
  

 

 



 

 



 

 

 

 

    

 

 
 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(110) (110) (170)

(110) (110)

(110) (110)

(110) (110)

(170)

(170) (170)

(170) (170)

(170)

(170)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 



 

 

 

   



 



 

 



 

{ !} "!



 

 ,!

 -

7

Q

" #!/2Q ":

#! #!

4-14

5-2

Q

FEM

-

7

2 4 FEM -4

#!

 5      

4.

m/s2



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

  

 
 

2.7m 3.2m 

5.2m 
 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

   

 

 



 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 



 

 
 

    

 

   

  
 

 
 

 

  

 
 

 
 

 
  

 
 

 

 

  

 

 
 

 

  

 

 

 
 

 
 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

= " #2$  

 Q  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Q  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

" = {%}&(['])['*]+{,}{%}&([']-['.]+{%}
-9 2  

 

 



 

 

" = {%}&(['])['*]+{,}{%}&([']-['.]+{%}
-9 2  

  

 



 

 

" = {%}&(['])['*]+{,}{%}&([']-['.]+{%}
-9 2  

  

 



 



 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sd

-2$ -2$

Ss

-  

 



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Sd

-2$ -2$

Ss

 



 



 



 

 

 

 



 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

2

4

6

8

10

12

14

16

18

20

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

100  

67  

33  

0  



 

 

 

 

[1]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V 
1 

V 
2 

V 
2 

  

V1  

V2  



 

VdzVdCF
L

D ò=
02

1
r

= /013
( ) ( )tzagX wsin=

dD

D

dD

d
m -

=+
-

= 1a

E = 4 51367 89
LadCE mD bwar 232

3

4
=

:

;<>
"

pw2

0 aCE eq=



 

( ) ( )
adLC

mmmm

C
mD

vv

eq

eq

21

3

2

2
ar

p
b

w
z

+
=

+
=

?@A = BCBDF

 

V 
1 

V 
2 

V 
2 

V=V 
2 
+V V

1 

 
 

 

 



 

 

 

 

 

 

 

 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



 

 

 

  

 



 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 GHI J KH3 J LH = MGNI 
 

 H,H3 ,HI  
 O 

 N,NI 
 G 

 K 
 L 

 

 ;7 = PLG 

 ? = K2G;7 
 Q = ;;7 

 

 HI J 2?;7H3 J ;7RH = MNI 
 

m

z

z
y

x

ck ,



 

 N = S;R TUVW NI = MSTUVW
H  

 H = XTUVW H3 = XY;TUVW HI = MX;RTUVW 
 XTUVW(M;R J 2?;;7Y J ;7R+ = STUVW 

 

 
HINI = X;RS = Z;7R{(Z M QR+ J 2?QY};R = QR(Z M QR+ J 2?QY 

 

 |\(;+| = ^HINI ^ = QR_(Z M QR+R J (2?Q+R 
 

 



 

f̀luid
 

 GHI J KH3 J LH = MGNI J f̀luid 
= GaNIGbHI  

 f̀luid = MGbHI J GaNI GbGa
 (G JGb+HI J KH3 J LH = M(G MGa+NI 
 ;7 = P LG JGb 

 ? = K2(G JGb+;7 
 Q = ;;7 
 " = G MGaG JGb 

 

 HI J 2?;7H3 J ;7RH = M"NI 
 

 |\(;+| = "QR_(Z M QR+R J (2?Q+R 



 

 

 

 

 [c]{HI } J [e]{H3 } J [g]{H} = M[c]{Z}NI 
 [c] 
 [e] 
 [g] 
 {H} 
 {Z} = {Z h Z}j 

 N 

 kH,HRmHno = p, k
 ,, R,m n,oJ pR k

 ,R RRm nRoJhJ pn k
 ,n Rnm nno =qp!{ !}n

!r,  

 

 {p!} s

1m

z

nx

2m

1-nm

nm

1-nx

2x

1x

11,ck

22 ,ck

nn ck ,



 

 { !} s{ !}  

 [c]{HI } J [g]{H} = {B} { !}js p!
 { !}j[c]{ !}pI! J { !}j[e]{ !}p3! J { !}j[g]{ !}p! = M{ !}j[c]{Z}NI 
 pI! J { !}j[e]{ !}{ !}j[c]{ !} p3! J { !}j[g]{ !}{ !}j[c]{ !} p! = M { !}j[c]{Z}{ !}j[c]{ !} NI 
 c! = { !}j[c]{ !} 
 e! = { !}j[e]{ !} 
 g! = { !}j[g]{ !} 
 ;! = Pg!c! s
 ?! = e!2c!;! s
 "! = { !}j[c]{Z}{ !}j[c]{ !} s

 pI! J e!c! p3! J gtct p! = M"tNI ;! ?!
 pI! J 2?t;!p3! J ;tRp! = M"tNI 

s v
 Hw = p! w! s v vxy = ;t ;z
 |\(;+| = ^HIwNI ^ = "! w!Q!R_(Z M Q!R+R J (2?!Qt+R 



 

 

 [c]{HI } J [e]{H3 } J [g]{H} = M[c]{Z}NI J { f̀luild} 
 

 { f̀luild} = M[cb]{HI} J [ca]{Z}NI 

[cb] v Y v Y  [cb] v v v  [ca] v v v
 [c]{HI } J [e]{H3 } J [g]{H} = M[c]{Z}NI M [cb]{HI } J [ca]{Z}NI 
 ([c] J [cb]+{HI } J [e]{H3} J [g]{H} = M([c] M [ca]+{Z}NI { !}
 ([c] J [cb]+{HI } J [g]{H} = {B} 
 c! = { !}j([c] J [cb]+{ !} 
 e! = { !}j[e]{ !} 
 g! = { !}j[g]{ !} 
 ;! = Pg!c! s
 ?! = e!2c!;! s
 "! = { !}j([c] M [ca]+{Z}{ !}j([c] J [cb]+{ !} s

;! ?!
 pI! J 2?t;!p3! J ;tRp! = M"tNI s vv xy = ;t ;z
 |\(;+| = ^HIwNI ^ = "! w!Q!R_(Z M Q!R+R J (2?!Qt+R 



 

|\(;+|>b~ Q = VV� =ZCB

� = |\(;+|>b~
 

 � � Z2? 
 

 � � "2? 
 

 $w! � "! w!2?!  

"! w!
pw 0w Q sisfb�y  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
� 

  
� 

 
 � 

 
� � 

25.0=z

20.0=z

15.0=z

10.0=z

05.0=z



 

 

   

 |\(;+| = QR_(Z M QR+R J (2?Q+R |\(;+| = "QR_(Z M QR+R J (2?Q+R 
 ;7 = PLG ;7 = P LG JGb 

 � � Z2? � � "2? 
 � � Z2$ � � "2$ 

  " = G MGaG JGb 

 

 

   

i  

 
|\(;+| = "! w!Q!R_(Z M Q!R+R J (2?!Qt+R |\(;+| = "! w!Q!R_(Z M Q!R+R J (2?!Qt+R 

 

 

[c]{HI } J [g]{H} = {B} 
 

([c] J [cb]+{HI} J [g]{H} = {B} 
 

s  

 
;! = P{ !}j[g]{ !}{ !}j[c]{ !} ;! = P { !}j[g]{ !}{ !}j([c] J [cb]+{ !} 

s  

 
"! = { !}j[c]{Z}{ !}j[c]{ !} "! = { !}j([c] M [ca]+{Z}{ !}j([c] J [cb]+{ !} 

 $w! � "! w!2?!  $w! � "! w!2?!  

s  

 
?! � "! w!2$w!  ?! � "! w!2$w!  

 { !} "!
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

  



 

 

 

P

 

  



 

 

 

 

 

 

 

. 

   



 

 

 

 

   

 

 

   

 

   

 

 

  



 

 

 

 

 

 

  



 

 

          
 

 



 

Y
X

Z

Y
X

Z

YX

Z

Y-2 Y-1 Y3 Y-4X-1 X-2

A22Y

90180270

Y

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

0 0.2 0.4 0.6 0.8 1

(m
m
)

A22Y

0.42m/s2

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

0 0.2 0.4 0.6 0.8 1

(m
m
)

A22Y

2.60m/s2

Y-1

Y-2

Y-3

Y-4

X-1

X-2

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

0 0.2 0.4 0.6 0.8 1

(m
m
)

A22Y

3.42m/s2

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

0 0.2 0.4 0.6 0.8 1

(m
m
)

A22Y

7.09m/s2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.42 m/s2 

(A22Y)  Hz 

2.60 m/s2 

(A22Y)  Hz 

3.42 m/s2 

(A22Y)  Hz 
7.09 m/s2 

(A22Y)  Hz 

 



 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 0.2 0.4 0.6 0.8 1

(m
m

)

7.09m/s^2

FEM

FEM 110 _

FEM 110 _

FEM 170 _

FEM 170 _

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0 0.2 0.4 0.6 0.8 1

m/s 2

FEM

FEM

FEM

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 
 



 

 

 "! = {%�}&(['])['*]+{,}{%�}&([']-['.]+{%�} s  

 [ ]M  [cb]  [ca]  

{ }sf s  

 



 

 

 



 

Sd

-2$ -2$

Ss

 

 

 



 



 

��
� Y ��U



 

�
� = Z���q ��UU



 

+ +



 

?@A

?@A

30

?@A = �eD�c � 

ec�

�

?Tp

�

?Tp

�



 

?@A

��� �

5g�
?@A = 25�g� ?Tp

�



 

= � {��(, @z +}���-{��(, @z +}�



 



 



 



 



 

 



 

 



 

"! w! "!
 w! "! = {%�}&(['])['*]+{,}{%�}&([']-['.]+{%�}

$w! � "! w!
� ? $ = ,R� ? = ��%��R��� "! w!

� ? � = ,R� "! w!



 

$w!$w!"! w! w!
"!  w!"! w! "!  w!

"! w! "! w!



 

 

 

 

 

 



 



 



 



 

 



 

 

$ = Z�C�



 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

m
m

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

m
m

 



 



 

0

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20 25 30 35 40 45 50

m/s2

1



 

Sd

-2$

-2$ Ss



 



 

 

 

 

cHI J e,H3 J gH = McHI7
 ;R = g cz2?; = e,�c

HI J 2?;H3 J ;RH = MHI7
  

H
5! 5! = gH

H3
5� 5� = e,H3



 

H = ��i�;9 H3 = ;� � ���;9
� 2z

 

  ¡ ¡z   ¡¡ = �e,;�RZ 2z g�R = ��?
 

? = Z��  ¡¡
 

 

  



 

 

9
HJ�

M�B ,R�; �; 2�;¢R�;

9
5!Jg�

Mg�
B ,R�; �; 2�;¢R�;

H

5!

J�M�
Jg�

Mg�

¡ = Z2g�R,R�;

¢R�;

B£�;£ 2�; B

B

B

J;�
M;�

H3
B ,R�; �; 2�;¢R�; 9

Je,;�
Me,;�B ,R�; �; 2�;¢R�; 9

5� J�M�¢R�; ,R�;B
Je,;�

5�

Me,;�
H

B£2�;

�;

�¡ = �e,;�R

B

B



 

 

 

e@A
 e@A

e@A = FeR�;D�
?@A

?@A = Z�� �¡¡ = Z�� �
FDeR;R�¢Z2g�R = �eRD�c � �

  

H
5! 5! = gH

H3
5� = eRH3 H35�



 

 

 

JeR;R�R
MeR;R�R

B ,R�; �; 2�;¢R�; 9
5�

J�,R�;B
JeR;R�R

5�

MeR;R�R
H

B£2�;

�;

�¡ = FDeR;R�¢

B

M�¢R�;
J;�
M;�

H3
B ,R�; �; 2�;¢R�; 9B

9
HJ�

M�B ,R�; �; 2�;¢R�;B



 

 e@A
 

e@A = �¤¥��;
?@A

?@A = Z�� �¡¡ = Z�� � �¤¥�Z2g�R =
2¤¥�g � Z�

 

  

H
5! 5! = gH

5� = ¤¥5� H35� = M¤¥



 

 

J;�
M;�

H3
B ,R�; �; 2�;¢R�;

9

J¤¥
M¤¥

B ,R�; �; 2�;¢R�; 9
5�

J�M�
¢R�; ,R�;

B

J¤¥5�

M¤¥
H

�;

B£2�;
�¡ = �¤¥�

,R�;¢R�;

9
HJ�

M�B ,R�; �; 2�;¢R�;B

B

B



 

 

:# H = ��i�;9 H3 = ;� � ���;9 HI = M;R� � �i�;9

 
 

 

 

 
 

 
 

  

 5� = e,H3  5� = eRH3 |H3 | 5� = �¦�(H3 + � ¤¥ 

�¦�(H3 + = § Z(H3 ¨ B+MZ(H3 © B+ 

 

 

   

 

 

   

[1] 
e@A = e, e@A = FeR�;D�  e@A = �¤¥��; 

 ?@A = e,2ªcg ?@A = �eRD�c� ?@A = 2¤¥�g� 

 

   



 

c  g  e, eR  �  ; = _g�c  ¤  ¥  5�  HI   H3   H  e@A  ?@A  



 

g«
¡« = Z 2z � g«H,Rg¬¡¬ = Z 2z � g¬HRR ¡ =¡« J¡¬

�­® = �5«H,
?@A = Z�� �¡¡ = Z�� � �¡¡« J¡¯



 

g« g¬5«



 

¡¬ = Z2 g¬HRR
B ¡« = Z2g«H,R

=

¡ =¡« J¡¬

(a) (b)
(c)

(d)

B
�¡« = �5«H,

¡
�¡

�¡¡�¡¡

?@A = Z�� �¡¡

 �¡ �¡ 



 

 c¬ = c¬, Jc¬R Jc¬¢ 

<: ° �, �R±, ±R
 c¬R = <c², 
 c²,   

 c², = :°�,R ³ �,´±, J �R2±Rµ 
 < = Z M ¶8@A° · 9�¸¹ ¶ °8@A· 

 8@A  

 8@A = P2º�,�R J (�, J 2±R+(�R J 2±,+»�  

 



 

 

 

 

 c¬¢ = ¥ � c²R 
  

 c²R = :° � 2�¢¢D±¢ 

 

 

 



 

 c¼ = ¥ºc¼, Jc¼R» 
 c¼R = c²R 

 cW = cW, JcWR 
 

 cWR = <c², 
 

 c¬)¼ = M¥ºc²R Jc¼½» 
 

 cW)¬ = M(<c², Jc¬½+ 



 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

ea  

5� = Z2:ea�¢°¥<RH3 |H3 | = e¾¬)¼ � H3 |H3 |

0

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20 25

m/s2

30

 



 

 

 

 

 

 

 

 

 

 

 



 



 

 



 

 



 

 



 

 



 

 



 



 



 

 



 

 



 

 



 

 



 

 

¿ � ¿À = BÁÂÁ9 J (Â � ¿+Â = MZ: ¿Ã J Ä

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

f  

 

 

 

r p  

g  

 

ÅÆc¬¬ BB cÇÇÈ J Éc¬¬¼ c¬Ç¼cÇ¬¼ cÇÇ¼ ÊË §Ì¬IÌÇI Í J Æg¬¬ g¬ÇgÇ¬ gÇÇÈ ÎH¬HÇÏ = B   

 Ì¬I =ÌÐI J H¬I  ÌÇI =ÌÐI J HÇI  
Éc¬¬ Jc¬¬¼ c¬Ç¼cÇ¬¼ cÇÇ JcÇÇ¼ Ê §H¬IHÇI Í J Æg¬¬ g¬ÇgÇ¬ gÇÇÈ ÎH¬HÇÏ = MÌÐI Éc¬¬ Jc¬¬¼ Jc¬Ç¼cÇÇ JcÇÇ¼ JcÇ¬¼ Ê 

[M]

Éc¬¬ Jc¬¬¼ c¬Ç¼cÇ¬¼ cÇÇ JcÇÇ¼ Ê  

 

 

 

 

 

 Â = Ä¯�8Ñ (À ) 

 ¿ � ¿À = B ( )  

ÒÓÒW J (Â � ¿+Â = M ,Ô¿Ã J Ä ( )

 

 

S s s  

"! = { !}j([c] M [ca]+{Z}{ !}j([c] J [cb]+{ !} 
1 [cb] [ca]  

2 NASTRAN { s}  

2  

À  

 5¼w = Ãw �  X = ÕG¼wÖHI   



 

 

js1

2 1

3 1

1

1

{ }

s s

sa s s

sN s

j j
j j j

j j

ì ü
ï ï
ï ïï ï

= í ý
ï ï
ï ï
ï ïî þ

s N a

[ ]{ } { } 1T

sb sbMj j =

b



 

 

{ }saj { }sbj

a

{ } { }sb saj a j=

{ }saj { }sbj

[ ]
[ ]

{ } {1}

{ } { }

T

sa

sa T

sa sa

M

M

j
b

j j
=

[ ]
[ ]

{ } {1}

{ } { }

T

sb

sb T

sb sb

M

M

j
b

j j
=

bsa bsb

[ ]
[ ]

{ } {1}

{ } { }

T

sa sa
sb T

sa sa

M

M

j b
b

a j j a
= =

s { }sbX ( )s tf s

sbb { }sbj

{ } ( ) { }sb s sb sbX tf b j=

a

a

{ } ( ) { } ( ) { } { }sa
sb s sa s sa sa saX t t X

b
f a j f b j

a
= = =

 



 

 



 

 



 

 

 

 
 

 

 
 

 



 

 

 

 



 

 

 



 

 

 

 



 

 



 

 



 

 

 



 

 



 

 

 



 

 

    

 

  

 

 

 
 

 
 

 

  

 

 
 

 
  

 
 

 

 

 

 

  

 



 

 

 



 

 

 



 

 



 

 

 

?@A

?@A

30

?@A = �eD�c � 

ec�

�

?Tp

�

?Tp

�



 

 

 

?@A

��� �

5g�

?@A = 25�g� ?Tp
�



 

 

 

= � {��(, @z +}���-{��(, @z +}�



 
 

 

 



 
 

 

 



 
 

 

 



 
 

 

 



 
 

 



 
 

 

 



 
 

 


