of verification.

3.3 Boundary element models

As described in Section 2.1, the acoustic field around the
panel is discretized by quadrilateral boundary elements
with discontinuous bilinear interpolation functions. Uni-
formmeshes with 36� 24 elements along the in-plane direc-
tions of panel A, and 48 � 12 elements for panel B are
employed. Moreover, the following three models for the
acoustic domain are used in this work to study the effect
of acoustic boundary conditions:

� Condition (1): The panel is assumed to be confined in
an infinitely large acoustic baffle that prohibits flow
between its two sides. Two independent acoustic sub-
domains on each side are modeled using a halfspace
formulation with a modified Green’s function [34].
This condition resembles the situation in a window

test rig. The corresponding BE model is schematically
illustrated in Figure 4.

� Condition (2): The panel is assumed to be unbaffled
and is situated in an acoustic full space. A single BE
mesh with a closed surface is used. This condition
resembles the situation in an anechoic chamber.

� Condition (3): The concrete foundation is additionally
modeled. The sound waves radiated from the panel
are scattered on the rigid surfaces of the foundation.
A corresponding BE mesh of the foundation accom-
modating panel A is shown in Figure 8.

The numerals 1–3 after the alphabetical designation
denote the considered configuration – e.g. panel A confined
in a baffle will be referred to as panel A-1 in what follows.

3.4 Results obtained by hybrid procedure

This section studies radiation damping of the panels
using the hybrid procedure described in Section 2. The focus
is set on the influences of acoustic condition and excitation
on radiation damping. The panels are excited by point
forces, monopole sources and by diffuse incident fields.
The point forces with magnitude of Fz = 1 N are located
at (x= 0.31 m, y= 0.06 m, z= h/2) of panel A, and likewise
at (x = 0.31 m, y = 0.05 m, z = h/2) of panel B. The coor-
dinate system is defined such that the x-axis points in the
direction of the long edges and the xy-plane coincides with
the midplane of the panel, see Figure 3. The monopole
sources are located at (x = 1 m, y = 0 m, z = 0.3 m).
The responses to diffuse incident fields are computed as
the mean value of 300 sample simulations as described in
Section 2.2. The excitation in each simulation is given by
the summation of N = 1145 incident plane waves with nor-
mally distributed amplitudes with a mean value of 1 Pa and
random phases. The convergence of the response to diffuse
field excitation with respect to the number of sample simu-
lations will be analyzed later in this section.

Table 2. Material properties of aluminum face sheets and
aluminum honeycomb core.

Aluminum face sheets

Density qf 2690 kg/m3

Young’s modulus E 70 GPa
Poisson’s ratio ma 0.3

Aluminum honeycomb core

Density qc 135 kg/m3

Young’s modulus Ex, Ey 10 MPa*

Young’s modulus Ez 360 MPa
Shear modulus Gxy 1 MPa*

Shear modulus Gyz 280 MPa
Shear modulus Gxz 140 MPa
Poisson’s ratio mc 0.01*

* Values that are not explicitly given by the manufacturer are

Figure 4. Cross-sectional schematic of a baffled panel modeled
by two acoustic half-space BE meshes.

Table 1. Dimensions of aluminum honeycomb sandwich panels.

Panel A Panel B

Face sheet
thickness, front

tf 0.5 mm 0.5 mm

Face sheet
thickness, back

tb 0.5 mm 0.5 mm

Core thickness h 3 mm 4.5 mm
Dimensions lx � ly 0.752 � 0.5 m2 0.748 � 0.2 m2
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Figure 5 shows the experimentally determined point
mobility of panel A. The corresponding radiated sound
power and total power are plotted in Figure 6 for conditions
(1)–(3). Those power quantities are computed using equa-
tions (14) and (15), and are later required to evaluate the
extent of radiation damping. When comparing panels A-1
and A-2, we notice a considerable difference in radiated
sound power in the low frequency range. This can be
explained by the acoustic short circuiting occurring in panel
A-2 (i.e. the panel with unbaffled condition), which signifi-
cantly reduces radiation efficiency. The difference in radi-
ated sound power narrows with increasing frequency. The
radiated sound power of panel A-3 (i.e. the panel with foun-
dation) lies in between the curves of panels A-1 and A-2 for
the most part of the considered frequency range, expect
when cavity resonances occur inside the foundation. At
the respective resonance frequencies, the radiated sound
power of panel A-3 exhibits noticeable peaks that are
marked with vertical dashed gray lines in Figure 6. The
total power of the three panels shows only marginal differ-
ences, which arise due to the different BE matrices in the
computation of the kinetic energy (cf. Eq. (15)). The struc-
tural velocity is the same for all three panels since the
mobility measurement is only conducted once. A similar
analysis based on a fully coupled FEM–BEM procedure will
be presented in Section 3.5.

The resulting radiation loss factors are shown in Figure 7
for panels A and B in conditions (1)–(3). Sharp minima in
the loss factors occur at the eigenfrequencies that are asso-
ciated with bending modes in which sound pressure cancel-
lation occurs between neighboring half-cells. This
cancellation decreases in effect with increasing frequency.
The baffled panels (A-2 and B-2) exhibit high radiation
damping already in the low frequency range due to the first
bending mode that radiates sound like a piston without
cancellation. In contrast, the unbaffled panels (A-1 and
B-1) show much lower damping values due to the sound
pressure cancellation at the edges, as already discussed in
the context of Figure 6. As radiation efficiency increases
with frequency, the curves converge to each other. Distinct
maxima in radiation damping occur around the cavity res-
onance frequencies of panel A-3. They are related to the
sound power peaks encountered in Figure 6. Note that
panel B is only 200 mm wide and hence do not work as a
closure of the tub-shaped foundation, which explains why
this panel does not exhibit cavity resonances.

While the analysis in Figure 7 is limited to point force
excitation, the main advantage of the proposed hybrid pro-
cedure is the capability to model excitation by incident
acoustic fields. The procedure is illustrated in Figure 8 for
panel A-3 at 145 Hz. First, an incident field with sound
pressure pi is created and the resulting excitation force fi
is computed by BEM via equation (4). Then, the structural
response is evaluated via equation (1) using the experimen-
tal mobility matrix. Subsequent projection onto the BE
mesh by equation (5) yields the fluid particle velocity.
The latter only takes values on the panel, since the founda-
tion is assumed to be rigid, see middle subplot in Figure 8.
Finally, the complete sound pressure field p is computed by

BEM and the radiation loss factor can be evaluated in a
post processing step.

The radiation loss factors for diffuse field excitation are
obtained by constructing multiple realizations of incident
acoustic fields such as the one shown on the left subplot
in Figure 8. The verification of this averaging approach is
presented in Figure 9, which plots the mean value for the
radiation loss factor of panel A-3 at 145 Hz with increasing
number of incident field realizations. Each additional real-
ization corresponds to a simulation with N = 1145 random
incident plane waves. We notice that a number of 300 real-
izations is a reasonable compromise between computational
effort and accuracy. This also holds for other frequency
points and test cases in this work.

Figure 10 studies the excitation dependence of radiation
damping. Loss factors for excitations by point forces, mono-
pole sources and diffuse incident fields are shown. We notice
significantly higher radiation damping when the panel is
subject to incident acoustic fields. This can be explained
by the spatially uniform distribution of the incident pres-
sure field in the low frequency range that almost acts like
a plane wave excitation. In frequency regions apart from
the eigenfrequencies, this leads to a more uniform sound
pressure distribution on the panel than is achieved by a
point force excitation. At the eigenfrequencies however,
radiation loss factors are expected to be independent of
the excitation when the respective mode is (exclusively)
excited. In that case, they are equal to the corresponding
modal radiation loss factor [8]. This aspect is illustrated
on the right subplot of Figure 10, in which all the structural
resonance frequencies of panel B are marked with vertical
dashed gray lines. We can observe that the loss factors
for the three different types of excitation coincide at these
frequencies. Note that a similar behavior is expected from
panel A, but exceptions occur when the frequency resolu-
tion is too coarse, or when the respective mode is not exclu-
sively excited.

The left subplot of Figure 10 shows extremely high radi-
ation loss factors occurring around the cavity resonance fre-
quencies of panel A-3. At 537 Hz, even gr = 1 is approached,
which indicates that almost all of the vibrational energy is

Figure 5. Measured point mobility of panel A at (x = 0.31 m,
y = 0.06 m, z = h/2).
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dissipated by sound radiation. This is a surprising result
and requires further investigation in the future. It might
be even possible to exploit the effect of (higher order) cavity
resonances in order to deliberately dissipate vibrational
energy by radiation damping.

3.5 Comparison to results obtained by coupled FEM–

BEM procedure

The panels are now analyzed by a purely numerical
FEM–BEM approach for the purpose of verification and
comparison. The acoustic BE model is coupled to an FE
model of the sandwich panel consisting of eight-noded
quadrilateral shell elements based on the Reissner–Mindlin

theory for the representation of the face sheets and twenty-
noded hexahedral solid elements for the core. The FE
meshes of the panels comprise the same number of elements
in the in-plane directions as the respective BE meshes. The
mounting of the panels is modeled by constraining the
translational DOFs along the center line of the short edges.
Moreover, the relative displacement among the nodes on
the short edges are also constrained in order to avoid unre-
alistic local deformation of the core. The FE modeling of the
sandwich panels is schematically illustrated in Figure 11. A
hysteretic loss factor of gs = 0.01 is used in all upcoming
simulations. While this is an assumed value, we note that
structural damping has a negligible influence on radiation
damping, as long as it is light and spatially homogeneous.

Figure 6. Radiated sound power and power corresponding to total vibrational energy of point-excited panel A evaluated by hybrid
procedure. Vertical dashed gray lines indicate cavity resonances occurring in panel A-3.

Figure 7. Radiation loss factors evaluated by hybrid procedure for point force excitation. Vertical dashed gray lines indicate cavity
resonances occurring in panel A-3.
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Figure 12 shows the power quantities of panel A in con-
ditions (1)–(3) subject to point force excitation at
(x= 0.31 m, y= 0.06 m, z= h/2). The results are computed
by a fully coupled FEM–BEM procedure and are largely
similar to the ones in Figure 6, which were obtained by
the hybrid procedure. The only difference is that the
FEM–BEM approach allows to include the reaction force
due to the acoustic response and thus, capture the effect of
acoustic conditions on the total vibrational energy. (Recall
that the structural velocity was the same for all three acous-
tic conditions in the hybrid procedure, since the mobility
measurement was only conducted once.) However, despite
the mutual structural acoustic coupling, we only notice mar-
ginal differences in the total vibrational energy occurring in
the vicinity of the resonance peaks, which are slightly shifted
and rounded at higher frequencies due to the structural and
acoustic damping contributions. This finding justifies that
the mobilitymeasurements reported in Section 3.2 were only
conducted once per panel in a standard laboratory without
absorbent treatments on the walls.

Figure 13 shows a comparison of diffuse field radiation
loss factors obtained by the hybrid and the FEM–BEM pro-
cedure. We notice a good agreement across the whole fre-
quency range for both panels. For panel B, even the
resonance frequencies match the numerically predicted ones
well with deviations ranging between 5% and 25%. This
indicates that the simply supported boundary conditions
in the FE model resembles the actual mounting condition
with acceptable accuracy (cf. Fig. 3). Note that neither
material properties nor the boundary conditions were
“tuned” in the FE model in order to match the experimental
results.

4 Assessment of radiation damping of a
C-shaped aluminum sandwich panel

The second test case involves a C-shaped sandwich
panel with a total thickness of 4 mm consisting of aluminum
face sheets and a Polyethylen core. Due to prestress

resulting from the bending of the panel during manufactur-
ing, its elastic properties are subject to uncertainties, which
makes the panel a suitable application for the proposed
hybrid procedure. The set up is shown in Figure 14. The
panel has a depth of 500 mm and a radius of 365 mm, which
corresponds to an unfolded length of 1147 mm. Aluminum
L-profiles are screwed onto the straight edges of the panel,
which are then mounted onto the concrete foundation. The
geometrical dimensions of the foundation were provided in
Section 3.1. The material parameters of the unprocessed
sandwich panel are listed in Table 3.

Only point force excitation is considered for this test
case. The point force acts in radial direction and is located
inside the C-shaped panel at an angular coordinate of
approximately 0.13 p and a distance of 100 mm from the
edge in longitudinal direction. The excitation in the mobil-
ity measurement is again realized by a modal hammer that
is positioned inside the concrete foundation (see Fig. 14).
The velocity response in radial direction is measured by
LDV, whereas the scanning process is divided into four runs

Figure 9. Mean value of the radiation loss factor of panel A-3
at 145 Hz with increasing number of random incident field
realizations.

Figure 8. Hybrid procedure for evaluating the response to incident acoustic fields. The forcing vector corresponding to an incident
acoustic field is computed by BEM. Then, the structural response is determined using the measured matrix of mobilities. Finally, the
resulting acoustic field is computed by BEM. All subsplots show the real parts of the respective complex-valued quantities.
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in order to ensure that all points on the response grid are
well accessed by the laser. In each of the runs, the LDV is
(re-)positioned and a p/4 arc of the surface is respectively
measured. The force signal in the hammer is used as refer-
ence to retrieve phase information of all responses. Based on
the anticipated structural modes, a uniform response grid of
5 points in longitudinal times 30 points in circumferential
direction is employed, resulting in a total of nr = 150
response points. The corresponding transfer functions are
computed in the frequency range up to 375 Hz with a reso-
lution of approximately 0.16 Hz. The frequency steps are
smaller as compared to the test case in Section 3.2, since
a longer measurement time was required to ensure that
the signal has died out.

Acoustic radiation damping of the C-shaped panel is
assessed by the proposed hybrid procedure. In this test case,
only radiation into a free acoustic field is considered, and
hence, the BE model only includes the panel but not the
concrete foundation. No acoustic baffles are modeled either.

The BE mesh consists of 10 elements in longitudinal times
64 elements in circumferential direction. The resulting radi-
ation loss factors are displayed in Figure 15. In addition, the
loss factors obtained by the coupled FEM–BEM approach
are also plotted. The underlying FE model of the sandwich
panel is defined similar to ones described in Section 3.5 and
comprises the same number of elements in the longitudinal
and circumferential directions as the BE mesh.

In the considered frequency range, the C-shaped panel
exhibits rather low radiation damping. The loss factors pre-
dicted by the hybrid and the purely numerical approach
agree qualitatively with each other. Both of them indicate
a gradual increase from gr = 10�5 to maximum values of
around gr = 0.003. However, we also notice significant dif-
ferences, particularly around the dips at resonance frequen-
cies. The latter are poorly predicted by the FE model, most
likely due to the inadequate assumption of simply sup-
ported boundary conditions and due to prestress resulting
from the bending of the panel during manufacturing. These
findings encourage the use the proposed hybrid procedure
for an accurate assessment of radiation damping in the
low frequency range under consideration of the actual
mounting condition and realistic material properties.

5 Summary and conclusion

A hybrid experimental-numerical approach has been
proposed for assessing acoustic radiation damping. The
transfer functions characterizing the structural mobility
are experimentally determined by means of automated
hammer excitation on a grid and scanning LDV. Given
the fact that radiation damping is particularly relevant in
complex material configurations with a high ratio of bend-
ing stiffness to mass, this approach offers the advantage of

Figure 11. Cross-sectional schematic illustrating the FE mod-
eling of a sandwich panel.

Figure 10. Radiation loss factors evaluated by hybrid procedure. Comparison among different types of excitation. Vertical dashed
gray lines indicate structural resonances in panel B-3, at which the three loss factors are expected to coincide.
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avoiding intricate constitutive modeling. Moreover, mobil-
ity measurements allow consideration of the actual mount-
ing condition. The latter has a significant influence on the
participating structural modes and thus radiation damping
in the low frequency range.

While the structural behavior is characterized experi-
mentally, the acoustic response that is needed for assessing
radiation damping is computed by simulation. Thus, the
limitations associated to acoustic measurements are
avoided. The experimentally obtained matrix of mobilities
is coupled to an acoustic BE model allowing to compute
the response to diffuse acoustic fields even in the low fre-
quency range. Moreover, the actual acoustic field can be
modeled including the effect of acoustic short circuiting
due to slits and gaps.

Rectangular aluminum honeycomb panels mounted
onto a tub-shaped foundation served as demonstrator for
verifying the proposed hybrid procedure. The structural
mobilities of the panels were determined once and then cou-
pled to various BE models resembling different acoustic
conditions. The results illustrate that radiation damping
is strongly dependent on the actual acoustic condition in
the low frequency range. Moreover, using the same matrix
of mobilities, radiation loss factors for excitation by point
forces, monopole sources and diffuse incident fields were
computed. Finally, radiation loss factors of a C-shaped
panel were determined, in which the material properties
are difficult to predict due to prestress. The findings under-
line the importance to properly consider mounting condi-
tions, excitation and the actual acoustic field for an

Figure 12. Radiated sound power and power corresponding to total vibrational energy of point-excited panel A evaluated by fully
coupled FEM–BEM procedure. Vertical dashed gray lines indicate cavity resonances occurring in panel A-3.

Figure 13. Radiation loss factors for diffuse field excitation. Comparison of hybrid approach to FEM–BEM procedure.

S.K. Baydoun et al.: Acta Acustica 2022, 6, 4412



accurate low-frequency assessment of radiation damping.
Clearly, these demands can hardly be met by a purely
experimental approach and thus, support the use of the pro-
posed hybrid procedure.

Surprisingly high radiation loss factors were observed
around the cavity resonance frequencies indicating that a
large fraction of the vibrational energy is dissipated by
sound radiation. This result requires further investigation
in the future as it might open up new possibilities for
exploiting radiation damping in order to deliberately dissi-
pate vibrational energy.

Besides the assessment of radiation damping, this
hybrid framework could also be used for evaluating sound
transmission without the need of special facilities. This does
not only include standard sound insulation measurements
of partitions between two rooms. Further applications
include the assessment of transmitted acoustic loading to
the inside of transport vehicles. For example, space tele-
scopes are subject to heavy acoustic loading during launch
and typically carry vulnerable payloads such as cameras

and scientific instruments. Often, the primary structures
of spacecrafts also feature gaps and slits to address thermal
expansion, which can hardly be addressed by purely acous-
tic measurements.

While we have briefly compared the results of the pro-
posed hybrid approach to those obtained by a coupled
FEM–BEM approach, proper benchmarking with respect
to state-of-the-art experimental methods (e.g. ISO 3745)
is an ongoing task.
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Appendix A

Assessment of the total vibrational energy in coupled
structural acoustic systems

The discretized equation of motion of a structural acous-
tic system, in which BEM is applied to the acoustic subdo-
main, reads

K� x2Mþ ixCrfH�1GCfr

� 	
u ¼ f ; ð16Þ

where u is the unknown displacement vector, K and M
are the structural stiffness and mass matrices, and f is
the excitation force. The matrix ixCrfH�1GCfr intro-
duces additional mass and damping forces due to the
acoustic field. Structural damping is neglected in the
following.

As discussed in Section 2.3, the time-averaged total
vibrational energy Etot can be expressed as twice the
time-averaged potential energy, i.e.

Etot ¼ 1
2
uTKu� � 1

2
fHu: ð17Þ

where the first term in equation (17) corresponds to the
energy due to the elastic strain and the second term is
the work done by external forces. In view of equation
(16), it is obvious that Etot may also be written as

Etot ¼ 1
2
uT x2M� ixCrfH�1 xð ÞG xð ÞCfr

� �
u�; ð18Þ

which is equivalent to equation (15). When using e.g.
FEM for modeling of the structural vibration [8], the eval-
uation of equation (17) is more favorable, since it does not
involve fully populated BE matrices. All the necessary
quantities including the stiffness matrix K are readily
available.

However, as discussed in Section 2.3, the situation is dif-
ferent when characterizing the structural behavior by
mobility measurements. In that case, it is not possible to
estimate the (static) stiffness matrix K, and the approach
in equation (18) is more appropriate. Finally, we note that
the expressions in equations (17) and (18) are not fully
equivalent to each other when structural damping contribu-
tions are considered.

Cite this article as: Baydoun SK. Roozen NB. & Marburg S. 2022. Hybrid assessment of acoustic radiation damping combining
in-situ mobility measurements and the boundary element method. Acta Acustica, 6, 44.
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