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1. ��������

��� �� ���	 
�� �� �� �� ��	 ���� �� �� ��

�� � !". #$%&	 '()  * +,-.	 /0- 1 2�* ��� 3

4, �5 � 6� %&�7, 8"9 /:;<� =7> ?)".

  �@	 +, -.� AB��C ��) DE� FG�7, (H �, @B��

	 ��I� =5AJ K� * L' ���)M, 1 N)� O km )@)'�

P�� ���, Q O !".

  )R� �@ P� +,	 ��7, Lin (Y. K. LinS, 1990)) T-� UVW )X

Y O !". 1* P�� +,�Z 5	 � !� 6� [\�]W transfer matrix

^ wave vectorW )XA_ �`Aa". A�b, 1	 cd�Z* K4� efAJ

�4^ g� hi7, �5A�, K4� �� K��C j�W �kA� 6l'�

)� �� m�� n�A". opq(opq, 1999)� N)Ur< esUrW tu�

C +\, v� N)Ur�* Lin	 ��'VW %XA�, esUr�* Housner

(G. W. Housner, 1957)� T
� K4� wx %yz 2-D O���� es ��'V

W �{A_ K4	 |rW �kY O !* UVW T-}". _'Z �{�

Housner	 �@���) %yz O� ���)~'� �zC +,� ���7,

��Y O �� �h�� ��& ��%�W )XA_ S�es7, I�A* �

��C UVW %XAa".

  ) cd�Z* es z@� �� �� 6�, 1�� � ���Z +,	 es

Ur	 �zW �kY O !* ���C ��UVW T
�". [\� %yz e

s z@�Z K4	 potential problem� �%�C �� UVW )XA_ � O !

~7�, es	 z@) �z)�� 1 �	 "� z@= �* ���C UVW �
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XA_ �'� ��". ��Z OI�7, potential problemW �* 'V7,� [

\��VW �{�". 1�� es z@	 �zW �kA' �� es Ur�Z	

+,� K���, �� A_ K4	 [\��^ m\A* [\��-K��� m

\V� 	� ��W O¡�"(�¢PS, 1999).

  2£�Z* Y.K.Lin	 �@ P� +, ��VW �¤A� 3£�Z* [\��-

K��� m\V� 	� K4	 �¥¦W �@ P� +, ��� �XA* <5

W vC". 1�� 4£�Z* opq) %X� �@ P� +,	 §T� ��A

_ 1	 `<^ DEA_ ¨". 5£�Z K4	 K��< +, es z@	 �z

W ©ª �k� �@ P� +, ��	 n��W vC".
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2. �������� �������� ��	��	��	��	 
��
��
��
��

�(«�W =7¬* ��� 4�/C P/^ S/, s/C Rayleigh/^ Love

/S) !". ) � �� �IA� !* ���� �£ ® |rW L* ?�

Rayleigh /)� /	 ¯�* "°< g) ¢±" (opq, 1999).

k

�

�

��
c ==

2
(2.1)

  _'Z c* /	 ¯�, ω* L/O(rad/sec), λ * /£)� k* wave number)

". ) cd�Z* Rayleigh/	 �² � +, �¡ Ur� O�� O �( «

�� �� ³´� +µW ¶". e�·'	 Rayleigh/* ��� �� ikxx ee −−γ ·

'	 �( «�W =7¸". _'Z γ* ��� �� /	 ¹º\O)".

  �@ P� +,* AB��C ��) DE� FG�7, (H �, @B��	

��I� =5AJ K� � N)� "� ��v" @��7, ·'� L'�C

» ���)". 1¼ 2.1�Z [�	 N)* !)� ���,B½ ¾²¿ À� Á

�Â !* �@ P� +,	 j5� ��(0��)Ã�	 ��* 0x )� ��/	

{%y) φ= �, ) ��	 (³W transfer matrix^ wave vector� )XA_ ��

" (Y. K. LinS, 1990).

2.1. State vector  transfer matrix

State vector* �Ä � �I�Z	 ��Å½^ Æ¦Å½	 �Ç)�, transfer matrix
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* È ¤	 state vector%)	 +\� )�L* ¡É)".

n

n

V

M

w























=
θ

z (2.2a)

nn zFz =+1 (2.2b)

Rayleigh /	 �¡ Ur

-(n+1)

-n

-2

-1

0

1

2

n

n+1

 !

x0

φ

1¼ 2.1 �@ P� +,^ ��/	 �� 
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_'Z, nz , 1+nz * �� n , 1+n �Z v	 state vector)� w* ÊË, θ* &�y,

M � �ÌÍ, V * �e¦)� F* transfer matrix)". �Î v	 �ÏU5Ð�

"°< g".

0
2

2

4

4

=+
dt

wd
m

dx

wd
EI (2.3)

_'Z fp mmm += ,Z, pm * +,b	 e�N)Ñ hi)�, fm * K4	 ;

<� I�� hi7, 3£�Z @Ò¿ "Ó ?)". ) Ð�Z steady-state response

b �kAs ÊËW "°< g) �ÔÕ O !".

tiexwtxw ω)(),( = (2.4)

_'Z )(xw * ³´	 �ÖW �ÔÆ� ω* ��O� �Ô×". Ð(2.3)< Ð

(2.4)� )XA_ �ÏU5ÐW "°< g) �ÔÕ O !".

02
4

4

=− wm
dx

wd
EI ω (2.5)

_'Z 
EI

m 2
4Ø

ω= �� A�, '¨�� xcew λ= (c* @O)� A_ Ù²U5Ð	

�� �As "°< g".
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xAxAxAxA

eCeCeCeCw xixixx

ØsinØcosØsinhØcosh 4321

�

4
�

3
�

2
�

1

+++=

+++= −−

(2.6a)

_'Z )4,3,2,1(, =iAC ii * @O)".

Ð(2.6a)7,B½ &�y	 �Ö θ , �ÌÍ	 �Ö M , �e¦	 �Ö V W �A

s "°< g".

xAxAxAxA �cos��sin��cosh��sinh� 4321 +−+=θ (2.6b)

]�sin��cos��sinh��cosh�[ 2
4

2
3

2
2

2
1 xAxAxAxAEIM −−+= (2.6c)

]�cos��sin��cosh��sinh�[ 3
4

3
3

3
2

3
1 xAxAxAxAEIV −++= (2.6d)

Ð(2.6)W ¡ÉÐ7, ¢As "°< g".
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3

2

1

3333

2222

ØcosØØsinØØcoshØØsinhØ

ØsinØØcosØØsinhØØcoshØ

ØcosØØsinØØcoshØØsinhØ

ØsinØcosØsinhØcosh

A

A

A

A

xEIxEIxEIxEI

xEIxEIxEIxEI

xxxx

xxxx

V

M

w

x

θ (2.7a)

Ð(2.7a)� �e¿ "°< g) �Ô×".

aBz )()( xx = (2.7b)

Ð(2.7b)�Z 0=x = � (1¼ 2.2) nx zz =)( )� "° Ð) K�±".
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aBz )0(=n (2.8a)

ÚÛ��, lx = = � "° Ð) K�±".

aBz )(1 ln =+ (2.8b)

Ð(2.8)�Z v� �� transfer matrix� K�Y O !".

nnn l FzzBBz == −
+

1
1 )0()( (2.9a)

Ü*

1+nn

x
0

l

1¼ 2.2. Euler-Bernoulli v
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nn
V

M

w

CSEICEIS

SCEISEIC
EI

C

EI

S
CS

EI

S

EI

C
SC

V

M

w















































=























+

θθ

03
4

2
4

1
4

103
4

2
4

21
03

4

32
10

1 ØØØ

ØØ

Ø
(2.9b)

2

ØcosØcosh
0

ll
C

+= , 
22
Ø2

ØcosØcosh ll
C

−=

Ø2

ØsinØsinh
1

ll
S

+= , 
33
Ø2

ØsinØsinh ll
S

−=

v* ���Z �e¦� ��Z Ým¯)'� � [��Z "° [�7,	 g�

state vector� %XY O �'� �e¦ �W ��As Ð(2.9b)�Z "° ÐW Þ

W O !".

nnn Vf
M

ffwfw 141312111 ][ +












+=+

θ
(2.10a)

1

34

24

3332

2322

31

21

1

+

+












+























+













=












n

n

n

n

V
f

f

Mff

ff
w

f

f

M

θθ
(2.10b)

_'Z, ijf * transfer matrix F	 ( )ji, ��)". Ð(2.10b)� Ð(2.10a)W �{As

"° ÐW ÞW O !".

11 ++ ++= nnnn ww RLTYY (2.11)
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_'Z, T}{ jjj Mθ=Y )�,  ¡É RLT ,, 	 ��* "°< g".

ll

llll
tt

ØsinØsinh

ØsinØcoshØsinhØcos
2211 −

−==

( )llEI

ll
t

ØsinØsinhØ

1ØcosØcosh
12 −

−= , 
ll

llEI
t

ØsinØsinh

ØsinØsinhØ2
21 −

−=

ll

ll
l

ØsinØsinh

ØsinØsinhØ
1 −

−= , 
( )

ll

llllEI
l

ØsinØsinh

ØsinØcoshØcosØsinhØ2

2 −
+−=

( )
ll

ll
r

ØsinØsinh

ØcosØcoshØ
1 −

−= , 
( )

ll

llEI
r

ØsinØsinh

ØsinØsinhØ2

2 −
+=

Ð(2.11)7,B½ j5��(0ß��)	 ³´� "°< g� Ð7, ¢±" (1¼

2.3).

∑
=

+−−
−

− ++=
k

n
nn

n
k

k ww
1

1
1

0 )( RLTYTY (2.12a)

)(
1

10 ∑
=

−
−− +−=

l

n
nn

n
l

l ww RLTYTY (2.12b)

1¼ 2.3 �@ K� +,	 �� 

l-k -1 0 1
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2.2. �������� �������� ��	��	��	��	 ������������

Ð(2.12)�Z P� +,* ∞→∞→ lk , = �, "°< g� ÐW ÞW O !".

N
N

N

n
nn

n www −
=

+−−
−

∞−
∞ +++= ∑ RTRLTYTY

1
1

1
0 )( (2.13a)

∑
∞

=
−

−
∞

∞− +−=
1

10 )(
n

nn
n ww RLTYTY (2.13b)

_'Z N� 1¼ 2.1�Z ��/	 'àá< 0ß�� %)	 �� ¤O)". Ð

(2.13)�Z ∞T , −∞T * â#A'� OI�C ��) ��". )� �� �` UV7

, state vector YW wave vector �7, ��A* 'VW %X�"(Y. K. LinS,

1990).

�DY = (2.14a)













=
l

r

�

µ

µ
(2.14b)

_'Z ��¡É D	 column vector� transfer matrix T	 eigenvector�, )ã��

". Transfer matrix T	 eigenvalue�� Z, äO+\� !*å )� yy

)](exp[ βα i−"  (_'Z 0>α ) �� As "°< g� Ð) �u�".












=

−

+−
−

βα

βα

i

i

e

e

0

0
1TDD (2.15)
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Ð(2.13)W Ð(2.14)^ (2.15)W )XA_ wave vector, ¢As "°< g".

N

N

i

i

N

n
nn

n

i

i

i

i

l

r

w
e

e

ww
e

e

e

e

−
−

−

+−

=
+−−

−

−

−

+−

∞−

∞

−

+−












+

+




































∑+=

RD

RLD

1

1
1

1

1

)(
0

)(
0

0

0

)(
0

0

0

0

βα

βα

βα

βα

βα

βα

µ
µ

µ

(2.16a)

∑
∞

=
−

−

+−

−

∞

∞

+−

−

+











−












=













1
1

1

)(
0

)(
0

)(
0

0

0

0

n
nn

n

i

i

i

i

l

r

ww
e

e

e

e
RLD

βα

βα

βα

βα

µ
µ

µ
(2.16b)

Ð(2.16)�Z OæA* wave vectorb çAs "°< g".

( ) ( )

( ) N
iN

N

n
nn

inr

w
i

ir

t

r
e

w
i

ir

t

r
w

i

il

t

l
e

−
+−−

=
+−−

+−−









+

−+















+

−+














+

−= ∑

αβ

αβαβ
µ

βα

βα

sin2

1

sinsin2

1

2

12

1)(

1
1

2

12

12

12

1))(1()(
0

(2.17a)

( ) ( ) 













+

++














+

+−= −

∞

=

+−∑ nn
n

inl w
i

ir

t

r
w

i

il

t

l
e

αβαβ
µ βα

sinsin2

1 2

12

1
1

2

12

1

1

)()(
0 (2.17b)

Steady state @è�Z nßé ��	 �( «�� 	� ��* "°< g".

)cos()( 0 φnlxikr
n ew ++−= (2.18)

Ð(2.18)W Ð(2.17)� �{A_ 5�As "°< g".
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( )
( )

( )
( ) ( )[ ]

( )

( )
( ) ( )( )φγβα

φγβα

φγβαγ

φγ

αβ

αβαβ
µ

cos2

12

1

cos

cos

2

12

1cos2

12

1)(
0

0

0

sin2

1

1

}1{

sinsin2

1

NlxikiN

liki

likiNxik

likr

e
i

ir

t

r

e

ee

i

ir

t

r
e

i

il

t

l

−+−+−

+++−

+++−+−

+









+

++

−
−⋅





















+

−+







+

−=

(2.19a)

( )
( )

( )
( )( )

( ) φγβα

φγβα

φγ

αβαβ
µ

cos

cos

2

12

1cos2

12

1)(
0

1

sinsin2

1

0

liki

lxiki

likl

e

e

i

ir

t

r
e

i

il

t

l

+−+−

++−+−

+

−
⋅





















+

−+







+

+−=

(2.19b)

_'Z 





=

φcos
0

l

x
IntegerN )". 1¼ 2.1�Z 0ßé ��� �� &�y< �Ì

Í� �� wave-number response function�  Ð(2.19)W Ð(2.14)� �{A_ ��".













−+

+
=













=
])[sin(

][

H

H

)(
0

)(
0

)(
0

)(
012

M

�

0
lr

lr

ii

t

µµαβ

µµ
Y (2.20)

�H : &�y� �� wave-number response function

MH : �ÌÍ� �� wave-number response function

Random process� 	� mean-square response* "°< g� Ð7, ¢±".

( ){ }[ ] ( )∫
∞

∞−
Φ= dkktYE

2

Y
2 H (2.21)



13

_'Z, ( )tY * 5@ @è	 ³´)� YH * wave-number response function )�,

Φ* �( «�	 /ê ëìÍí î�©O)". 1�� ( )kΦ2

YH * /ê ëìÍ

í î�©O)". 4£ §T�Z* �ÌÍ� �� /ê ëìÍí î�©O� "°

Ð� 	�Z ��".

( )kM Φ=Φ 2

MH (2.22)
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3. ��	��	��	��	 ������������ ��������

dT	 efï� �� +, ÆB	 K4 O�� +,	 N) Ur� �� �@

=5A"� �5�". ) � +,* plane strain @è� !J  ð, +,	 es�

�� 2-D ��) �ñA". es�Z K4* K��W �kA' �� [\��,

�� A� +,* �zW �kA' �� K���, �� A_ [\��-K��

� m\V� 	A_ K4	 �¥¦W ��". )R� K4 �¥¦� �� +, e

s) �* ò< �=� ;<� Æs +,^ =4 ��A* hi�²W �©7,

� K4	 |r	 �@ P� +,� �X-¸".

3.1. ��	��	��	��	 �������������������� ���� ��� ��� ��� ��� 

+, ÆB	 K4* D��, D¥ó�	 )@K4, �5Aa7M, 1 ôõW D

&�ö, �5�".  K4	 D&� «�� ¯�÷øù ),( txφ � %XA_ Ð(3.1)

< g) �ÔÕ O !".

n

t
vn ∂

∂
=

),(xφ
(3.1)

_'Z, ),( yx=x � �IÅ½)�, nv � nUr7,	 ú�¯�� �Ô×". K4

	 «�� Eulerian 5Ðï� ��A_ LaplaceU5ÐW bû�".

0),(2 =∇ txφ (3.2)
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  ��< g� �A�) üXY �, 3KOs� ýC K4 {3* K4� «�A

* �
 3KOs@� �I�þ �"* «��� [\�](kinematic boundary

condition)< 3KOs� üXA* ¥¦� �'¥< g"* �ä�� [\�]

(dynamic boundary condition)W bûA_þ �"(Currie, 1993). 1¼ 3.1�Z �O

s�Z 3KOsÃ�	 �)� ),( txη � A� K4	 �R� ��� ü"� �5

As 3KOs�Z	 ázï± «��� [\�]W "°< g� Ð7, �ÔÕ

O !".

t

tx
t

y ∂
=

∂
∂ ),(

),(
ηφ

x   ( on 1S  ) (3.3)

3KOs�Z ázï± �ä�� [\�]� "°< g".

1¼ 3.1 +, es�Z	 �� ��

η

y

x
S1

S2
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),(),( txgt
t

ηφ
−=

∂
∂

x   ( on 1S  ) (3.4)

_'Z g* �¦ �¯�)". 1�� +,^ K4	 ��s�Z* +,	 VáU

r ú�¯�^ K4{3	 VáUr ú�¯�* �=A"� As "°< g� [

\�]ÐW ÞW O !".

pvtx
n

⋅=
∂
∂

n),(
φ

  ( on 2S  ) (3.5)

_'Z n� �rVáÅ½)�, pv * +,es< K4	 ��s�Z	 K4{3

	 ú�¯�)". �Î ���	 �s� üXA* 5O¥W T�� K4	 �¥¦

� �%�7, "°< g� Ð7, ��".

),(
1

),( tpt
t

xx
ρ

φ −=
∂
∂

  ( on 2S  ) (3.6)

_'Z, ρ * K4	 î�)�, ),( tpp x= * K4	 �¥¦)".

3.2. ��!"#$��!"#$��!"#$��!"#$ 	�	�	�	� �������� 
��
��
��
��

1¼ 3.2^ g) K4� [\��V� 	� )#ï -¬s Ð(4.2)* "°< g�

Ð7, �ÔÕ O !".
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GqH =���� (3.7)

_'Z, H^ G* ¡É\O)�, )(








∂
∂

=
n

φ
q � ú��Z	 �rVá ¯�Å½)

M, { } )( φ=���� * ú� ÷øù Å½)". ) ÐW 1¼ 3.2^ g) K4 ÷øù

(potential)< ��ë(flux)� 3KOs�Z* �	
3 f, �ÔÆ� +,^ K4	

��s�Z* �	
3 w, �ÔÆs "° Ð7, ¢±".
























=

























w

f

wwwf

fwff

w

f

wwwf

fwff

q

q

GG

GG

HH

HH

φφφφ

φφφφ
(3.8)

_'Z ff q,φφφφ * 3KOs� !* ú�	 ÷øù< ��ë)M, ww q,φφφφ * K4^

1¼ 3.2 [\��� 	� [\s )#ï � [\ |ä ²�

ww q,φ

ff , qφ
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+,	 ��s�Z	 ú� ÷øù< ��ë)". Ð(3.8)W -�� �� Ù²A�,

Ð(3.3),(3.4),(3.5) � Ð(3.6)W �XAs "°< g��".
























=

























nwwwwf

fwff

wwwwf

fwff

uGG

GG

p-

-

HH

HH

##

##ηηηηηηηη

�

g

1
(3.9)

_'Z, ηηηηη,η,η,η, ## � 3KOs�Z	 ��Å½^ �¯� Å½� �ÔÆM, nww up ##, �

K4^ +,	 ��s�Z	 �rVáUr� �� K4�¥¦< ú��¯�)".

Ð(3.9)W "- �s "°< g".

0
uGG

GG

pTT

TT

nwwwwf

fwff

wwwwf

fwff
=
























+

























##

##ηηηηηηηη
(3.10)

wwwwwfwf

fwfwffff

HTHT

HTHT

�
g

�
g

1

1

==

==

) ÐW 5�As "°< g� Ð7, ¢Y O !".

ηηηηηηηη 32nw1w ppupp ++= #### (3.11a)

0KMuM nww =++ ηηηηηηηη ηηηηηηηηηηηηηηηηηηηη #### (3.11b)
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wf
1

wwfwff

wf
1

wwfwff

ww
1

wwfwfww

wf
1

ww3

wf
1

ww2

ww
1

ww1

TTTTK

GTTGM

GTTGM

TTp

GTp

GTp

−

−

−

−

−

−

−=

−=

−=

−=

−=

−=

ηηηηηηηη

ηηηηηηηη

ηηηη

3.3. �������� �������� �%&'$�%&'$�%&'$�%&'$ 	�	�	�	� �������� ������������ ()()()()

1¼ 3.3� +,� 1�� K���� %XA_ )#ï� ?)". K4^ �A�

!� 6� |ä( 1Ω )< �A* |ä( 2Ω ) È B²7, �� es UrÆ�Z ¹

º� �* +,	 )#ï± «�U5ÐW �As "°< g".

1¼ 3.3 K���� 	� +, es	 )#ï

1Ω

2Ω
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=























+

























F

0

u

u

KK

KK

u

u

MM

MM

r
2

r
1

s
22

s
21

s
12

s
11

2

1

s
22

s
21

s
12

s
11

##

##
(3.12)

_'Z s
ij

s
ij KM ,  ( i, j = 1, 2)* yy +,	 hi � �� ¡É)�, iu##  ( i = 1, 2)*

�(� �� ú�	 ú� �¯� Å½)�, r
iu  ( i = 1, 2)* �(� �� ú�	 @

� �� Å½)". Ü� F* +,� üXA* K4 �¥¦� 	� S�ú� A�

Å½)". +,^ K4� m\A' ��Z* +,^ K4	 [\s�Z K4 {3

	 ú� �¯�� ���	 VáUr ú��¯�^ �=A"* �Ç�]< +,

^ K4	 ú�� üXA* A�) g"* z�]W bû-�þ �". z�]

� 	�Z Ð(3.11a)	 K4 �¥¦7,B½ "°< g� S�	 ú�A�W �Y

O !".

η}η}η}η}ηηηη 32nw1w ppuL{pLpF ++−=−= #### (3.13)

_'Z L� ²÷± s¦W ú�¦7, ��A* ¡É)". Ü� [\s�Z �

Çû]W bû-¬' �A_ Ð(3.13)�Z K4	 ú� �¯� Å½� �(� ��

ú��¯� Å½, �ÔÆs "° Ð< g".

ηηηηηηηη f
2

f
22

f
22 KMuMF �� −−−= #### (3.14)

�Î Ð(3.11b)� �^ g) �¯� Å½� ���Z �ÔÆs "° Ð< g) �

ÔÕ O !".
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0KMuM =++ ηηηηηηηη ηηηηηηηηηηηηηηηηη2η2η2η2 #### 2 (3.15)

+, ú�	 ú� �¯� Å½� @� �¯� Å½, �ÔÆs "° Ð< g".

gu###### luu r += (3.16)

_'Z ru## � ú�	 @� �¯� Å½)". 1�� l� OUr �²) 1)�

��� �²� 0C Å½)�, gu## * �( �¯�)". Ð(4.12)� Ð(3.14), Ð(3.15)

< Ð(3.16)W )XA_ "°< g) �ÔÕ O !".

gu##

##

##

##

l

MM0

MMMM

0MM

u

u

K00

KKK

0KK

u

u

MM0

MMMM

0MM

2

f
2

f
22

s
22

s
21

s
12

s
11

r
2

r
1

f
2

s
22

s
21

s
12

s
11

r
2

r
1

2

f
2

f
22

s
22

s
21

s
12

s
11



















+−=





































+





































+

ηηηηηηηηηηηη

ηηηη

ηηηηηηηη

ηηηη

ηηηηηηηηηηηη

ηηηη

��������

(3.17)

�( �¯�� �� Ð(3.17)� [\�]W �kA_ L/O |ä�Z ���".

�Î �	 ÐW %XA_ ��Y [�, )@ K4�Z* sloshing«�� �� �K

��O�Z K4	 �¥¦) â#W AJ ±". ��;<� !* �T K4� �

kA_ â#� �� �`�7, 3KOs�Z K4	 sloshing«�� 	� K4

�¥¦W P-As "° ÐW ÞW O!".

0),( =
∂
∂

t
t

x
φρ  (at free surface) (3.18)
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Ð(3.18)W Ð(3.4)� �{A_ "°	 �]ÐW Þ�Õ O !".

0),( =txη (3.19)

�	 ÐW �XAs Ð(3.10)* "°< g) ¢±".

{ } 0
uGG

GG
p

T

T

nwwwwf

fwff

w

ww

fw
=
























+













##

##ηηηη
(3.20)

) ÐW 5�As Ð(3.12)� �³A* "° ÐW ÞW O !".

ηηηη#### 2nw1w pupp += (3.21a)

0MuM nww =+ ηηηηηηηηηηηηηηηη #### (3.21b)

Ð(3.21a)� z �]W )XA_ "°< g� S�	 ú�A�7, �ÔÕ O !

".

}}}}ηηηη#### 2nw1w puL{pLpF +−=−= (3.22)

Ð(3.21b)� )XA_ Ð(3.22)� "°< g) �z�".

nww
1

21w uMMpL{pLpF ##}}}}ηηηηηηηηηηηη
−−−=−= (3.23)

) Ð�Z �Ç�]W )XA_ K4	 ú� �¯� Å½� �(� �� +,	
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ú� �¯� Å½, ��� "° Ð< g) �Ô×".

2
f
22uMF ##−= (3.24)

Ð(3.24)� Ð(3.12)� �{As Ð(3.17)* "° Ð7, �4� O !".

gu##
##

##
l

MMM

MM

u

u

KK

KK

u

u

MMM

MM

f
22

s
22

s
21

s
12

s
11

r
2

r
1

s
22

s
21

s
12

s
11

r
2

r
1

f
22

s
22

s
21

s
12

s
11













+
=
























+

























+
(3.25)

3.4. �������� �������� ��$��$��$��$ ��	��	��	��	 ������������ *'*'*'*'

+, Æ� wx K4* +,	 ��< =IA� 6* «�W �". )R� K4	

«�) +,� ��J |rW � O !*�� �� K4	 �¥¦W )XA_ 

�A* UVW T
A_ ¨".

Ð(2.5)�Z m� +,^ =4 ��W A* +,	 e� N)Ñ hi)". ) Ð

�Z K4* K�� �d� 1 hiW %XY O �". 1¼ 3.4� +,	 j5e

s�Z â�� K4	 �¥¦W �@ P� +,� �XA* ��W v_L� !

". K4	 �¥¦� 	� +,� �* ò< ;<� Æ� +,^ =4��A* h

i�W �A_ )� Ð(2.5)� %XAJ ±".

Steady state�Z j5 L/O� 	� ��«�� +,	 N)Ur� P+AJ

�� es) ��< �=� L/O� ��* «�W Kâ�". +, es	 �u

ó) �� «�� 	� ��O ω� ��* �ï«�(harmonic motion)7, ¢ 
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* O �¯� «�( u## )W A� !W � K4* )(ωwp 	 �¥¦W â�-¸".

_'Z �@ P� +,	 es� �� O¦� "° Ð< g) ��".

∫
Γ

Γ⋅=
w

wxwH dnpF )()( ωω (4.26)

_'Z, )(ωHF * K4	 �¥¦ )(ωwp � 	� �'* O¦)�, xn * K4^

+,� �A* ��Z	 VáÅ½	 OUr �²)�, wΓ * K4^ +,� �

A� !* |ä)". )* 3.3£	 Ð(4.17)< Ð(4.25)^ g) OI�7, ���

O !". +,^ =4��W AsZ Ð(4.26)�Z^ g� òW KâA* hi�

( fm )W "°< g� Ð7, ��".

pw

u##

u##

meffFH

1¼ 3.4 K4 �¥¦	 �� 
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)(

)(
)(

ω
ω

ω
u

F
m H

f ##
= (4.27)
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4. ()()()() +,+,+,+,

��/� 	� �� «�W �* �@ P� +,* opq) %X}� Trans-

Alyeska +,� %X�". ) +,	 es z@� 1¼ 4.1< g� 1 T�� 

4.1� �ÔÆ~". +,	 ����* 18.29m)�, N)Ur ¹º* ��¹º,

�5A_ ���W EI � � )1( δiEI + , %XA�, 04.0=δ , ý*". +, Æ

B	 K4* �K	 � î� 3/880 mkg W %X�". ���Z	 �(«�� �

� /ê ëìÍí î�©O* Shinozuka^ Deodatis(1998)� T
� "° ÐW %

X�".

( ) 





−=Φ 2

2
23

2

4
exp

4

Ø
k

B
kBk

π
(4.1)

 4.1 �@ P� +,	 T�

ÆB(�õ (R) 59.827 cm

Èª (t) 1.173 cm

!�\O (E) 210 Gpa

î� ( ρ ) 7850 3/ mkg

���� ( ! ) 18.29 m

H

R=59.827cm

1¼ 4.1 �@ P� +,	 es
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_'Z B * 65m)� 2Ø * 1 2m W %XA*å 1¼ 4.2^ g� �"W A� !

". ��/	 #h� �� ¹º\O k002.0=γ � %XA� /	 ¯�* wave

number� ��  4.2^ g) L��". )R� �(«�� �� 1¼ 2.1W $�

A_ ���Z 4000m Á�� 0��7, '± �	 (³W �A_ ¨". ) �

��/	 {%y� 15�, �". 1�� ) cd�Z* K4	 O�� 89.827cm

= �^ 59.827cm= � È �� [�� �A_ ��A%".

   1¼ 4.2 Ð(4.1)� �� �( «� /ê ëìÍí î�©O

0

5

10

15

0 0.02 0.04 0.06 0.08 0.1 0.12
wave number (rad/m)

Φ
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 4.2  wave number k�&��&��/	&¯�&�

<k '()*&×+,��&-./01 �&2&'3,&10456

'()*&×+,��&-./01&& ≤≤ k

&&&&&&&&&&&&&&&&&'()*&×+,��&-./01

��2& c~

  
32 1257501125650~ uuuc −+−=

  




=

k
u

π2
log10

>k '()*&×+,��&-./01 �&2&+3,&10456

4.1. ��	��	��	��	 -.�-.�-.�-.� 89.827cm//// 0000 ()12()12()12()12

3£�Z vC [\��-K��� m\V� 	� K4 �¥¦W �A' �� +,

	 esW 1¼ 4.3< g) ��  Aa". K4	 [\��* 3KOs�Z 4¤

	 2����, +,^	 ��s�Z* 10¤	 2���� %XAa". 1�� +

,* 78 �z) �* �4, ��  � 9, �zW �kA* K���, �� 

1¼ 4.3 +, es	 ��  (H=89.827cm)

R=59.827cm

H=89.827cm
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A*å K4	 2� [\��^ compatibility� bû-¬' �� 2� mindlin ��

� %XAa". %X� �� O* 14¤)". 1�� �� �]� �4«�W U�

A' �� 1¼< g� �]W %XAa".

4.1.1. �������� 34343434 5�	5�	5�	5�	 657657657657 89898989 0000

+, es z@	 �z) �W �* Ð(3.17)�Z +,	 @� ���W 07, ý

� ���". 1¼ 4.4� �ÌÍ	 ú��� �� wave-number response functionW

1: ?)". _'Z Present Study 1 (rigid)* ) cd	 `<)� jskim� opq	

`<)" .  1��  mass *  K4�  K��  �)  +,^  =4,  ��Y  �	

1¼ 4.4 �ÌÍ� �� wave-number response function DE (H=89.827cm)

103

104

105

106

107

108

109

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Present Study 1 (rigid)
jskim
mass

|H
M
|

wave number (rad/m)
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`<)". 1�� 1¼ 4.5* �ÌÍ /ê ëìÍí î�©O� v)� !". )

?7,B½ 5@@è	 �ÌÍ� �� RMSV(root mean square value)W �As

Present Study (rigid)� ��Z* 5294KN-m, jskim� 4608KN-m)� mass*

6316KN-m�W ;*". opq	 `<^ �)� v)* ?� opq� K4	

sloshing �� �²� �� 1� ��b �kA_ ��W Aa' �d)". ) cd

�Z� �e¿ K4	 3KOs� 1� �� �²b �kA_ ��As 4497KN-m

, opq< �%� �W ÞW O !~". Ð(4.17)) )@ K4	 ���� �²

� �� ¹º� � O �'� y �K L'� �� â#A* dT�W =7¸".

)� �� Ð(4.25)� 	� ��W As 1¼ 4.6< 4.7	 `<� ÞW O !".

105

107

109

1011

1013

1015

1017

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Present Study 1 (rigid)
jskim
mass

wave number (rad/m)

1¼ 4.5 �ÌÍ /ê ëìÍí î�©O DE (H=89.827cm)

MΦ
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103

104

105

106

107

108

109

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Present Study 2 (rigid)

Present Study 1 (rigid)

|H
M

|

wave number (rad/m)

1¼ 4.6 3KOs	 �]� �� �ÌÍ� ��
wave-number response function (H=89.827cm)

105

107

109

1011

1013

1015

1017

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Present Study 2 (rigid)

Present Study 1 (rigid)

wave number (rad/m)

1¼ 4.7 3KOs	 �]� �� �ÌÍ /ê ëìÍí î�©O(H=89.827cm)

MΦ
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_'Z Present Study 2 (rigid)� 1 `<)". ) �	 5@@è	 �ÌÍ� ��

RMSV* 4344KN-m)". 1�� `<* Present Study 1 (rigid)^ �	 g� ��W

A� !7M â#) =��* B²�Z <=R« >áW v)� !".

4.1.2. �������� 34343434 5�	5�	5�	5�	 657657657657 :9:9:9:9 0000

Ð(4.25)� )XA_ +, es z@	 �zW �k� ��W �". 1¼ 4.8< 1

¼ 4.9	 Present Study 3 (flexible)� �ÌÍ� �� wave-number response function<

�ÌÍ /ê ëìÍí î�©O� �ÔÆ� !". 1¼ 4.8�Z ��(³W v)

* �� m\��� 	� �K L'� â�� �7, 5.79Hz� �Ñ�". 1¼

103

104

105

106

107

108

109

1010

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Present Study 3 (flexible)

Present Study 2 (rigid)

mass

wave number (rad/m)

|H
M
|

1¼ 4.8 +, es z@	 �z� �� �ÌÍ� ��
 wave-number response function (H=89.827cm)
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4.9� 	� 5@@è	 �ÌÍ� �� RMSV* 5415KN-m)". 1��  4.3�

�ÌÍ� �� RMSV� 5�� ?)".

1¼ 4.9 +, es z@	 �z� �� �ÌÍ
 /ê ëìÍí î�©O (H=89.827cm)
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Present Study 3 (flexible)

Present Study 2 (rigid)

mass

wave number (rad/m)

MΦ

 4.3 H=89.827cm= � 5@@è	 �ÌÍ� �� RMSV

Present Study 1 (rigid) 5294 KN-m

Present Study 2 (rigid) 4344 KN-m

Present Study 3 (flexible) 5415 KN-m

jskim 4608 KN-m

mass 6316 KN-m
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4.2. ��	��	��	��	 -.�-.�-.�-.� 59.827cm//// 0000 ()12()12()12()12

1¼ 4.10< g) K4	 [\��* 3KOs�Z 4¤	 2����, +,^	

��s�Z* 8¤	 2���� %XAa". 1�� +,* 78 �z) �* �

4, ��  � 9, �zW �kA* K���, ��  A*å 2� mindlin ��

� 14¤ %XAa". ��`<* K4	 O�� 89.827cm= �^ �=� fZ^

<57, �ÔÆ~". �á  4.4� 5@@è	 �ÌÍ� �� RMSVW va".

 4.4 H=59.827cm= � 5@@è	 �ÌÍ� �� RMSV

Present Study 1 (rigid) 2206KN-m

Present Study 2 (rigid) 2080 KN-m

Present Study 3 (flexible) 2250 KN-m

jskim 1867 KN-m

mass 4000 KN-m

R

1¼ 4.10 +, es	 ��  ( H=59.827cm)

H=R=59.827cm
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4.2.1. �������� 34343434 5�	5�	5�	5�	 657657657657 89898989 0000

Ð(4.17)�Z @���� 0= �	 ��`<* Present Study 1 (rigid), 1¼ 4.11<

1¼ 4.12^ g". jskim� opq) T
� ��VW )XA_ 1: ?)� mass

* ?Z^ g) K4� K�� �) +,^ =4, ��Y �	 `<)".

  1¼ 4.13< 1¼ 4.14�Z* Ð(4.25)� 	�Z ��� `<� Present Study 2

(rigid), �ÔÆ~".
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Present Study 1 (rigid)

jskim

mass

|H
M

|

wave number (rad/m)

1¼ 4.11 �ÌÍ� �� wave-number response function DE (H=59.827cm)
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1¼ 4.12 �ÌÍ /ê ëìÍí î�©O DE (H=59.827cm)

MΦ
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Present Study 1 (rigid)

jskim

mass

 wave number (rad/m)

103
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Present Study 2 (rigid)

Present Study 1 (rigid)

|H
M

|

wave number (rad/m)

1¼ 4.13 3KOs	 �]� �� �ÌÍ� ��
wave-number response function (H=59.827cm)



37

4.2.2. �������� 34343434 5�	5�	5�	5�	 657657657657 :9:9:9:9 0000

Ð(4.25)� 	� +, es z@	 �zW �k� ��`<� 1¼ 4.15^ 1¼

4.16� Present Study 3 (flexible), �ÔÆ~". 1¼�Z ��(³W v)* ��

m\��� 	� �KL'� â�� ?7, 6.39Hz� �Ñ�".
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Present Study 2 (rigid)

Present Study 1 (rigid)

wave number (rad/m)

1¼ 4.14 3KOs	 �]� �� �ÌÍ /ê ëìÍí î�©O
(H=59.827cm)

MΦ
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103

104
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108

109

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Present Study 3 (flexible)

Present Study 2 (rigid)

mass

|H
M

|

wave number (rad/m)

1¼ 4.15  +, es z@ �z� �� �ÌÍ� ��
wave-number response function (H=59.827cm)
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Present Study 3 (flexible)

Present Study 2 (rigid)

mass

wave number (rad/m)

1¼ 4.16 +, es z@ �z� �� �ÌÍ
/ê ëìÍí î�©O (H=59.827cm)

MΦ
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4.3. ()12	()12	()12	()12	 ;<;<;<;<

+, es z@	 �z) �W � ��� È §T	 �ÌÍ� �� wave-number

response functionW �Ô× 1¼ 4.4^ 1¼ 4.11W vs, opq	 `<^ ) c

d	 `<� �	 D@� ?W A O !". 1�� K4	 K��) �"� �5

}W �^ DE}W �, �	 È [�� �4�7, v" ü� (³W vC". )

* L'���	 j�W �kY � È [�� e� N)Ñ hi) üJ � �

!°W �Ô×". �Î 1¼ 4.6< 1¼ 4.13�Z* )@ K4	 �R� ���

	� â#�W 3KOs�Z Os	 ��� üW � K4	 �¥¦) 0)�* �

57, ��� `<� ÔÑ�) !°W v_à".

  +, es z@	 �zW �k}W �	 1¼ 4.8< 1¼ 4.15* +, es z

@	 �z) �W �^ @Ñ¿ "� (³W v)*å m\��	 �KL'� '

à7, )��* DE� ® (³W �ÔÆ� )9�* ü� (³W �Ô×".

  ���Z �(«�� �� /ê ëìÍí î�©O� Ð(4.1)7, L�h � �

ÌÍ /ê ëìÍí� 	� �� 5@@è	 �ÌÍ RMSV*  4.3^  4.4�

Z v_ LB) g� O��Z K4	 K��) �W � �ÌÍ� �£ ·�, +

, es z@	 �z) !W �, +, es z@	 �z) �W �	 f7, �Ô

C". 1�� yy	 �=� +, �]� ��Z* K4	 O�� D �� K4	

O�� üW �v" �ÌÍ RMSV� ·J �E". A�b _'Z L	�Z FG

Q b� ?) !". 1¼ 4.17�Z K4	 K��) �� K4� �H IW �

(mass (full))v" +, es z@	 �z) �k � O�� 89.827cm= �(flexible

(H=59.827cm))� m\��� 	� �KL' B��Z � ® (³W �ÔÆ� !".

��Z ) B�) �Ï�C �J jO� ��/� ��Z* ¾²¿ � ® (³W
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�ÔÕ �ñ�) !".

1¼ 4.17 K4	 K��� �� �ÌÍ� ��
wave number response function DE
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5. 1111 ����

'K	 Y.K.Lin) T
� �@ P� +,* K4	 K��W �kA� 6l". )

� �� opq� K4	 K��W �kA* U
W T-Aa7� 1	 UV�

+, es z@� �� TL) !� es Ur Æ�Z +,	 �z) �"* �

5) n�Aa". ) cd�Z* ?	 dT�W �`A' �� +, es UrW

K4� ��Z [\��, �� A�, +,� ��Z* K���, �� A*

[\��-K��� m\VW %XA_ ��/� KâA* K4	 �¥¦W �*

M		 es z@W ��* �@ P� +,� ��A* UVW T
Aa".

  opq� K4	 K��) �@ P� +,	 �ÌÍ� ¹�-¸"* ?W va

". ) cd�Z T
� UV7, +, es z@	 �z) �* [�	 ���

opq) T
� UV	 `<^ D@� �� ÞW O !~". A�b +, es

z@	 �zW �k� ��`<* �z) �W �v" � ® �ÌÍ� â�A*

?W v_ L~". ��' �ÌÍ� �� wave-number response function�Z* wave

number ��� ��Z* K4	 K��) �* [�v" � ® (³) �Ô�*

�� !~". )* �@ P� +,	 ��� K4	 K��< es Ur	 +,

�z) ©ª �k �þ ©W v_à".
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Abstract

An analysis method of an infinite surface-mounted pipeline with an arbitrary cross sectional

shape considering the dynamic fluid pressure induced by seismic waves is presented. The

pipeline is modeled as an infinite and periodic Euler-Bernoulli beam. The wave-number

response for bending moment of the pipeline is analyzed with transfer matrix and wave vector.

The cross section of the pipeline and the fluid in the pipeline are modeled by finite elements

and by boundary elements, respectively. To calculate dynamic fluid pressure, the coupled

boundary element-finite element method is used. This pressure is considered as external force

added on the pipeline

The moment of the pipeline decreases due to dynamic behavior of fluid while it increases

due to deformation of the cross sectional shape. The dynamic behavior of fluid is dominant

effect. However in view of the wave-number response function for bending moment, the effect

of deformation is more significant than that of dynamic behavior of fluid, near the wave

number corresponding to natural frequency of coupled mode. Therefore the dynamic behavior

of fluid and the deformation of cross sectional shape of the pipeline must be considered to

analyze the infinite surface-mounted pipeline.

Keywords

Dynamic fluid pressure, infinite surface-mounted pipeline, coupled boundary element-finite

element method, wave-number response function, steady-state response

Student Number: 98415-504
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��*w�.), À� )� �, ��� t�Z �k« �� b�b �µ)  ���

�(<3 �Ú��X". B� b� �Ð< ^� ��7, Ù�Ú� �� O !7
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