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A theoretical elasticity model is established to study the noise reduction performance of a compliant
coating layer that is attached to a periodically rib-stiffened plate under time-harmonic mechanical
excitation. The general case of the structure immersed in two different fluids is considered so as to
accurately simulate the interior and exterior fluid media of hull structures in underwater environment.
The theory of plane strain elasticity is employed to model the dilatational and shear motions of the
compliant coating layer and the elastic plate, while the scalar Helmholtz equation is adopted to describe
the motions of the two fluids. Vibroacoustic coupling is realized by enforcing displacement and stress
continuity at adjacent layer interfaces, with the reaction forces of the rib-stiffeners accounted for by
introducing them as discretely distributed stresses. The resultant boundary value equations of the system
are solved by applying the Fourier transform technique, based upon which the noise reduction due to the
compliant coating layer can be favorably calculated. Numerical investigations are implemented to
explore the effects of coating thickness, coating material properties, radiation angle, and excitation
location on noise reduction. The theoretical results presented in this study provide valuable guidance for
experimental research and structural design related to the decoupling effects of coating layers affixed to
elastic structures in underwater environment.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

The combined mechanical and acoustic performance of com-
posite structures is of great concern in many engineering applica-
tions, since these structures are often subjected to dynamic and
acoustic excitations (Ehsan Omidi, 2016; Li et al., 2013; Li and Lyu,
2014; Reza Ansari, 2016; Xin and Lu, 2016; Chen and Huang, 2015).
Among these, noise reduction by compliant coating layers attached
to underwater structures for enhanced structure sound proofing
has received increasing attention (Hladky-Hennion and
Decarpigny, 1991; Keltie, 1998; Tao et al., 2010). The coating layer
made of a relatively soft material contributes to enlarge the thick-
ness deformation over the elastic structure under fluid loading,
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served.
causing therefore the decoupling of the motions of the elastic
structure and the surrounding fluid (Berry et al., 2001; Foin et al.,
2000). The acoustic design of such coated structures calls for ac-
curate theoretical modeling of the noise reduction response of the
compliant coating layer. The purpose of this paper is therefore to
develop a theoretical elasticity model for noise reduction achieved
by attaching a compliant coating layer to a periodically rib-stiffened
plate immersed in fluids.

A great deal of work has been devoted to studying the me-
chanical and acoustical performance of composite structures. For
instance, a layerwise/solid-element approach was proposed to
analyze the linear static and free vibration of composite sandwich
plates (Hasheminejad and Miri, 2007; Li et al., 2013; Pandey and
Pradyumna, 2015; Sadeghpour et al., 2016; Sahoo et al., 2016).
The soundproofing effect of particle composites was experimen-
tally studied, and concluded that the transmission loss of the
composites was increased nonlinearly with increasing filler volume
fraction (Liang and Jiang, 2012). Also, the mechanical, thermal and
acoustical performances of composites were experimentally
investigated from the viewpoint of manufacturing conditions

mailto:fengxian.xin@gmail.com
mailto:tjlu@mail.xjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.euromechsol.2016.11.001&domain=pdf
www.sciencedirect.com/science/journal/09977538
http://www.elsevier.com/locate/ejmsol
http://dx.doi.org/10.1016/j.euromechsol.2016.11.001
http://dx.doi.org/10.1016/j.euromechsol.2016.11.001
http://dx.doi.org/10.1016/j.euromechsol.2016.11.001


Fig. 1. Schematic illustration for noise reduction of a rib-stiffened plate covered with a
compliant coating layer.
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(David and Francesco, 2015; Hao et al., 2013).
Actually, the Kirchhoff thin plate theory was commonly adopted

to model the vibration and acoustic responses of single- or multi-
layer panel configurations (Keltie, 1993; Legault and Atalla, 2010;
Lin and Garrelick, 1977; Mace, 1980; Narayanan and Shanbhag,
1981; Xin and Lu, 2010a). To account for the influence of shearing
deformation and rotary inertia, the Mindlin plate theory was
developed for modeling thick plates (Gholami et al., 2016; Mindlin,
1951; Park andMongeau, 2008). To more accurately describe three-
dimensional (3D) displacements and stresses, the elasticity theory
of solids should be employed to handle the dilatational and shear
wave behaviors of solid layers (Ko, 1997; Maidanik and Tucker,
1974; Qu and Meng, 2014). This is of vital importance for obtain-
ing exact predictions at higher wavenumbers and frequencies, as
plate theories failed to do so.

Adopting the elasticity theory, Jackins and Gaunaurd formulated
a theoretical model for sound reflection from multilayered elastic
flat plates (Jackins and Gaunaurd, 1986), while Chonan and Kugo
conducted an acoustic design for three-layered plates with high
sound interception in terms of various combinations of the facing
and the core materials (Chonan and Kugo, 1991). Ko established a
theoretical model to evaluate the effectiveness of an air-voided
elastomer layer perfectly bonded to an infinite plate in reducing
the structure-borne noise (Ko, 1997). Often, to deal with plate
structures covered with coating layers, the elasticity theory was
also combined with the thin plate theory, yielding sufficiently ac-
curate results. For instance, focusing on the signal velocity response
of elastically coated plates, Keltie developed an analytical model for
a compliant elastic coating attached to a submerged thin plate
(Keltie, 1998). Modeling the decoupling layer with 3D elasticity
theory, Berry et al. presented a theoretical analysis for the vibroa-
coustic response of a finite simply-supported rectangular plate
covered by a decoupling layer and immersed in heavy fluid.

Although the sound radiation and transmission issues of elas-
tically coated plate structures have been extensively studied, the
noise reduction realized by attaching a compliant coating layer to a
plate structure (periodically rib-stiffened plate in particular) is
rarely studied. Since the relationship between noise reduction and
sound transmission loss has not been clearly explained (Tao et al.,
2010), an individual investigation for the noise reduction
behavior of the compliant coating layer is of paramount importance
to understand the soundproofing effectiveness of the coating. This
study aims to squarely address this issue. By utilizing the Fourier
transform technique, a 3D elasticity model is proposed to explore
the noise reduction of a compliant coating layer affixed to a rib-
stiffened plate. The model is capable of dealing with the case that
the structure is immersed in two different fluids on its two sides,
which thus can favorably simulate the real environment of under-
water structures. For illustration, numerical investigations are
conducted to quantify the effects of key system parameters (e.g.,
coating thickness, radiation angle, coating material properties and
excitation location) on the noise reduction of the compliant coating
layer.

2. Theoretical formulation

2.1. Structure dynamics of plate and coating

With reference to Fig. 1, consider a periodically rib-stiffened
elastic plate of infinite extent in the xz plane covered with a uni-
form coating layer of a compliant, elastic solid on the upper surface.
These rib-stiffeners are parallelly connected with the elastic plate
along the z-direction, separated by a constant distance of L in the x-
direction. The entire structure is immersed in two different fluids,
i.e., fluid 1 on the lower half-space and fluid 2 on the upper half-
space. The thicknesses of the compliant coating layer and the
elastic plate are represent by the symbols ht and hb, while the
height and thickness of the rib-stiffeners are denoted by hr and t,
respectively. A line time-harmonic force f(x,t) along the z-direction
is assumed to exert on the bottom of the elastic plate, causing the
vibration of the structure and sound radiation in both the lower and
upper half-spaces.

Both made of linear, isotropic and homogeneous solid materials,
the motions of the compliant coating layer and the elastic plate
should obey the Navier-Cauchy equation in the category of elas-
ticity theory, as:

maV
2uðaÞ þ ðla þ maÞV

�
V$uðaÞ

�
¼ ra

v2uðaÞ

vt2
(1)

where u(x,y,t) is the displacement vector, la and ma are the Lam�e
constants, ra denotes alternatively the density for the compliant
coating layer and the elastic plate when its subscript a¼ t and a¼ b.
The samemeaning of the subscript holds throughout the study. The
stresses and strains in the elastic solid layers comply with the
following constitutive relationship:

s
ðaÞ
ij ¼ la

�
V$uðaÞ

�
dij þ ma

�
uðaÞi;j þ uðaÞj;i

�
(2)

To describe the dilatational motion and shear motion of a solid,
the elasticity theory dictates that the displacement of the solid can
be divided into the irrotational part and the rotational part (cor-
responding separately to dilatational motion and shear motion), as:

uðaÞ ¼ VfðaÞ þ V� jðaÞ (3)

where f(a) is the dilatational scalar potential and j is the shear
vector potential. Given the two-dimensional (2D) plane strain na-
ture of the system, the shear vector potential j actually has only
one component in the z-direction, i.e., taking the form of (0, 0, j(a)).
The two potentials are separately governed by the Helmholtz
equation:

V2fðaÞ ¼ 1h
cðaÞd

i2 v2fðaÞ

vt2
; V2jðaÞ ¼ 1h

cðaÞs

i2 v2jðaÞ

vt2
(4)

in which the dilatational wave speed and the shear wave speed are
determined by the Lam�e constants and the density of the solid
material, as:
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cðaÞd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
la þ 2ma

ra

s
; cðaÞs ¼

ffiffiffiffiffi
ma
ra

r
(5)

To relate variables in the physical domain to those in the
wavenumber domain, the Fourier transform technique is applied,
yielding:

fðaÞðx; y; tÞ ¼ 1
2p

Zþ∞

�∞

FðaÞða; y; tÞe�iaxda; FðaÞða; y; tÞ

¼
Zþ∞

�∞

fðaÞðx; y; tÞeiaxdx (6)

jðaÞðx; y; tÞ ¼ 1
2p

Zþ∞

�∞

JðaÞða; y; tÞe�iaxda; JðaÞða; y; tÞ

¼
Zþ∞

�∞

jðaÞðx; y; tÞeiaxdx (7)

Accordingly, the Helmholtz equation of Eq. (4) can be written in
the wavenumber domain as:

d2FðaÞ

dy2
þ
�h

kðaÞd

i2 � a2
�
FðaÞ ¼ 0 (8)

d2JðaÞ

dy2
þ
�h

kðaÞs

i2 � a2
�
JðaÞ ¼ 0 (9)

where kðaÞd ¼ u=cðaÞd and kðaÞs ¼ u=cðaÞs are the wavenumber of the
dilatational wave and the shear wave, respectively. Solutions of Eqs.
(8) and (9) can be given as:

FðaÞ ¼ AðaÞ
1 ða; tÞe�ibðaÞ

d y þ BðaÞ1 ða; tÞeibðaÞ
d y (10)

JðaÞ ¼ AðaÞ
2 ða; tÞe�ibðaÞ

s y þ BðaÞ2 ða; tÞeibðaÞ
s y (11)

where b
ðaÞ
d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½kðaÞd �2 � a2

q
and bðaÞs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½kðaÞs �2 � a2

q
; AðaÞ

1 ða; tÞ and
BðaÞ1 ða; tÞ are the potential amplitudes for the positive- and
negative-going dilatational waves, respectively; and AðaÞ

2 ða; tÞ and
BðaÞ2 ða; tÞ are the potential amplitudes for the positive- and
negative-going shear waves, respectively. For 2D plane strain, Eq.
(3) can be written as:

uðaÞx ¼ vfðaÞ

vx
þ vjðaÞ

vy
; uðaÞy ¼ vfðaÞ

vy
� vjðaÞ

vx
(12)

The constitutive relationship of Eq. (2) gives the stress compo-
nents, as:

s
ðaÞ
yy ¼ ðla þ 2maÞ

 
v2fðaÞ

vx2
þ v2fðaÞ

vy2

!
� 2ma

 
v2fðaÞ

vx2
þ v2jðaÞ

vxvy

!
(13)

s
ðaÞ
xy ¼ ma

 
2
v2fðaÞ

vxvy
þ v2jðaÞ

vy2
� v2jðaÞ

vx2

!
(14)

In the wavenumber domain, the displacements (UðaÞ
x , UðaÞ

y ) and
the stresses (SðaÞ

yy , S
ðaÞ
xy ) can be written in the following forms:
UðaÞ
x ¼

24a�AðaÞ
1 ða; tÞe�ibðaÞ

d y þ BðaÞ1 ða; tÞeibðaÞ
d y
�

þbðaÞs

�
AðaÞ
2 ða; tÞe�ibðaÞ

s y � BðaÞ2 ða; tÞeibðaÞ
s y
�
35$ð�iÞ (15)

UðaÞ
y ¼

24bðaÞd

�
AðaÞ
1 ða; tÞe�ibðaÞ

d y � BðaÞ1 ða; tÞeibðaÞ
d y
�

�a
�
AðaÞ
2 ða; tÞe�ibðaÞ

s y þ BðaÞ2 ða; tÞeibðaÞ
s y
�
35$ð�iÞ (16)

S
ðaÞ
yy ¼ 2maab

ðaÞ
s

�
AðaÞ
2 ða; tÞe�ibðaÞ

s y � BðaÞ2 ða; tÞeibðaÞ
s y
�
�
�
laa

2

þ ðla þ 2maÞ
h
b
ðaÞ
d

i2��
AðaÞ
1 ða; tÞe�ibðaÞ

d y þ BðaÞ1 ða; tÞeibðaÞ
d y
�
(17)

S
ðaÞ
xy ¼

24�a2 � hbðaÞs

i2��
AðaÞ
2 ða; tÞe�ibðaÞ

s y þ BðaÞ2 ða; tÞeibðaÞ
s y
�

�2abðaÞd

�
AðaÞ
1 ða; tÞe�ibðaÞ

d y � BðaÞ1 ða; tÞeibðaÞ
d y
�

35$ma
(18)
2.2. Acoustic and force excitations

With the two fluids in the upper and lower half-spaces both
taken as ideal and inviscid compressible, their motions can be
described by the scalar Helmholtz equation in the absence of shear
wave, as:

V2pi ¼
1
c2i

v2pi
vt2

(19)

where i ¼ 1,2. Applying the Fourier transform pairs of the sound
pressure:

piðx; y; tÞ ¼
1
2p

Zþ∞

�∞

Piða; y; tÞe�iaxda (20)

Piða; y; tÞ ¼
Zþ∞

�∞

piðx; y; tÞeiaxdx (21)

one obtains:

d2Pi
dy2

þ a2i Pi ¼ 0 (22)

where bi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2i � a2

q
, ki ¼ u/ci being the wavenumber in the i th

fluid. The general solution of (22) may be given as:

Piða; y; tÞ ¼ Aiða; tÞe�ibiy þ Biða; tÞeibiy (23)

Solutions in the lower and upper half-spaces can be given
separately as:

P1ða; y; tÞ ¼ A1ða; tÞe�ib1y (24)

P2ða; y; tÞ ¼ B2ða; tÞeib2y (25)

A line time-harmonic force along the z-direction exerting on the
bottom surface of the elastic plate is expressed as:
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f ðx; tÞ ¼ q0dðx� x0Þeiut (26)

where q0 is the amplitude and x0 is the location of the force. After
Fourier transformation of the line force, it becomes:

Fða; tÞ ¼ q0e
iðax0þutÞ (27)
2.3. Dynamics of rib-stiffeners

Due to the eccentricity between the neutral axis of the stiffeners
and the mid-plane of the plate, there actually exists a coupling
between the translational and rotational displacements of the
stiffeners (Mejdi and Atalla, 2010, 2012). For the case considered in
the present study, this eccentricity is much smaller than the other
dimensions of the structure, so that for simplicity the coupling ef-
fect may be disregarded especially for small displacement vibration
(Legault and Atalla, 2010). In the following, the decoupling trans-
lational and rotational motions are separately considered.

The classical Timoshenko beam equation is used to model the
displacement of the rib-stiffeners in the y-direction (plane strain):

rA
v2syðx; tÞ

vt2
þ r2I

Gk
v4syðx; tÞ

vt4
¼ �fyðx; tÞ � rI

GAk
v2fyðx; tÞ

vt2
(28)

where sy(x,t) is the rib-stiffener displacement in the y-direction,
fy(x,t) is the force per unit length in the y-direction, r is the density,
A is the cross-sectional area, I is the second moment of area about
the x-axis, G is the shear modulus, and k is the shear coefficient. The
displacement of the rib-stiffener sy(x,t) has the form:

syðx; tÞ ¼ 1
2p

Zþ∞

�∞

Syða; tÞe�iaxda (29)

Therefore, the equivalent force of the rib-stiffener has the same
form:

fyðx; tÞ ¼ bKy$
1
2p

Zþ∞

�∞

Syða; tÞe�iaxda (30)

With perfect bonding between the rib-stiffeners and the elastic
plate assumed, the rib-stiffener displacement equals to the plate
displacement in the y-direction at the connection y ¼ h
(h ¼ ht þ hb). The equivalent force of the rib-stiffener thence
becomes:

fyðx; tÞ ¼ bKy$
1
2p

Zþ∞

�∞

UðbÞ
y ða; h; tÞe�iaxda (31)

where

bKy ¼ �rAu2 þ �r2I�Gk�u4

�1þ ðrI=GAkÞu2 (32)

To model the rotation motion of the rib-stiffener, the torsional
wave equation satisfying the plane strain condition is employed:

rJ
v2qðx; tÞ

vt2
¼ �mzðx; tÞ (33)

where q(x,t) is the rotational angle of the rib-stiffener about its
centroid, mz(x,t) is the torque per unit length in the z-direction on
the top of the rib-stiffener, and J is the polar moment of inertia
about the z-axis. The torque can be given by applying the distrib-
uted force, as:

mzðx; tÞ ¼
�
hr
2

	
fxðx; tÞ (34)

where fx(x,t) is the force per unit length in the x-direction, hr being
the height of the rib-stiffener. The rotation angle can be written in
the form:

qðx; tÞ ¼ vuðbÞy ðx; h; tÞ
vx

¼ � 1
2p

Zþ∞

�∞

iaUðbÞ
y ða;h; tÞe�iaxda (35)

Thus, the force per unit length has the same form:

fxðx; tÞ ¼ �bKx
1
2p

Zþ∞

�∞

iaUðbÞ
y ða; h; tÞe�iaxda (36)

where

bKx ¼ 2J
hr
u2r (37)
2.4. Boundary conditions and solutions

The displacements and stresses of different layers should be
continuous at the connected interfaces, which ensure the sole so-
lution of the vibroacoustic system. At the three interfaces (y ¼ 0, ht
and h ¼ ht þ hb), there are ten boundary conditions that the dis-
placements and stresses should obey:

s
ðtÞ
yy





y¼ht

¼ s
ðbÞ
yy





y¼ht

; s
ðtÞ
xy





y¼ht

¼ s
ðbÞ
xy





y¼ht

(38)

uðtÞx





y¼ht

¼ uðbÞx





y¼ht

; uðtÞy





y¼ht

¼ uðbÞy





y¼ht

(39)

r2
v2uðtÞy

vt2







y¼0

¼ �vp2
vy






y¼0

; r1
v2uðbÞy

vt2







y¼h

¼ �vp1
vy






y¼h

(40)

s
ðtÞ
yy





y¼0

¼ �p2jy¼0; s
ðtÞ
xy





y¼0

¼ 0 (41)

s
ðbÞ
yy





y¼h

¼ �ðp1 þ f Þjy¼h þ
Xþ∞

n¼�∞
fyðx; tÞdðx� nLÞ; s

ðbÞ
xy





y¼h

¼
Xþ∞

n¼�∞
fxðx; tÞdðx� nLÞ

(42)

Here, the discretely distributed stiffeners (or the offset distances
between the z-axis and the centroid of the stiffeners) have been
accurately considered via the application of the Dirac delta function
d(x�nL), if one notices that d(x�nL) ¼ 1 holds only at the stiffener
locations x ¼ 0,±L,±2L ….

Substituting the expressions of the displacements and stresses
in the wavenumber domain into the above boundary conditions
and applying the identity:
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Xþ∞

n¼�∞
dðx� nLÞ ¼ 1

L

Xþ∞

n¼�∞
e�i2npx=L (43)

one obtains the following ten equations for the vibroacoustic sys-
tem of Fig. 1:

242mtabðtÞs

�
AðtÞ
2 ða;tÞe�ibðtÞ

s ht�BðtÞ2 ða;tÞeibðtÞ
s ht

�
�
�
lta

2þðltþ2mtÞ
h
b
ðtÞ
d

i2��
AðtÞ
1 ða;tÞe�ibðtÞ

d htþBðtÞ1 ða;tÞeibðtÞ
d ht

�
35

�
242mbabðbÞs

�
AðbÞ
2 ða;tÞe�ibðbÞ

s ht�BðbÞ2 ða;tÞeibðbÞ
s ht

�
�
�
lba

2þðlbþ2mbÞ
h
b
ðbÞ
d

i2��
AðbÞ
1 ða;tÞe�ibðbÞ

d htþBðbÞ1 ða;tÞeibðbÞ
d ht

�
35

¼0

(44)

24�a2 � hbðtÞs

i2��
AðtÞ
2 ða; tÞe�ibðtÞ

s ht þ BðtÞ2 ða; tÞeibðtÞ
s ht

�
�2abðtÞd

�
AðtÞ
1 ða; tÞe�ibðtÞ

d ht � BðtÞ1 ða; tÞeibðtÞ
d ht

�
35$mt

�
24�a2 � hbðbÞs

i2��
AðbÞ
2 ða; tÞe�ibðbÞ

s ht þ BðbÞ2 ða; tÞeibðbÞ
s ht

�
�2abðbÞd

�
AðbÞ
1 ða; tÞe�ibðbÞ

d ht � BðbÞ1 ða; tÞeibðbÞ
d ht

�
35$mb

¼ 0

(45)

h
a
�
AðtÞ
1 ða; tÞe�ibðtÞ

d ht þ BðtÞ1 ða; tÞeibðtÞ
d ht

�
þ bðtÞs

�
AðtÞ
2 ða; tÞe�ibðtÞ

s ht

� BðtÞ2 ða; tÞeibðtÞ
s ht

�i
�
h
a
�
AðbÞ
1 ða; tÞe�ibðbÞ

d ht þ BðbÞ1 ða; tÞeibðbÞ
d ht

�
þ bðbÞs

�
AðbÞ
2 ða; tÞe�ibðbÞ

s ht � BðbÞ2 ða; tÞeibðbÞ
s ht

�i
¼ 0

(46)

h
b
ðtÞ
d

�
AðtÞ
1 ða; tÞe�ibðtÞ

d ht � BðtÞ1 ða; tÞeibðtÞ
d ht

�
� a

�
AðtÞ
2 ða; tÞe�ibðtÞ

s ht

þ BðtÞ2 ða; tÞeibðtÞ
s ht

�i
�
h
b
ðbÞ
d

�
AðbÞ
1 ða; tÞe�ibðbÞ

d ht � BðbÞ1 ða; tÞeibðbÞ
d ht

�
� a
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2mbab
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lba

2
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b
ðbÞ
d

i2��
AðbÞ
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bKy
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(52)
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35$mb
¼ �

bKx

L

Xþ∞

n¼�∞
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ðbÞ
y ðan; h; tÞ (53)

Here, an ¼ a�2np/L, and the displacement of the bottom surface
of the elastic plate, UðbÞ

y ða;h; tÞ, is given by:

UðbÞ
y ða; h; tÞ ¼ ð�iÞ$

h
b
ðbÞ
d

�
AðbÞ
1 ða; tÞe�ibðbÞ

d h � BðbÞ1 ða; tÞeibðbÞ
d h
�

� a
�
AðbÞ
2 ða; tÞe�ibðbÞ

s h þ BðbÞ2 ða; tÞeibðbÞ
s h
�i

(54)

The ten unknown wave propagation coefficients form a vector
fXng, as:

fXng¼
8<:AðtÞ

1 ðanÞ BðtÞ1 ðanÞ AðtÞ
2 ðanÞ BðtÞ2 ðanÞ AðbÞ

1 ðanÞ BðbÞ1 ðanÞ
AðbÞ
2 ðanÞ BðbÞ2 ðanÞ A1ðanÞ B2ðanÞ

9=;
T

(55)

For simplicity, the ten boundary value equations can be
rewritten in matrix form, as:

½TðaÞ�fXg ¼
Xþ∞

n¼�∞
½UðanÞ�fXng þ fFðaÞg (56)

where [T(a)] is a 10� 10matrix that describes the dynamicmotions
of the coating layer and the elastic plate, fXng is the 10� 1 vector of
unknown wave propagation coefficients, ½UðanÞ� is the 10 � 10
matrix that models the equivalent rib-stiffener forces exerting on
the elastic plate, and fFðaÞg is the 10 � 1 vector that represents the
line force excitation. For convenience, Eq. (56) can be further
written in a global matrix notation as:

bTbX ¼ bUbX þ bF (57)

where bT is a block diagonal matrix in the form:



Table 1
Structural dimensions and material properties.

Description Parameter & Value

Decoupling coating layer
Thickness ht ¼ 40 mm
Lam�e constant lt ¼ 28.1 MPa
Lam�e constant mt ¼ 9.7 MPa
Density rt ¼ 600 kg/m3

Elastic plate
Thickness hb ¼ 10 mm
Lam�e constant lb ¼ 51.1 GPa
Lam�e constant mt ¼ 26.3 GPa
Density rt ¼ 2710 kg/m3

Rib-stiffeners
Thickness t ¼ 20 mm
Height hr ¼ 50 mm
Spacing L ¼ 0.5 m
Young's modulus E ¼ 70 GPa
Density r ¼ 2710 kg/m3

Poisson ratio n ¼ 0.33
Shear coefficient k ¼ 0.833
Fluid 1 (air)
Density rf ¼ 1.21 kg/m3

Sound speed cf ¼ 343 m/s
Fluid 2 (water)
Density rf ¼ 1025 kg/m3

Sound speed cf ¼ 1475 m/s

F. Xin, T.J. Lu / European Journal of Mechanics A/Solids 62 (2017) 1e136
bT ¼

266664
1 « 0

Tða�1Þ 0 0
/ 0 TðaÞ 0 /

0 0 Tða1Þ
0 « 1

377775; (58)

bU is a rank block matrix:

bU ¼

266664
1 « 0

Uða�1Þ UðaÞ Uða1Þ
/ Uða�1Þ UðaÞ Uða1Þ /

Uða�1Þ UðaÞ Uða1Þ
0 « 1

377775; (59)

bX is the vector for unknown wave propagation coefficients:

bX ¼ �/ fX�1gT fX0gT fX1gT /
�T (60)

and bF is the line force excitation vector:

bF ¼ �/ fF�1gT fF0gT fF1gT /
�T (61)

The 0 term in (58) represents a 10� 10 matrix with all zero
entries. The unknown wave propagation coefficients can be ob-
tained by solving the equation:

bX ¼
hbT � bUi�1bF (62)

Once the wave propagation coefficients are determined, the
near field radiated sound pressure can be expressed as:

p2ðx; yÞ ¼
r2u

2

2p

Zþ∞

�∞

UðtÞ
y ða;0Þ
ib2

e�iaxþib2yda (63)

while the far field radiated sound pressure can be determined by
(Mace, 1981; Xin and Lu, 2010b)

p2ðr; qÞ ¼ �r2u
2UðtÞ

y ðk2 sin q;0Þeik2r
.
2pr (64)

where q is the radiated angle with respect to the y-axis (Fig. 1).
To evaluate the extent of noise reduction achieved by adding a

compliant coating layer to the structure, the dimensionless indictor
NR is defined as the ratio of sound pressure at the measuring point
without and with attaching the compliant coating layer in decibel
scale, i.e.:

NR ¼ 20 log10

 
p2ðr; qÞjht¼0

p2ðr; qÞjht¼ht

!
(65)
3. Numerical results and discussion

Numerical calculations are conducted in this section to examine
the noise reduction behavior of a compliant coating layer affixed to
a periodically rib-stiffened plate structure. The two cases of the
structure immersed in air-air and air-water (i.e., fluid 1-fluid 2) are
separately considered. Unless otherwise specified, the far field
radiated sound pressure at the measuring point (0, �1, 0) m is
applied to calculate the noise reduction. Structural dimensions and
material properties employed in numerical calculation are listed in
Table 1. Sound pressure levels (SPL) of the rib-stiffened plate
without and with the compliant coating layer, as well as noise
reduction of the coating layer are firstly analyzed. Subsequently, the
effects of the compliant coating layer thickness, radiation angle,
coating material properties and excitation location on SPL are
quantified.
3.1. Sound radiation and noise reduction

Using the theoretical model established in the previous section,
we first calculate the far field radiated sound pressure of the rib-
stiffened plate without and with a compliant coating layer
attached, for both the air-air and air-water cases. The noise
reduction performance of the coating can thence be obtained and
intuitively understood, as shown in Figs. 2 and 3. When no coating
is attached, several resonant peaks and dips appear in the SPL curve
for the rib-stiffened plate in the air-air case, but these resonant
peaks and dips disappear in the counterpart curve of the air-water
case. The latter is attributed to the heavy fluid loading effect. In
comparison, when the rib-stiffened plate is covered with a coating
layer, a variety of resonant peaks and dips emerge in both the air-air
and the air-water cases. These newly emerged peaks and dips are
caused by the waveguide behavior of the relatively soft coating
layer (Keltie, 1998). Namely, the boundary conditions restrict the
fluid 2/coating/plate system to constitute a rigid-rigid dilatational
waveguide model and a rigid-free shear waveguide model, which
correspond to the resonant dips and peaks in the SPL curves,
respectively. Also, the coating layer affixed to the rib-stiffened plate
introduces complicated wave interaction among the dilatational
and shear waves in the coating layer and the elastic plate as well as
the flexural waves in the rib-stiffeners, which should contribute to
some of the peaks and dips in the SPL curves. Moreover, the SPL
curve of the air-air case (Fig. 2) exhibits much denser peaks and
dips than that of the air-water case (Fig. 3), owing to the more
pronounced added-mass effect of the heavy fluid loading.

Since the far field sound pressures are known for both the
without and with coating cases, the noise reduction achieved by
the coating layer is actually the difference of the two pressures in
decibel scale. As shown in Figs. 2 and 3, the noise reduction of the
coating in the air-water case is several tens of decibels larger in
average and exhibits relatively sparser peaks and dips than that in



Fig. 2. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-air case.

Fig. 3. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-water case.
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the air-air case. These results demonstrate the significant difference
between heavy fluid loading (water) and light fluid loading (air).
3.2. Effect of compliant coating thickness

The influence of coating thickness on its noise reduction capa-
bility is studied by varying the coating thickness while keeping all
the other parameters unchanged. Selected results are presented in
Figs. 4 and 5 for the air-air and air-water cases, respectively. As the
coating thickness is increased, the resonant peaks and dips mainly
move to lower frequencies, except that several peaks and dips
caused by the rib-stiffened plate itself hold on their original sites.
This trend is particularly obvious in the air-water case (Fig. 5).
Because the heavy fluid loading significantly suppresses the reso-
nance of the rib-stiffened plate itself (see Fig. 3), the remaining
peaks and dips are mainly related to the dilatational waveguide and
shear waveguide behaviors of the fluid 2/coating/plate coupling
system. These waveguide behaviors are closely associated with the
coating thickness, causing the shift of the peaks and dips to lower
frequencies in Fig. 5. In contrast, to a large extent, the complicated
wave interaction in the air-air case overwhelms the shift of the
waveguide-induced peaks and dips to lower frequencies.



Fig. 4. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-air case: effect of coating thickness.

Fig. 5. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-water case: effect of coating thickness.
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3.3. Effect of radiation angle

As shown in Figs. 6 and 7 for both the air-air and air-water cases,
the noise reduction characteristics of the coating layer in different
radiation angle directions are explored by comparing the two
Fig. 6. Noise reduction achieved by affixing a compliant coating layer to a
typical radiation angles of 0� and 45�. When the radiation angle is
changed from 0� to 45�, the averaged noise reduction scale remains
almost unchanged. However, there is a significant shift of the peaks
and dips towards lower frequencies, which is especially obvious in
the air-air case (Fig. 6). The waveguide behaviors of the coating
periodically rib-stiffened plate in air-air case: effect of radiation angle.



Fig. 7. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-water case: effect of radiation angle.
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layer, the resonant mode of the rib-stiffened plate itself, and the
complicated wave interactions combine to induce the maximum
andminimumvalues of the normal velocity of the radiating surface.
A superposition of these contributes to the far field sound pressure
at the measuring point; see Eqs. (63) and (64). Therefore, the
radiated sound pressure and noise reduction are closely related to
the direction of the measuring point (i.e., the radiation angle; see
Eq. (64)). The only exception is that the first dip in Fig. 7 moves,
albeit slightly, to a higher frequency when the radiation angle is
changed from 0� to 45�. As this dip is associated with the mass-
spring-mass mode constituted by the fluid 2/coating/plate sys-
tem, it does not follow the trend of the other resonant modes. Note
that the mass-spring-mass mode does not exist in the air-air case
(Fig. 6), since the light fluid (air) cannot be regarded as an effective
lumped mass.

3.4. Effect of coating material properties

When a coating layer is used to reduce the sound radiation of
elastic structures, its properties should affect the noise reduction
behavior of the coating itself. To evaluate the effect of coating
material properties on noise reduction, the dilatational wave speed
and the shear wave speed of the coating material are selected.
Corresponding results for the air-air case are presented in Figs. 8
Fig. 8. Noise reduction achieved by affixing a compliant coating layer to a perio
and 9, which show that altering the dilatational wave and shear
wave speeds of the coatingmaterial does not significantly affect the
tendency of the noise reduction curves. Only the peaks and dips
associated with the waveguide modes of the coating layer move,
while those associated with the modes of the rib-stiffened plate
itself almost remain unchanged. Because the coating layer is much
stiffer than air, alterations of the dilatational wave and shear wave
speeds as considered here does not significantly change the stiff-
ness of the relatively stiff coating layer.

However, in the presence of a heavy fluid (water), the coating
layer may be regarded as a relatively soft material. In this case, as
shown in Figs. 10 and 11, changing either the dilatational wave
speed or shear wave speed of the coating material induces
remarkable stiffness change of the coating, causing therefore sig-
nificant alterations of its noise reduction behavior. As the dilata-
tional (or shear) wave speed is increased, the peaks and dips
associated with the waveguide modes of the coating all shift to-
wards high frequencies. Similar to Fig. 7, the mass-spring-mass
mode in Fig. 10 does not follow the same trend as others.

The results presented here suggest that, by changing the ma-
terial properties of the coating layer, it is feasible to noticeably
improve its noise reduction performance in specific frequency
ranges.
dically rib-stiffened plate in air-air case: effect of dilatational wave speed.



Fig. 9. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-air case: effect of shear wave speed.

Fig. 10. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-water case: effect of dilatational wave speed.

Fig. 11. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-water case: effect of shear wave speed.
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3.5. Effect of excitation location

Since the elastic plate is periodically attached with rib-stiffeners
(Fig. 1), two typical excitation locations of x0 ¼ 0 and x0 ¼ L/2 are
chosen to examine the effect of excitation location on noise
reduction of the coating. Other relevant parameters remain un-
changed in the theoretical model. Notice that, with reference to the
selected coordinate system of Fig. 1, these two locations mean that
the line force is exerted on the center of two adjacent rib-stiffeners
and the right side of one rib-stiffener, respectively. Again, both the



Fig. 12. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-air case: effect of excitation location.

Fig. 13. Noise reduction achieved by affixing a compliant coating layer to a periodically rib-stiffened plate in air-water case: effect of excitation location.
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air-air and air-water cases are considered.
For the air-air case, when the excitation location is altered from

0 to L/2, it can be seen from Fig. 12 that noise reduction increases
over a wide frequency range except the range between approxi-
mately 2700 Hze3200 Hz. In comparison, for the air-water case
shown in Fig. 13, the noise reduction significantly decreases when
the excitation location is changed from 0 to L/2, except for several
individual peaks. By comparing the results of Figs. 12 and 13, it is
seen that the noise reduction behavior of the coating layer is much
more sensitive to excitation location in the air-water case than that
in the air-air case. In other words, in underwater environment,
excitation directly exerted on the rib-stiffener of the present
structure can dramatically destruct the noise reduction perfor-
mance of the coating layer.
4. Conclusions

An elasticity model is established to investigate the noise
reduction performance of a compliant coating layer affixed to a
periodically rib-stiffened elastic plate. The structure is immersed in
two different inviscid fluids so as to accurately mimic the interior
and exterior fluid media of the structure in underwater environ-
ment. The theory of plane strain elasticity is adopted to model the
dilatational and shearmotion behaviors of the coating layer and the
elastic plate. Motions of the inviscid fluids are described using the
scalar Helmholtz equation in the absence of shear wave, while
motions of the rib-stiffeners are characterized by employing the
Timoshenko beam equation and the torsional equation. As a
vibroacoustic coupling system, the fluid loadings and the forces of
the rib-stiffeners are coupled with the vibration of the coating layer
and the plate by enforcing displacement and stress continuity
conditions. Solution of the unknownwave propagation coefficients
in the final system of governing equations enables the noise
reduction analysis. Based upon the proposed theoretical model,
numerical calculations are performed to investigate the effects of
coating thickness, coating material properties, radiation angle, and
excitation location on the noise reduction performance of the
coating layer.

The results demonstrate that heavy fluid loading (e.g., water) is
able to suppress the resonance behavior of periodically rib-
stiffened plates, so that the waveguide behaviors of the coating
prevail in the air-water case. Increasing the coating thickness shifts
the resonant peaks and dips associated with the waveguide
behavior of the coating towards lower frequencies, while those
arising from the resonant mode of the rib-stiffened plate remain
unchanged. Increasing the radiation angle also shifts the peaks and
dips to lower frequencies, except for the mass-spring-mass reso-
nance peak that is almost unchanged. Increasing the dilatational
and shear wave speeds of the coating material leads to slight
changes of the resonant peaks and dips related to the rib-stiffened
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plate and noticeable shifting to higher frequencies of the peaks and
dips associated with the waveguide behavior of the coating. Rela-
tive to exciting at the center of two adjacent rib-stiffeners, excita-
tion exerted directly on the rib-stiffener can obviously deteriorate
the noise reduction performance of the coating layer. The noise
reduction behavior of the coating is more sensitive to changes in
systemparameters in the air-water case than that in the air-air case.
The theoretical results presented in this study provide valuable
guidance on experimental research and structural design related to
decoupling coating layers affixed to underwater elastic structures.
Future research needs to consider the combined mechanical and
acoustical behavior of rib-stiffened structures attached with an
anechoic coating for underwater engineering applications.
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Appendix A. Derivation of equation (56)

The nonzero entries of [T(a)] matrix are:
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The nonzero entries of [U(a)] matrix are:
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bKxana

L
e�ibðbÞ

s h

U10;8 ¼
bKxana

L
eib

ðbÞ
s h

(A12)

The entries of the generalized force vector are:

F ¼ �0 0 0 0 0 0 0 0 �q0eiax0 0
�T (A13)
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