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Abstract: Fibreglass composite plates are used for applications ranging from aerospace and
automotive industries to construction industry. Vibroacoustic properties of the fibreglass plate has
been investigated for different boundary conditions. The theory of the plate vibration and sound
radiation has been used to determine the deflection of the composite plate at different locations on
its surface. 3-Dimentional (3D) deformations and their corresponding contour velocities of plate
have been computed for a range of frequencies. It has been shown that clamping the plate at four
edges delayed first resonance of the plate by 15 Hz and second resonance of the plate by 30 Hz.
Vibroacoustic indicators and the radiation impedance matrix of the plate have also been calculated.
The results of this study show that fibreglass plate could be used in building industry to dampen
the vibration of machine and structural vibration of buildings, and to sandwich building structures
to form panels in order to attenuate airborne sound and to lower noise transmission of structural
borne sound.
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1. Introduction

The vibrations of the structures that are made of isotropic and homogeneous materials has been
an important subject in the study of noise control, in the aeronautical industry, in the study of fluid-
solid interactions and in construction industry for double leaf partitions as building structures. When
a sound wave impinges on a structure, a part of acoustic energy is reflected back into source medium,
another part of the energy is dissipated in the structure and the rest of acoustic energy is transmitted
through the structure into the other medium. In building acoustic applications, the reflected acoustic
energy builds up a reverberant sound field in the source room that in turn vibrates the walls of the
buildings. The vibrations in the common walls between adjacent rooms radiate sound directly into
the receiver room. The vibrations in the other walls of the source room travel as structure-borne noise
to all walls of the receiving room and radiate sound into the receiver room.

Complex structures may be modelled as systems that are made of individual plate like elements.
The theory of vibration of porous and non-porous structures is a well-known branch of engineering
mechanics. Previous works on classical theory of the plate [1-7] has investigated vibration of isotropic
and anisotropic plates for various boundary conditions. The vibration of porous plates can be
described using two coupled equations [8], which are based on Biot’s stress-strain relations [9,10] and
which introduce two types of compressional waves (‘fast’ and ‘slow’) and a shear wave. The thickness
of plate is assumed to be smaller than the wavelength and that interaction can take place between the
slow waves and the bending waves in the plate. They also ignored the amplitude of the fast wave.
Galerkin’s variational techniques were applied to porous plates [11-13], considering a classical set of
trial functions obtained from the linear combination of trigonometric and hyperbolic functions for
various boundary conditions. The effects of fluid loading on the vibration of porous rectangular
plates and on their radiated sound power was investigated by including an extra term into the
equations for the porous plate vibration, corresponding to the additional external force acting on the
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plate [14]. Previous study on low frequency vibration of porous plates [15] has demonstrated the
existence of low frequency absorption coefficient resonance in configurations consisting of clamped
poroelastic plates with an air cavity between the plates and a rigid termination. An analytical model
that considers the effect of perforations and the effect of the flexural vibrations in the plates has been
formulated and used to calculate the insertion loss in the absence, and in the presence of air flow
[16,17].

Important progress in predicting acoustic radiation from solid structures including plates and
beams has been made in the last three decades. Many previous studies have focused on the
calculation of the radiation efficiency of these structures [18-21] and the radiation of sound from a
baffled, rectangular plate with edges elastically restrained against deflection and rotation [22,23]. The
models used for the radiation efficiency of plate-like radiators, ranged from very simple ones based
on modal average expressions to refined calculations of the radiation impedance matrix with cross-
modal coupling have been evaluated, and developed a new approach based on Taylor’s expansion
of the Green’s function [24]. Variational method that is based on the Rayleigh-Ritz model, can be used
to determine the radiation of sound from the plates that are immersed either in a light fluid or in a
heavy fluid by reducing the quadruple integral into a double integral using a specific change of
variable and by integrating the double integral with a numerical method using Gaussian quadrature
formulae [25-28]. An investigation was carried out on composite recycled glass bead panels to assess
their suitability for civil engineering application, especially in noisy urban environments, either as
structural panel components that also offer acoustic insulation or as dedicated noise barriers for
outdoor applications [29]. Recently, vibroacoustic properties of thin plates was studied for different
boundary conditions [30,31].

The aim of this paper is to investigate the vibrational and acoustical parameters of thin plates
that are made of fibreglass. The deflection of fibreglass plate was predicted at different locations on
the plate using the theory of the plate for simply supported and clamped boundary conditions.
Computational simulations were carried out to determine deformations of the plate in 3-Dimentional
for different frequency ranges for simply supported and clamped boundary conditions. Here,
vibroacoustic indicators including the radiation efficiency, the mean square velocity, and the radiated
sound power were computed for a square fibreglass plate. Furthermore, the radiation impedance
matrix was predicted for simply supported boundary condition by using equations for Eigen-
functions and Green-function.

2. Theory

2.1. Deflection of a fibreglass plate

Many different types of waves can be seen in solid structures when they are excited by different
ways of stressing. Acoustic wave motion in solid structures stores energy in shear as well as in
compression. The solid structures should have energy storage capability in the form of potential
energy and kinetic energy to allow acoustic wave propagation through their mediums. Potential
energy is stored in solid structure parts that have undergone elastic deformation while kinetic energy
is stored in any part of the medium that has mass in motion.

When a uniform fibreglass plate is subjected to a transverse, time dependent force density
F(x,y,t) the transverse deflection of the plate is governed by the fourth order differential equation.
The transverse vibration under free wave conditions stems entirely from inertial loading. A thin,
baffled square plate of dimension a x b (along aces x and y, respectively) and uniform thickness / is
considered in this study. The plate displacement induced by bending waves is in the direction of z-
axis and is function of time. The geometry of the plate is shown in Figure 1.

The flexural wave equation for fibreglass thin plate is given as follow.

DV*w, + psdws = F(x,y) 1
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where W, is the transverse plate deflection, M;S is the second order derivative of the plate
deflection, D=Eh> /12(1—v?) is the flexural rigidity, V* = V> (V2) and V? =82/8x2 +82/8y2

in the system of coordinates (x, y) with x and y parallel to the plate sides of length a and b respectively,
P, is the mass density, E is the Young’s modulus of the plate, and V is the Poisson ratio of the plate.
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Figure 1. The geometry of a baffled plate [30].

The plate deflection W, for harmonic wave motion is expressed in Equation 2.

W=D D A () @

where Amn is the unknown coefficients, m and n are the modes and they are equal to 0, 1,2, 3 ....00,

and X,and Y, are the beam functions in x and y direction respectively. The beam functions have

been selected to satisfy different boundary conditions at the edges of the plate. An appropriate
trigonometric function for vibrating beams has been used for X, and Y, different boundary

conditions. For simply supported plates, the beam functions are givenas X, (x)=sin@mz x/a), and
Y (y)=sin(nz y/b) which should satisfy the equations of equilibrium.
The boundary conciitions for simply supported edges of the plate are w = O'ZZT‘;’ = 0,forx =
Oandx =a and w = O,ZTVZV = 0,for y = 0 and y = b. The shape of each mode of vibration of plate can
be determined from Equation (2) by knowing the relative values of A4,, and the values of

X,and Y functions.

In the static and dynamic analysis, the excitation function F (x, i) has been expanded into double
infinite sine series of variables x and y for each value of the couple (m, n) by using the equation below;

F(x,y) = Xin=o0 Xn=0 Fnn sin(mnx/a) sin(nmy/b) ®)
where F, are the expansion coefficients.
By inserting (2) and (3) into (1), the unknown coefficient Amn can be obtained as follow.
Amn = Fnn/(DV* — w?p ) 4)

where @ is the angular frequency of the plate.
Trigonometric functions have been used to expand the plate deflection for clamped non-porous
fibreglass plate. These functions are called beam functions and they are given by.

X (%) = Bpppcosk(ayx/a) + Bypycos(anx/a) + By sindsinh (a,x/a) + Bpasin(an,x/a) (5-a)

Yn()’) = Cn1COS/2(bny/b) + ancos(bny/b) + Cn35in/2(bnY/b) + Cn45in(bny/b) (S'b)

doi:10.20944/preprints202302.0368.v1
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where a, and b, are the frequency parameters corresponding to the mt and nth normal modes of

characteristic equation. The constants Byu1,Bm2, Bms Bma, and C,,,C,,,C,,,C,, have been

determined from the boundary conditions at four edges of the plate in x and y direction respectively,
and allow any condition involving simply supported, and clamped edges.

2.2. Acoustic radiation from a fibreglass plate

Mean square velocity is the squared velocity normal to the surface of the plate in each frequency
band and it is averaged over time and the surface area of the plate. It expresses the behaviour of the
vibration of the plate. Mean square velocity of thin fibreglass plate is defined as a time-space average
of the square vibrational velocity of plate, and it is given by the Equation (6).

T2 (T ow(xy,t
V2=_f fflMFdet (6)
ab J, JJg ot

where T = %T, a and b are the coordinates of plates in x and y directions, respectively, and S is the
surface area of the plate.

The total sound field that is generated by vibrating plates can be expressed in terms of the
distribution of sound pressure over a given surface. The radiated sound power expresses the sound
energy radiated into the surrounding environment by vibration of the plate. It can be obtained from
the integration of the sound intensity over the plate surface. The radiated sound power of thin
fibreglass plate is given by the Equation (7).

T ow(x,y,t
W= T—lf ff P(xy, 0,6y WEDD yoo @)
L s 3t

where P(x,1,0,¢) is the surface acoustic pressure, which is often called Rayleigh integral, and is

given by the Equation (8).
P(x,y,0) = —pw? HW(x'.y')G(x,y. 0;x,y,0)dS 8)
S

where G(x,,0;x",)/,0) is the Green function and it is given by the Equation (9);

e~ JkR

2R )

G(x,y,O;x',y',O) =

where k is the wave number, and R is the distance between points given by the Equation (10).

R=V@-n?+@ -y (10)

The size and shape of the vibrating plate play an important role to determine the radiation
efficiency of the plate. The radiation efficiency of the plate is small at low frequencies because of
larger wavelength while the radiation efficiency approaches unity at higher frequencies because of
smaller wavelength of sound waves. The radiation efficiency expresses the ratio of the vibration
energy (mean square velocity) transformed into acoustic energy (sound power). The radiation

efficiency of the plate does not depend on the amplitude of vibrating structure. It can be obtained
using analytical methods, and it is given by the Equation (11).

W
" ZabV?

Where Z is the characteristic impedance of air.

n (1)

2.3. Radiation impedance matrix of the plate

The coefficients of the acoustic radiation impedance of a baffled plate are given by [22]:

Zonpa = JPW f f f Yo (6 )G 00, 2y, 0) g (', )ASAS ) (12)
S S
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where Z mnpg 18 known as the acoustic radiation impedance between the normal modes (m, 1) and

(1, q), G(x,y,z;x",y,0) is the Green function defined, p is the fluid density, and Ypq(x ,y) is the
eigenfunctions in the case of the simply supported boundary condition given by Equation (13);

pq(x,¥) = sin(%”) sin(%y) (13)

The acoustic radiation impedance shows the influences of the sound pressure in the (1, n) mode
on the plate system vibrating in the (p, ) mode. A Gaussian quadrature scheme with 30 terms of
functions in each direction (x, y) has been used to compute the radiation impedance matrix. When
the variables x =x’ and y= y’ ,forwhich G(x,y,z; X, y',O) go to infinity, care has been taken
to avoid singularity. The singularity at the origin has been avoided by taking G (0, 0) = 0. The direct
and cross coupling terms of the radiation impedance matrix are normalized by the characteristic

impedance ( p,C,), where p, is the air density and ¢, is the sound speed in the air.

3. The results of plate vibration

A baffled square fibreglass plate has been excited by a point force F(x, y, t) which is applied at xo
=0.25m, and yo=0.25 m from a corner of the plate. The responses have been calculated at the locations
given by x =0.25 m and y = 0.25 m, and at x = 0.15 m and y = 0.15 m respectively. The magnitude of
the force used to vibrate the plate was 1 Newton. The vibration response of the plate has been
predicted in the 0-1000 Hz frequency range using a MATLAB code. The properties of the plate used
for numerical analysis are given in the Table 1.

Table 1. Properties of thin fibreglass plate.

Length . Thickness  Density Young's Poisson
h Loss F
my Vdthmo o (kg/m¥ Modulus (Pa) ~°%° 2T Ratio
0.50 0.50 0.0025 1600 7.489 x 10° 0.03 0.2

The plate deflection has been predicted for values of normal characteristic modes (m, n) up to
30. The vibration responses of a simply supported and clamped fibreglass plate plotted against
frequency are compared in Figure 2. The responses observed are somewhat exponentially decaying
sinusoidal wave signals. The first and second resonance frequencies has been observed at 18 Hz and
91 Hz for simply supported plate respectively while in case of clamped plate, the first and second
resonance frequencies has been observed at 33 Hz and 121 Hz respectively. Clamping the plate at
four edges delayed first resonance of the plate by 15 Hz and second resonance of the plate by 30 Hz
while it reduces the amplitude of the plate deflection throughout the frequency range. The deflections
of the fibreglass plate have been also calculated at a point where x =0.15 m and y = 0.15 m as shown
in Figure 3. It shows that only the amplitude of resonances changes at lower frequencies while at
higher frequencies the resonance frequency and its amplitude change [31].

doi:10.20944/preprints202302.0368.v1
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Figure 2. Deflection of simply supported (SSSS) and clamped (CCCC) fibreglass plate at x = 0.25m
and y = 0.25m.
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Figure 3. Deflection of simply supported (SSSS) and clamped (CCCC) fibreglass plate at x = 0.15 m
and y=0.15m.

3-D deformations of thin fibreglass plate for simply supported boundary condition are
computed using a MATLAB code, at centre of the plate for 100 Hz, 500 Hz and 1 kHz, and their
corresponding results are shown in Figures 4a, b, and c respectively. 3D deformations for clamped
fibreglass plate are shown in Figure 5a,b, and c respectively. Sixteen modes in each direction have
been used to compute the 3D deformations and contour velocity of the fibreglass plate. Vertical line
at the centre of the plate shows the location where the force is applied to the plate. The results clearly
show that different modal deformations at 100 Hz, 500 Hz and 1 kHz frequencies can be observed for
simply supported and clamped plate boundary conditions. 3D deformation in Figure 4a corresponds
to first resonance frequency while the visualisation of the deformation in Figure 4b corresponds to
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first and second resonances. When the frequency increases, the number of the plate resonances
increase which leads more sound energy being attenuated by vibrating plate.
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Figure 4. 3D deformation of fibreglass simply supported plate a) at 100 Hz, b) at 500 Hz, and c) at 1

kHz respectively [31].
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Figure 5. 3D deformation of fibreglass clamped plate a) at 100 Hz, b) at 500 Hz, and c) at 1 kHz
respectively [31].

The square velocities corresponding to 3D deformations of the plate that are shown in Figures 4
and 5 are given in Figures 6 and 7. Point dot shows the location of the force applied to the plate. Dark
red contours show the high-pressure areas (compression) while dark blue contours show the

minimum pressure areas (decompression).
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Figure 6. Square velocity (contour) of fibreglass simply supported plate a) at 100 Hz, b) at 500 Hz, and
c) at 1 kHz respectively [30].
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Figure 7. Square velocity (contour) of fibreglass clamped plate a) at 100 Hz, b) at 500 Hz, and c) at 1
kHz respectively [30].

If the plate deflection given by Equation (2) is solved, then the mean square velocity of the plate
can easily be predicted. The mean square velocity of fibreglass plate is shown in Figure 8 while the
predicted real part of the radiated sound power is shown in Figure 9 [30]. The peaks observed in
frequency dependent mean square velocity and radiated sound power curves correspond to twelve
resonances seen in plate deflection for simply supported boundary condition in Figure 2. The
radiation efficiency of the plate has been calculated by using the radiated sound power and the mean
square velocity of the plate. The radiation efficiency of a square simply supported fibreglass plate is
shown in Figure 10.

20 T T T T T T T T T

Mean Square Velocity (dB)

_70 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)

Figure 8. Mean square velocities of the fibreglass plate at x = 0.25m and y = 0.25m. Reference sound
velocity is 5x10® m/s.
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Figure 9. The real part of radiated sound power of the fibreglass plate at x = 0.25m and y = 0.25m.
Reference sound power is 1012 W.
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Figure 10. Radiation efficiency of the fibreglass plate.

The direct terms (z,  / p,c, ) of the radiation impedance matrix are shown in Figure 11. When

higher values of (m, n) are used in the calculations, the radiation impedance matrix is equal to zero

at low frequency. The cross-coupling terms Z / p,c, areshown in Figure 12. The values of m,

minpq
n, p, and q vary between 0 and N. These figures show that the predicted radiation impedance matrix
exhibits a smooth variation in terms of frequency. The real part of the radiation impedance matrix
(direct terms) is the radiation resistance and expresses the radiation damping of the plate structure
while the imaginary part of the radiation impedance matrix (cross coupling terms) is the radiation
reactance and expresses the added mass of gas on its structure.
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Figure 11. Radiation impedance matrix, direct terms.
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Figure 12. Cross coupling terms of the real part of the radiation impedance matrix.

4. Conclusion

An investigation of the vibrational and acoustical parameters of thin fibreglass plate that is made
of fibreglass has been carried out. The deflection of the fibreglass plate has been computed using the
classical theory of the vibrating plate for simply supported and clamped boundary conditions at
difference locations on the plate surface. Computational simulations have been carried out to
determine deformations of the plate in 3D and their corresponding square velocities for different
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frequency ranges for simply supported and clamped boundary conditions. It has been shown that
clamping the plate at four edges delayed first resonance of the plate by 15 Hz and second resonance
of the plate by 30 Hz.

Vibroacoustic indicators including the radiation efficiency, the mean square velocity, and the
radiated sound power have been computed for a square fibreglass plate. The radiation impedance
matrix has been calculated and the direct and cross coupling terms of it have been normalized using
characteristic impedance. The real part of the radiation impedance matrix is the radiation resistance
and expresses the radiation damping of the plate structure.

The findings show that fibreglass plate could be applied to dampen the vibration of machine
and structural vibration of buildings. In addition, fibreglass plates could be utilized to sandwich
building structures to form panels in order to attenuate airborne sound and to lower sound
transmission of structural borne noise.
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