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Abstract To predict sound-absorbing performance of anechoic materials, the acoustic reflection problem of a vis-

coelastic layer backed with periodically rib-stiffened infinite double plates is studied. Firstly, the reason why structural

theories of plates are not applicable to viscoelastic plates is explained through comparing flexural waves with Lamb

waves. Therefore, (visco-) elastic theory is adopted to deal with (visco-) elastic plates, and ribs are treated by structural

theories of plates. The coupling between ribs and plates is solved by Hull’s method. Solution of reflection field is obtained

at last. The accuracy of present method is validated by comparing results of acoustic reflection from rib-stiffened double

plates computed by structural theories of plates. The influence of a backing on acoustic reflection of the viscoelatic

layer is analyzed by computing reflection coefficients. Performance of different viscoelastic materials are evaluated by

defining the average reflection coefficients. The results show that, influence of a backing on acoustic reflection cannot be

suppressed by viscoelastic materials in low frequencies. The resonance is introduced by coupling of the fluid layer and

double plates. And ribs, which are coupled with double plates, mainly make acoustic reflection reduced.
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= 0, w2|z=c = uF3
|z=c .

(17)

� ¡ S�� � � ��Y {exp(ikmx)}
,�����1 �  ã�����	 J�
 ÷�������� 9

∞∑

n=−∞

δ (x − nL) =
1

L

∞∑

n=−∞

exp

(
i2πnx

L

)
, (18)

∞∑

n=−∞

{
∞∑

m=−∞

Gm(z)eikmx

}
exp

(
i2πnx

L

)
=

∞∑

m=−∞

{
∞∑

n=−∞

Gn(z)

}
eikmx, (19)

|

� R 9 ÷ (18) { +�, 	 J
 ÷ 9 ÷ (19) { Hull 	 J

 ÷ [11],

6 ��� 
 ÷�S  ��B à�2 J ¿�2���ë�,��
G i S 5§� L u ��� ]�1�º�£ � 9

|

T (3)
zz,m(a) = −ρF1

ω2
[
δmφ0 exp

(
−iγ(1)

m a
)

+ Rmφ0 exp
(
iγ(1)

m a
)]

, (20)

T (3)
zx,m(a) = 0, (21)

W (3)
m (a) = −iγ(1)

m δmφ0 exp
(
−iγ(1)

m a
)

+ iγ(1)
m Rmφ0 exp

(
iγ(1)

m a
)

, (22)

T (3)
zz,m(h) = T (1)

zz,m(h), (23)

T (3)
zx,m(h) = T (1)

zx,m(h), (24)

W (3)
m (h) = W (1)

m (h), (25)

U (3)
m (h) = U (1)

m (h), (26)

T
(1)
zz,m (−h) = −ρF2

ω2
[
Em exp

(
iγ

(2)
m h

)
+ Fm exp

(
−iγ

(2)
m h

)]
−

1

L

∞∑

n=−∞

[
PW (1)

n (−h) − QW (3)
n (b)

]
, (27)

T (1)
zx,m (−h) = 0, (28)

W (1)
m (−h) = −iγ(2)

m Em exp
(
iγ(2)

m h
)

+ iγ(2)
m Fm exp

(
−iγ(2)

m h
)

, (29)

T
(2)
zz,m(b) = −ρF2

ω2
[
Em exp

(
−iγ

(2)
m b

)
+ Fm exp

(
iγ

(2)
m b

)]
+

1

L

∞∑

n=−∞

[
QW (1)

n (−h) − PW (3)
n (b)

]
, (30)

T (2)
zx,m(b) = 0, (31)

W (2)
m (b) = −iγ(2)

m Em exp
(
−iγ(2)

m b
)

+ iγ(2)
m Fm exp

(
iγ(2)

m b
)

, (32)

T (2)
zz,m(c) = −ρF3

ω2Tmφ0 exp
(
−iγ(3)

m c
)

, (33)

T (2)
zx,m(c) = 0, (34)

W (2)
m (c) = −iγ(3)

m Tmφ0 exp
(
−iγ(3)

m c
)

, (35)

�ùR 9 a = h + h3, b = −h− d, c = −h − d − h2

5



3
¸ ����� � ø ¼�/�0�½�¾�¿�À�½�2�,�3�W�X 331

2 r � � ôoö ç * , â t ÷ 4 � 9 � 2 �o]o1º�£ ��â ß {���ã ,���� z�÷�ø
Amxm =

∞∑

n=−∞

Fnxn+

{
P , m = 0,

0, m 6= 0,
m = −∞, · · · ,∞

(36)

�ùR 9�� 	 Y�� xm {���ã�� * z�÷�ø
xm =

{
Rm A

(3)
m B

(3)
m C

(3)
m D

(3)
m A

(1)
m

B
(1)
m C

(1)
m D

(1)
m Em Fm A

(2)
m

B
(2)
m C

(2)
m D

(2)
m Tm

}
,

(37)

I
Am J Fn { 16 × 16

,�����9
P { 1 × 16

, �
* 9���e â t ÷�����	 A

5
@�����
���B 9N§� L u ø

(
Â − F̂

)
x̂ = P̂ , (38)

�ùR 9

Â =




. . .
... . .

.

A−1 0 0

· · · 0 A0 0 · · ·

0 0 A1

. .
. ...

. . .




,

F̂ =




. . .
... . .

.

F−1 F0 F1

· · · F−1 F0 F1 · · ·

F−1 F0 F1

. .
. ...

. . .




,

P̂ =
[
· · · 0

T
P

T
0

T · · ·
]T

,

x̂ =
[
· · · (x−1)

T
(x0)

T
(x1)

T
· · ·

]T

.

¤ ÷ (38)
§� 	�L Y�� Rm,

4 ��÷ (9)
§ L W�X�3��,�¹�5

3 ������
÷ (9)

2�W�X�3�� ��� { à�á�f�ç *�� ¾o, z÷ 9 m
} W�X�à�á�f�ç * ,�����º�� { {km, γ

(1)
m }
5

�
m = 0

ú â ß�,�O���W�X�f�ç * ~ � m 6= 0
ú�9

(γ
(1)
m )

2
> 0
; r , {�� ��W�X�f�ç * 9 I (γ

(1)
m )

2
< 0; r , {�� x � ��º�� ����9 	�!�æ � z � ��º��

"�#�, ��$�% f�ç * 5 \�&�¿�'�(�:�)�d���W�X�f F` 97ç�*�¾�¿�À�½�2�+�, ã /�0�¼ ê ½�,�1�(�ú�9.-��W�X�f�ç * � 9�/�0 ko����� ��WoX�f J ��$�%f�ç * ,�i S 5 ¤¦� ��$�% f � d�2�á � > )�d�97d1 � ��2�3 § v�w 9 I ;��5476�8�Xo4�1 I�9 1 �
l�� ��«�:�;�9N;���3�W�X�Y �o,5<ò¤ �>=�? K�@d�A�8�, 1 � ��� 9Nb�¥�:�0 koU � ��WoX�foç *
J � ��W�X�f�ç * ,�BoQ�5N/o0o¼ ê ½�,C4 ,�O {#�D�3�W�X�9 ��E�B O�2o3�( lom goh�i S�F��o{G�( I ����9 { -�. � ;���3�(�,�H�I�i S 9.J ���
ã�K ;�,�3�W�X�Y�� [8−9],

R (θi, f) =

√√√√
∞∑

m=−∞

|Rm|
2
,

(
γ(1)

m

)2

> 0, (39)

L O�M * :�; � ,�N�;�W�X�Y ��9NOo;�WoX�3 � R��W�X�f J � ��W�X�����f�ç * ,�M * � J ,�O G
* æ�5�P K ;�§�¨�9NW�X�Y�� R

� E�k D�� 1
5

3.1 Q�R�S�T
{�U�V Hull

·�¸�¹�º�»�,���+�1�9 F�W�X�� à2
P1 3Nã ào2 P2 3 ¼ ê ½ P3

� ¿o2
R $o{�Y2o5

P1 J P3
,oäoæ � J { 0.8 cm, P2

,oäoæ {
3 cm

5 X ï�e�ð�ñ F1 3 F2 J F3 $�{�Z 5 Z ,�[Næ
{ 1000 kg/m3,

3�. { 1500 m/s
5 � X�� { 30◦

5
ç�è ¡ S Kirchhoff \ 2 B�C J Mindlin R ä�2 B�C
	�L ¾�¿�À�½�2�,�W�X�3�� (

Z�[ ����	 B),
��\

Hull
·�¸�¹�º�»�,�Z�[�; - 9 ��Þ 4

c�ß�5 § � Hull·�¸�¹�º�»N, U�V Z�[�\ Mindlin B�C�]�G�^�_ 97\
\ 2 B�C�K�` ³ ��a 5

ü
4 Hull bdcdedfdgdhdikjmldn

3.2 Ø�o�p�q�r�s�t�u; Þ 3
coßo,oÁoÂo9�v�w Xo� ào2 P1 3Nã à2

P2 J ¿�2 R {�Y 2�9N¼ ê ½ P3 { /�0�1�2�5
�Nã à�2�,�ä�æ�ç�è { 0.8 cm J 3 cm,

/�0�1�2�,
ä�æ { 5 cm

5 ��ã à�2�,�ë�ì { 0.8 m,
¿�2�ë�ì {

0.5 m
5õï�e

F1 J F2 {�Z 9õï�e F3 {Nî�x 5 î�x
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3 � � �

2013 �
,�[�æ { 1.29 kg/m3,

3�. { 340 m/s
5

X F2
ç�è {�Z���î�x 9 � X�� { θi = 30◦,

ç�è
U�V «�¿ J &�¿�À�½�2�,�W�X�Y ��9NZ�[ ��Þ 5(a)cNß 9 - )��õ] (2) J (3)

§�¨�9ó2�ë�ï�e�½ {�Z ú\ ��37ã à�2� G I�������� ,�� #�	 9 6�O ¤õ��d
���)��ú�P � à�2���X ��� R ë Z ½�,�M * ^ �,�����9���
�����¾�� ��� 3�M����9�� # �������#���5 6�����
������ú� �!�½�;�2�ë Z ½ ��� � �
# &�»�« q���"�# 5 - ���õ] (1) J (2)

§�¨�9ód�

�ú�¿�2�\�à�2 � � G i S ;�W�X�Y ��« ^ A ��2
3 9 L%$ L W�X�Y � - &�¿�'�( k D ��& 5 6�O�b {¿�2 z�'���$�% f�ç�(�d�2�á � > � ï�e F1

� 2�ëï�e�½
F2 R 9 � � \�2�á�à ��� º�� ����9 ¤õ� L)�« ��* ç�3�M�9.P�3�W�X � ��æ�s�+�9 � � ��,�u

“ - I ” * ç�3�M�9%���3�W�X � i S 5N6��.�/%
ú�¿�2�\ ��3Nã à�2 � � G i S µ �ox  �!o½ � é3�0�M�5 � � 9 ;���1 ��� X���æ�9 ��$�% f � d �
K 
��� ��2 )�d�9N6 ��3 P Þ 7(b)

§��+�¶�5N\
&�¿�'�( z�'�$�%�� W�X�� Fo` 9N¾o¿�'�( � W�X3�� ��� x�4�5 ����9�P 5(b)

§�6�7�u�8�9 ��4�59�:�9N6�O�¿�2 z�'�� �oWoX�f J � �oW�Xofoç *��; i S�� Z�[�5

Þ 6 < ¶ W X Y � J W X 3 � � � æ –

=�

Þ 9 - � Þ 6(a) J Þ 6(b)
§ � 9?>�@ � 4�0 ` ³ �

a 9N6��.� Þ R c�ß � � # �A�o��B � OAC } WoXà�á�f�ç * (
!�æ

|Rm|)
��� � #�� O G Z�[�5 d�
��� � ú�9�D�ë Z ½�\ ��37ã à�D� G i S J�, � �

# 8�X >�?�E G 2d cos θi = nλ, n = 1, 2, · · · ��F Y
( G�Þ R c�ß ��H�I�3 ] ), � R θi {�� X���J λ { fK�LNM O�b {����Z ½ ��O f�d ��ã à�D�ë�·�¸�0 �W�X�J M & W�X O ]�d ��K�� X�� J 
�� ã � ô���a����� K 4�5 (

� # ),
� � ��d�à�á�f�P R ��� � �f�J M ú�P � à�D���X�¶�Q ��O f�R�� � � # L � 
ú Z ½�f�P ����ã 8�á�§ >�? {�S 0 � J M ú � ��f0 k�T M � 9�: G�{ 2d cos θi = nλ, n = 1, 2, · · ·

L
I �
�ú�f�P � 8�á F M >o? {�S 0�J M ú � �of��� � 9�:�� {���  J F�T M�U á ����"�F Y LPAV Bo�o� JN·o¸A0 � ¿ADo\ �oã àAD � G i
S � E�k ��� Bragg

� # 8�X�J M � � # 8�X T M
2L sin θi = nλ, n = 1, 2, · · · ��F Y L ��P Þ 6 R�W 67 F u�¿�D ��� � Bragg

8�X���� L Þ 7 { ¼� �!½�¾�¿ " ½�D (
D�ä

0.8 cm,
 �!�½

2 cm)
W�X�Y��

� 
�� –
��æ Þ L P Þ 7(a)

§ � J ¿�D�J�, � Bragg8�X�&�»�6�7�u�JdJ�, � Bloch
8�X � F � D LYX Q

(a) ZY[Y\Y] (b) ZY[Y^Y_ü
5 ���������������Y`��dhY^YZY[

(a) ZY[Y\Y] (b) ZY[Y^Y_ü
6 �����������������Y^YZY[dhYaYb – cYd ü
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� ��W�X�f�J ��Þ 7(b),
� §��6�7�u�� { � D�� U� J�� � Bloch

8�X�����JN�
Bragg

8�X������ E6�7 F u L�M ����������B�A���æ � 4 6 I�9 J7¿�D\�à�D�� G J�, � Bragg
� # 8�X�§�M���������

F � D L����¿�D�\ Z ½ � � G i S�����B J 4 U�	�
 �/���« G�H�� º�» L ¤¦��¿�D l���^�\ J � 	 ����« ��& � Z�� J M ú�¿�D�\ Z ½ � � G i S ����J7b¥�³�P�2�¿�D�� ��{�O �.� L%X ��� ¿AD�\ Z ½ �� G i S J � Z ½�d ��� � ��� ¿�Do\ ��ã àAD��ë�� k ��� � # L \ U P�ç�*�����J7d�
���� � ú�J¿�D� � ��ã à�D z�' ��W�X�e�J � 8Ná�§���� {�S0�J ��O Z ½�d ��� ¿�D��ë ��� � #�� 9�:���� {
2L sin θi = nλ, n = 1, 2, · · · ;

d ��ã à�D���ë ��� �
#�� 9�:���� { 2d cos θi = nλ, n = 1, 2, · · ·

L�� è
� J � Z ½�d�¿�D�ë�� # ú�J ¤¦·�¸�0 � C���W�X�e��X�¶ ��O f � ô���a J z�'���� � # J P I $ L ¿D�ë ��Z ½�� #���� � � L I d�
������ú�J 8�á��M���� {�S 0�J Z ½�� � � #�� 9�: - � ��  J�� TM M &���"���F Y L

(a) ZY[Y\Y]

(b) ���� �!YZY[�"�#dhYZY[Y\Y]ü
7 ������������$����YZY[Y\Y]dhYcYd – aYb ü

3.3 %'&'(')'*'+',
P ÷ (39) -'. J�/'0'1��'2 � 0��'3 F J��54

��� 0���ú�6 ê�7 � é O 0�M��84�J M59 V5: *�;

< w�=�6�> 7 ��?�O 0�M �5@ �8A5BA6�J�C5D�E ;<�F ����4�G�H � 6�> 7 � 0�I�J'K LML'N JM�'/�0
O�OQP�O I�R�S�T�U�V�W�X�Y�Z\[�]5^�_5`�a5b PX'Y'/'0'1'c'Z

R(f) =

√√√√√√√√

∫ π/2

0

R2(θi, f) sin θi cos θidθi

∫ π/2

0

sin θi cos θidθi

, (40)

dfegZ
R(θi, f)

L�h
(39)

`�a�b P�i /�0�1�c�j�XY�/�0�1�c�k�l�m�6�> 7�n�o�p - I P ]�0�T5U�_q i'r'P X'Y ?'i's I'Z�t'u'2'v'w'3'x'jy'z'{|e P'}'~ G'H'� L G'H 1, �'� 9'p }'~
s G'H'Z�� L G'H 2,

d'�'U
ρ∗s = 1.09× 103 kg/m3,�������

E0 = 3×107 N/m2, ������� η = 0.249, �� F
σ∗ = 0.49

j F��'�'� P X'Y'/'0'1'c'Z�^'� 8`���j����
8 -�� Z�G�H 1 P�s I���������J < GH

2
j�v'w �'�'� Z�G'H

1 � G'H 2
n'�'�'�'� _

P X�Y�/�0�1�c�� ��<5  �5��� Z � N � v � �5¡2���¢�_�X ¡ P�£�¤�¥ ; ���5�5¦�§5¨�© � i /50
P�¥ ; Z�4 � G�H 1

������¡ q i /�0 P�ª�« ��¬< G�H
2
j��®�Z�X�Y�/�0�1�c�y�¯�°�±�X�²�Z��

³�´ m ¡�µ�¶�7 P�¥ ; Z�·�¸º¹gX5Y5/�051�c ´5»
¤ ; <�¼�½¿¾ÁÀ P�Â 05Ã�Ä5Z�Å5u�u » ¤ ; <�Æ5Ç6�> 7 J�K�jÈ�

9
L s I�É�Ê P ´ 4 }�~ G�H�Ë�Ì P

Í
8 Î�Ï�Ð�Ñ�Ò�Ó�Ô�Õ�Ö�×�Ø�Ù�Ú�Û�Ü�Ý�Þ�ß�ÔáàâÒ

Í
9 Î�Ï�Ð�ã�Ô�Õ�Ö�×�Ø�Ù�Ú�Û�Ü�Ý�Þ�ß�ÔáàâÒ
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6�> 7 P X�Y�/�0�1�c P F ����� Z�·���� p G�H
P'�'�'�'� ¼
	 L 0.21, 0.23 � 0.25,

d
�
�'c'Y'2
}�~ G�H 1

É�4�j����
9  E�����Z�X�Y�������c�q< s I
� ¼
� Ê P'?'i G'H
�
� �
� P
� 	 I
�'j

4 ���
��{��� �!�"�#%$ r�& Lamb r�P x���Z ��'�() (�� ¼�½ m ¡ Ê�*�(�+ ´�»�,�- }�~�s ¡ (

¬�.�/
G'H

) P10 n
2 � Z43 ¡ (
+ � Mindlin
(
+ ¼
	
5

-�6�7 ��8 7�9�: (�+�ZMd�Ê�*�;�U ´�< Z>= 7
9�:(�+%? -�@�A s Å ´�B�-�C ;�D , j L�N Z>E , HullF�G�H�I�J�K�H m  �L ¬�M }�~�N ����O N ¡ P�i����P�Q�ZM��I���R�b���[�] i �
����c'Z>S�!
"�qd�T�U�V�W�X�Y�E Æ�Ç ´�T }�~ G�H P�s I�j W�U ���V ¹XW�Y�q�M�> N�P�i ������Z�� P�[�\ Z � v �
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d'@ @
A Zfe
g��
� r ®'Zfhi Ì�j�g���� P�k�l�r5� j5Y�m r Z��5Å�n�o�p�q]�D�j ��¡ ¢ ` � N E�r���_�X ¡ P'£�¤'¥ , Y L no�¯�° Â � P���s Z ` � N�& ��_�X ¡ P�£�¤�¥ , [§ P
a
b ¯'° Â � n ='v � Ê
*
t ¤ 2d cos θi = nλ,

n = 1, 2, · · · P x���Z Å ��¡ & X ¡ £�¤ i Ì P Bragg¯�° Â ��q -�u�v ¬�w�U ¾ À Å�x ´ ¹Xy (
d 2 �%z{
|
}

)
j~�
�
�'c  ,
- ¼'½ ¾ À P'Â �'Ã'Ä'Z ÅX�Y�������c���u ,�- Fg� ´�T G�H�M�� N�P�s IJ'K

(
¦
� '¥ L d
� À z��
� ¼ |
} )

j�?�t
� 
@ M
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�
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