
�
43 � � 6 � � � � � Vol. 43, No. 6

2018 � 11 � ACTA ACUSTICA Nov., 2018

� 	 
 �
– � 
 � � � � � � � �

����� 1,2 ����� 1,2† � � 1,2

(1  "!"#"$"%"&"')("*"+","-"."/"0"12 "!"# 150001)

(2  "!"#"$"%"&"')("*"$"%"'"32 "!"# 150001)

2017 4 1 5 11 687"9
2017 4 2 5 15 68:";<>=@?>A>B>C>D>E>F>G>HJIJKJLJMJN>CJOJPJQJHJR>SJTJUJVXWJYJZJ[JAJBJ\>]J^J_

–
?>A>E>F>G>`>a>IJbJc>dJeJHJfJgJhi>j>k>l>A>B>m>n>o>p>H

Biot q n>r>s>t>u>Y>A>B>\>]>o>p>H Biot v M>w>x>h8y>z>{>_ –
E>F>G>`>a>H

“ |>} ” ~ `>�>�>tu>Y>I q>� _>�Jc>�J_ –
?>A>E>F>G>`>a>HJbJc>dJeJV�eJ�>�J�J�J�JAJBJHJm>nJuJ�JbJcJdJe>�J�J�J�JHJ�J�JL>MJV�]JAJB� m>�>�>�>�>h��"lJAJB>H � mJ�J�>HJ�J�JcJ�>�J�J�JhX�J�>bJcJdJeJ�> Jh�¡>¢J£J¤>¥J¦J§J�Jc>h�I qJ¨ �J©>ªJ�J?JAJBH>E>F>G>V«i>j>Z>[>z>¬J�>�>h­AJB>®J¯>°­?Jx>°­I q �J�>£J±>�Jc>¦J§ ¨ N>fJg>_ –

?>AJE>FJG>`Ja>bJc>d>eJH>²JS>³J´>V
PACS µ·¶ 43.35

Reflection of acoustic waves at a water-gassy sediment interface

ZHENG Guangying1,2 HUANG Yiwang1,2 HUA Jian1,2

(1 Science and Technology on Underwater Acoustic Laboratory, Harbin Engineering University Harbin 150001)

(2 College of Underwater Acoustic Engineering, Harbin Engineering University Harbin 150001)

Received Jan. 11, 2017

Revised Feb. 15, 2017

Abstract Acoustic property of gassy sediment is an important problem for seafloor prospecting. In order to study the

effect of gas bubbles on the reflection coefficient at a water-gassy sediment interface, the corrected Biot elastic moduli

involving gas bubble pulsations are derived based on the Biot wave equation corrected by linear bubble oscillations. Then

the reflection coefficient is derived through combining the “open pore” boundary condition. Numerical analysis shows the

reflection coefficient presents significant variation versus frequency due to bubble oscillations. For wave frequency near

the bubble resonance frequency, bubble resonances cause high scattering and high attenuation, which induces to a high

reflection coefficient and a poor acoustic penetration at water-gassy sediment interface. And numerical analysis indicates

the volume concentration, the bubble size, the wave frequency and the angle of incidence are important parameters

affecting the reflection coefficient at a water-gassy sediment interface.
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3��ãÀ	�	���ãÀã¾��ãÅ���� ß�����
[12]
Ë�R��½æ½»½¼½ô½õ½ö½Ë��½ê½ë½ì

BICSQS8*9·Ô·Õ
Biot-Stoll
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	�ãäãå %3	4 B	5	�	6 ß
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–
/9091çôçõö	�	�ãÅã¿ãÀ	� µ Ì � ÿ9091�R9S�T � Å	�9U (	)

V (	W	X·û	Y	Z �*� �	0	1	R	S	T � Å Biot
ú·û*8

�ãÌáï�[�\�]
Stoll[7] �	� Å	� –

�	�ãèãé	�	�ãÅ�^
��_�`	�ã¾	�ãóãÀ	��/�0�1ãôãõãö	�	�ãÅã¾ã¿çÀ�a
b���
�� ��
 �½Ë�R½ÌHQ����*� –

/	0�1·ô½õ·ö*���¾·¿·À*� µ Å	K	O	P·û ß
1 ced

!��
15 ��
 æ�0�1�)½õ�R�S�f½ó���U�(�) V (W�Xãû�Y�Z :gQ	�	�ãêãë�0�1	)ãõ�R�S�T � Å

Biot9���S�Y�Z½ÌHh
(1)
ÐHh

(2)
:
H , C, M

�
µ
ì

Biotú·û*8*�·Ì8i*�
u j	k N )	l	m·Å	n*�	o�p·Ì8i	�

v j�k N )�q�m�B��½ÿ���U�(�)½Å�B���o�p·Ì ρ j�k�*�·è·é·Ò	r·ö·Å	s	t·Ì
ρw j	k �	U*(*)·Å	s	t·Ì

η
ì*�	U*(*)·Å·ü	u*� µ Ì κ ì*�*�·è·é V �	O·Ì Fì	!�K��ãÅ�v�T � 7�wãÌ

ρ̃
ì�0�1�R�S�fãóãÅ�s�t

T �	x ß
|

µ∇2u + [H − µ]∇ (∇ · u) − C∇ (∇ · v) =
∂2

∂t2
((ρ+ γρ̃) u − (ρw + γρ̃) v) , (1)

C∇ (∇ · u) −M∇ (∇ · v) =
∂2

∂t2

(
(ρ̃+ ρw) u −

(
αρw

β
+ ρ̃

)
v

)
−
ηF

κ

∂v

∂t
. (2)ì*�	y*
	z	h·Ì8{	]·Ú*�	|	} µ �	i*�	|	} µ F j	k o	p	i*� u

�
v, ~ � ¶

u = ∇φs + ∇× ψs, (3)

v = ∇φf + ∇× ψf . (4)æ	z·ù	|	} µ Ì8�·ó*�	S	Y	Z	�·Ô·Ë	�	Q*�·Ú*�	|	} µ �	i*�	|	} µ Å	�	r	Y	Z ¶
H∇2φs − C∇2φf = −ω2 (ρ+ γρ̃)φs + ω2 (ρw + γρ̃) φf , (5)

C∇2φs −M∇2φf = −ω2 (ρw + ρ̃)φs + ω2

(
α

β
ρw + ρ̃

)
φf +

iωFη

κ
φf , (6)

µ∇2ψs = −ω2 (ρ+ γρ̃)ψs + ω2 (ρw + γρ̃)ψf , (7)

−
iωFη

κ
φf = −ω2 (ρw + ρ̃)ψs + ω2

(
α

β
ρw + ρ̃

)
ψf . (8)

|
1.1 �	�	�� ( h (5)

��h
(6)
:�ø½ù���F��������½è½é@:

= �·Å·Ã·Ä	P·û·Ì8�	�	�·Å*S*�*�	�·ì ¶
φs = eikq·r, q = 1, 2, (9)

φf = γqe
ikq·r , q = 1, 2, (10)

� :
q=1, 2

Ë�����C�� = ��� <�= �½Ì kq

ì���C½Å
�	i*�·Ì

γq

ì	�	�·Ú*�	|·Å�� � φf/φs
ß æ � S*�

�����ãó�h
(5)
��h

(6), � ��Q	������� � Å����K½û�Y�Z½È ß�� � � µ b���h½ì��½Ì���Q = �½Å	K½ÏY	Z ¶
|

(
Hk2

q − ρω2 − γρ̃ω2
)((

αρw

β
+ ρ̃

)
ω2 −Mk2

q + i
Fηω

κ

)
+

(
Ck2

q − ρwω
2 − ρ̃ω2

) (
Ck2

q − ρwω
2 − γρ̃ω2

)
= 0.

(11)
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� � � Å � � Y Z : � Ô�� Q � � Ú � | Å � �
φf/φs,

� j�� h ~ � ¶
γq =

(
Hk2

q − ρω2 − γρ̃ ω2
)

(
Ck2

q − ρwω2 − γρ̃ ω2
) , q = 1, 2. (12)

h
(7)
��h

(8)
:�ø½ù���F��������½è½é@:��	�

�·Å·Ã·Ä	P·û·Ì8�	�	�·Å*S*�*�	�·ì ¶
ψs = eh(K)eikt·r, (13)

ψf = γteh(K)eikt·r , (14)

h@:
eh(K)

ì���S	
�o�i��½Ì
kt

ì���C½Å���i��½Ì
γt

ì9�9�9i �9|çÅ � � ψf/ψs,
æ � S � �9�9�çóh

(7)
��h

(8), � ��Q	������� � Å����	Kãû�Y�ZÈ ß�� � � µ b���h½ì��½Ì���Q	�	�*�½Å	K½Ï�Y	Z ¶
(
µk2

t − (ρ+ γρ̃)ω2
) (

ω2

(
αρw

β
+ ρ̃

)
+ i

Fηω

κ

)
+

(ρw + γρ̃) (ρ̃+ ρw)ω4 = 0.
(15)��� � Å�����Y�Z :g�ãÔ���Q�����i ��|çÅ �

� ψf/ψs,
� j�� h ~ � ¶

γt =
µk2

t − (ρ+ γρ̃)ω2

(ρw + γρ̃)ω2
. (16)

��
 ����h (11)(
�½ÿ�� = �½Ð <�= � )

��h
(15)

(
�ãÿ����	�

),
��Q

3
3	�ãÅ	� µ k1, k2

�
kt � KO·Å	5*� ß

1.2 Biot 
����������
� ÿ �

–
ôçõçö � �ç¾ç¿çÀçÝ Þ�� A B CçäçåÉ��

[7,11−13],
7 � G�!�&�y	
	� –

/90�1ãôãõãö	�
�ã¾ã¿ãÀãÝ Þ �ãÌ8{�] #�� (	)9s�t 8 9ãÅ +9+ 7
� Ì�� ��� 0�1�A�&���T � Å #	� 8��½Ì�a *	� Y	�& � Aã¿ãÀãÝ Þ É��ãÅ	
	��q�m�z�a�b�� � Å �	�� �	
 ÌáÍ*A	\·ÿ*�·ä·å·Ý Þ Å*
	� ß�9E #�� ( )9s9t 7 � Ì ( ) B �9l9m9o9p v�	l	m	o	p

u
A	& ~ �·Å��! 	5*� v=γvu, γv j	k

~ � [19]:

γv =
ρw − ρ

ρm − ρw

, (17)

ρm =
αρw

β
−

iFη

κω
. (18)

#�� ( ) � �9U ( )çÅ�"9S9Y Z [18]
Ë9� j9kì ¶

−∇peff = ρeffüeff = ρeff (ü − v̈) , (19)

−∇p = ρwü − ρw

α

β
v̈ −

ηF

κ
v̇. (20)

h
(17)—

h
(20)

� � ��Q #	� (�)½¾	#*�*��U
(*)·¾�#·Å��! 	5*� ¶

peff =
ρeff (1 − γv)

ρw − ρw

αγv

β
+
ηFγv

iκω

p. (21)

! �
10 � � � 0 1 T � Å � U ( ) V ( W Xû�Y�ZãÌáÔãÕ�Sãî	)ãõãË µ � � �ãèçé #�� ¾�#çÅ5*�·Ì
−p = Cdivu −Mdivv −Mββg , (22)

βg = −
4πNR0

ρw (ω2
0 − ω2 + 2ibω)

peff . (23)æ	h
(21)

�·ó	h
(22)

�	h
(23),

�	Q ¶
−p = C̃divu − M̃divv, (24)

h;: Ì8T � Å
Biot

8*�
C̃
�

M̃
Ë	� j	k	~ � ¶

C̃ =
C

1 +
ρ̃

ρeff

ρeff (1 − γv)

ρw − ρw

αγv

β
+
ηFγv

iκω

, (25)

M̃ =
M

1 +
ρ̃

ρeff

ρeff (1 − γv)

ρw − ρw

αγv

β
+
ηFγv

iκω

. (26)

a*+�$	�	Q
H̃=γ2M̃ +Kf + 4µ/3,

� :
Kf

ì
N )	q	m·Å*)·õ*8*� ß
1.3 %�&�'�(ê½ë�+��	)	*½Ý Þ Ì ~	+ 1 ,�k Ì$+�S����½Ô½óÀ* 

θi

ó·À*�	/	0	1·Å	F*�*�*�*�·è·é ß æ·ó·À*�¿·À·¾*�·Å	o	p	|	} µ	j	k ì ¶
φi = eiki·r, (27)

φr = Vwweikr ·r, (28)� : ¶
ki = ikx + jkiz , kr = ikx − jkiz ,

kx =
ω

cw
sin θikiz =

ω

cw
cos θi.

-
1 .0/01320/04050/060708090:0; -
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ô·õ·ö;: �	� = �·Å·Ú*�	o	p	|·Å j	k ì ¶
φs = Vw1e

ik1·r + Vw2e
ik2·r, (29)

φf = γ1Vw1e
ik1·r + γ2Vw2e

ik2·r, (30)

� :
kq = ikx + jkqz = ikq sin θq + jkq cos θq, q = 1, 2Ë	�	� j � = �*� <*= � ßô·õ·ö;: Å����*�·Å	i*�	|·Å j	k ì ¶

ψs = e−

h Vwte
ikt·r, (31)

ψf = e−

h γtVwte
ikt·r, (32)� : ¶

kt = ikx + jktz = ikt sin θt + jkt cos θt.

Stoll[5] �	� �ãÿ	S	�ã¾	��&ã»	�	�	��Uã»ã¼����S�������y½Å½¿½À½Ý Þ Ì�A�&
4
��^���_�`½ÌE(�)

(���W�X½Ì��	� C�
�W	X½Ì (�)·¾�#�W	X·Ì ��� C�

W	X·ì	�·Ì � ì�
*�	^*�	_	` ß�� � �	Q*� z=0

yÅ	^*�	_	`·Ì ~ � ¶
|

(1)
(*)*(*�	W	X	_	` ¶

∂φi

∂z
+
∂φr

∂z
=
∂φs

∂z
+
∂ψs

∂x
−
∂φf

∂z
−
∂ψf

∂x
. (33)

(2)
��� C�
	W	X	_	` ¶

H̃

(
∂2φs

∂x2
+
∂2φs

∂z2

)
− 2µ

(
∂2φs

∂x2
−
∂2ψs

∂x∂z

)
− C̃

(
∂2φf

∂x2
+
∂2φf

∂z2

)
= −ρfω

2 (φi + φr) . (34)

(3)
(*)·¾�#	W	X	_	` ¶

M̃

(
∂2φf

∂x2
+
∂2φf

∂z2

)
− C̃

(
∂2φs

∂x2
+
∂2φs

∂z2

)
= ρfω

2 (φi + φr) . (35)

(4)
�*C�
	W	X ¶

2µ
∂2ψs

∂x∂z
− µ

(
∂2ψs

∂z2
−
∂2ψs

∂x2

)
= 0. (36)æ	z·ù	|	} µ �·ó 4

�	^*�	_	`	�	Q	� � Å	Y	Z·È·Ì��·É������	h ~ � ¶
AX = D, (37)

h;: ¶
X =




Vww

Vw1

Vw2

Vwt



, (38)

D =




kiz

ρwω
2

ρwω
2

0



, (39)

A =




kiz k1z (1 − γ1) k2z (1 − γ2) −kx (1 − γt)

−ρwω
2 k2

1

(
H̃ − γ1C̃

)
− 2µk2

x k2
2

(
H̃ − γ2C̃

)
− 2µk2

x −2µktzkx

−ρwω
2 k2

1

(
C̃ − γ1M̃

)
k2
2

(
C̃ − γ2M̃

)
0

0 2µkxk1z 2µkxk2z µ
(
k2

tz − k2
x

)




. (40)

�	Y	Z	�	Q*�*�·Å·¿·À*� µ Vww,
� = �·Ð <*= �*�����*�·Å	�·À*� µ Vw1, Vw2, Vwt

ß
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2 �������
G������ãêãë�{�]�z��	
	� �	� Q	�çÅã¿çÀ	�µ F �9
 S � �çóçÀ � � –

/90çôçõçö � �çÅç¿çÀ
� µ Ì �	
�, ]·Å·è·é·Å·ö*

	 µ 4 j 1 ß� � + 2 �	� ��0�1�/ � 0.001

�ãÌ80�1�
��
5 mm,

%���K�O������ãÌ S	�	�ã¿ãÀ	� µ ïãóãÀ	 Å�O�� ß + 3 ����� �½¾���K�O 10000 Hz,
ô½õ½ö�%

/�0�1��½Ì"¾���&��
–
ô½õ½ö��*�½Å·¿½À*� µ �·¿½À��� ß <�#��ãÌ�
��ãì

5 mm
Å�0�1ãÅ���R�K�Oãì

655 Hz, + 2
: �*K·ì·ó·À·¾*�	K	O

100 Hz
�	�	�Å½¿½À����½Ì � �½¾���K�O�2½ÿ�0�1·Å���R	K�O·Ì�/

0�1½Å½ô½õ½ö���4��	#������ � + 4 !#"�$�%�&�'�()
*
+
,
-
.
432 m/s, /
0
12! ,
- ��3
4 )
*
+5�6�7 0�1�8 5�6 ��9 '�:�;�<�8 )�*�+ /�=�8 ,>�?�@�A�B 1�8 , >�? �DC /�=�(�E
F�G �
H�I
�D�

J H
K 8 ,
L
M �
N
O

1 PRQRSRT
PRQRSRT URV W

Biot PRQRSRT

XRYRYRZ
d (mm) 0.781XRYR[R\

ρs (kg/m3) 2465XRYR]R^R_R` PRa Ks (Pa) 3.6×1010bRcRd [R\
ρw (kg/m3) 998.2bRcRd ]R^R_R` PRa Kw (Pa) 2.193×109bRcRdReRfRg T η (Pa·s) 1.002×10−3bRc \

β 0.370hRiRj
κ (m2) 2.54×10−10bRcRkRl
ap (m) 1.53×10−4mRnR\

α 1.25oRp ]R^R_R` PRa Kb (Pa) 5.31×107oRpRqRr PRa µ (Pa) 5.58×106s ]R[R\
ρg (kg/m3) 1.1691s ]RtRu
cg (m/s) 340vRbRwRxRyRzR{R|
P∞ (Pa) 1.01×105sR} SRT s ]R~R�R� g T D (m2/s) 2.4×10−5OR�R�R�
σ (N/m) 72.75×103��~

γg 1.4�R� sR}R� Z
R0 (mm) 5

�
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