
1 

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

������������ ������������  

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

������������  

��������������������  

����������������  

 

�������� : 

 

���� �� �� 	
� ����� �

����� ��� �  �� ����  !�

�� "#$%�&' ()*  !+,- ./

0.1 23�! �45 (6	
� ���

��"#�� 789: ;<=>?@�� (

ABCDEF GH I��JK;�LM �6

NOPQI��R�I��ST�"#U

VWXY Z[$% �(\]$%�&' ^I

_`aR b% (  I\c de�45 f�	


� ���� ghijI 2 k+l m

;(  �� "no�pq �� r� st

u" (  v�� "# w��� �x:yz{ �

6| �����}� y.~•� (  ��&

'€•‚ƒ „…†` 2� ‡
 �����

���� "# ˆ‰�$Š� (  ��[‹Œ

O•Ž•�•‘ �’ŒO �“ ”•(  

 

 !" !" !" !" #### 	
� ���� �"#�� �d

‰–— �„…�†  

 

1. $%$%$%$%  

 

H*.70 ˜™ š› Iœ•žŸ ¡ (  

8¢d� š£¤¥¦§¨§©ª �«¬

�®¯�°y•‘ ±•©ª�²³ (  ´µ �

¶ š·¸¹º»�™:•‘ (  f¬ ¼£

˜™ š_H •  426Kph œ•½¾ �6|¿

ÀÁ£ ÂÃÄ•  20000tonnes(	
� �

��� juVW8�ÂÃÅÆÇÈ "# É

y(I\Ê©�©Ë�ÌÍ Î©Ï��� Ð

ÑÒ�Ó"ÔÕL�Ö—™:y¥7× �Ø

Ù�� ÚÛÜŠ �Ý[Šij ÌÍ £% ��

!��Þ:ß88 ÇÈ �àÅÆ šáâ�

ã¿äå (!æ�!áâ Ðç� �!æ!è

é¡ �Uêë  š�!st Øì (;í  t

îïç �ðñòI ��;�óô �6I Ïí

stî ïKæ �Sæ �šõ (��Uijç

�ð�� ö÷ �  ø÷� ù÷�ú ûfØô

©ªü ô(  ýþ ���$¹ � �� ÌÍÃ

Î �� � •Ô !æ ;�  Œ� ���Ë � Š

�ðÝF 	
 (�� "#Ø �� q 3 � (Ñ

:�f:ð  © )(Ñ:"#U L � • � I

���� ST� � Iš�S
� � R (L

� ×™¡ � �AU[Š �� ÔL � � � : �

6| [ �� ��� õ�ÜŠ (f:"#U L

� [ÕÇ � �L �� :$¹ �� Ô�  1 Ô  

2 ���� (́ 8L �� :U �� � �AU

[y �� ���Š� (  ©"#U  ªL �

$¹I����f��Ô ( !" L � [Õ

Ç � (L �� :U©ª� ($¹ #$ Ô�

� %& � '( ( ) ���LM � :Ç � 78

9:; � ** y88 �� ���Š� (� +

[I��  ©"# , ã -./ � 0 ßybØ

123 ›ÕL 4 nÌÍã¿ (  \ 5 � 6 �

 ª 78 UI�� 	
� �� �� ��

�}�I� 9 0 � :; ˆ < �$%�&' (

ß¨ �! =� $¹� ×™_w 	
� �

��� �"#��45 (  

 

 

 

 

 



2 

1 2 3 4 5 6 7 8 9 10 

2. &'()*+,&'()*+,&'()*+,&'()*+, -�.-�.-�.-�.  

 

I\]$%�&' f�	
� �� �� >

?@ qØk A BC m D I 2k+l m;

o E qUgc F � FG (FG W�  k1 �

k2).(  H  1 �I •de ‚ƒij 	
� �

� �� áâ (  �� Ð  10 c J ³ � 24 K

d L M �� N K O ��¥ 9 ð ß�� � q 7

�P ¹ @"#�� (  I Q " R ˆ‰ Ï� 7

c �P � �x:“ E1…E7 o S �q‡ T �(

 

 

 

 

 

 

 

 

 

 

H  1U !æ ���! áâ  

 

   

 
H  2U  F �Ÿõ J ³;� VW m  

 

J X Øc ‚ƒij � A BC ƒ J x: Y

Z $¹ ) 70 � [ fNÔ (  H  2 �I •�

Fde F �Ÿõ J ³;� VW m (± \]K

U i �s ^]K U  j(  . _ c ` Ð: �gc

± \]K ðgc s ^]K (  aJ ³� � :  

L(  J ³x:  k J I q   

 

 

 

 

                   (1) 

 

. 

E � I � —F �d�� ������ �ð  

 

��

�
�

��

� �

�� ��

   
 

   

�

�
�
�
�

�

�

�
�
�
�

�

�

+--

-

-+-

---

+
=

��

��

�

���	���	

	
�	
�

���	���	

	
�	
�

�
�

����
��

����
��

�
�

�

ff

ff
f



3 

 

 

 

 

 Yb á � =1.2 

 

  

I\ ]&' fß�âØ c � YZde �‰� ��  (Paz & Leigh 2003): 

 

2 2

2 2

156 22 54 13

22 4 13 3

54 13 156 22420

13 3 22 4

L L

L L L LAL
L L

L L L L

r

-� �
� �-� �=
� �-
� �
- - -� �

m           (2) 

 

r  �  A U J ³� f :�ø N K g (²q ~

. J ³�4÷U‡ T � � J ³� h8 áâo

ijk lm � h8 áâ no (  ~¹ p . q

¥� r ª (  ® l st �$¹ u ¦áâx:

YZ  K �áâ � YZ  M(  !æ ���!

áâ� ò. vw �� b $¹ xy } z “ä

å� {| (  

 

                   (3) 

  

 

3. /01234/01234/01234/01234  

 

} � 	
� �����d‰ ~ � •€ �

�� :; ˆ < �$Š�ßy b%•�“�

•‚ &' (  I\]&' fy ƒ � „……  

†‡ ƒ �I BS90aš�;� F40	
��

��� ,J  1 ˆ‰ • F40	
�����

�dë ~ � (  dë ~ ��8T � ¨ ` �

��� Š‹Œ �¢ • (   

 

J  1U  •‚ &'f ~��dë ~ � (  

 

dë ~ �  (ƒ� ) �“  

�� � : L(mm) 2420 

��˜: h(mm) 210 

�� Ž : b(mm) 280 

�� f : , r  (kg/m3) 2750 

• 1 F �d� , E (N/m2) 3e10 

+l i j • 1ç:  (N/m2) 3.774e8 

+l ij • 1 q �ç:  (N/m2) 5e6 

 

Q " R �ˆ‰f�~.  7 �P �� � • 1x:á�o S �q‡ T  •‘ J  1’ (    

�


�

���
�� �=f

��

[ ] �� =- fw ��



4 

 

H  3U  dë	� , 5 cd “ ò. vw �� b  

 

dë	��ò. vwk d‰ b ˆ ˆ ‰I H  

3 f(  ²qª ” • [ T "# –< Ï�d‰

b ˆ�d‰ b ˆ � —˜ Ø 9 �\ ™d‰ b ˆ

÷�� � : • F Ø(  I_ š � ˜ › : œ…

„�† ^ŠNO • 5c žŸ � � ����d

‰b ˆ (  ²ý �‹ , 5 c ž ��d‰o�

I\]&' (« � � �� "#� �� : 

 

v	
� �� ��."# ��� �x: ß

yz   (� + ��LM ¡ ‘ ¢ ÕL •H  4’ �

�� �x: ßy z ¢ VW £ µF ¤  •£ µ  

90%x: “z   ’ (  Iý�“� •‚ &'

f��� "# de x:á�I‡
 �P z  

• 70%(  J  2 ¥ s• 5 cde –< �‡


�"#�� 9: (   –< 1 U Q " R � ��

@q ~d ð�F&' �� "#«áâ �‰

}�� �� (²qIç�S� � ¦ ” û 0 �

�. §¨ uÐÌÍ �
� ~" R (  ²ý �

–<  2-4 �F&'\ì –< (  E q �� f

© � ¦ ST" R � –<  5 ’o de &'�

ªl �

   

 

 

 

 

 

 

 

 

 

 

 

 

H  4 U ��LM ¡ ‘ ¢ ÕL  



5 

J  2U  "# –< Ï de I�“� –< &'  
�������   

–<  "# �	  
�  
1 


�  
2 


�  
3 


�  
4 


�  
5 


�  
6 


�  
7 

1 � "#  0 0 0 0 0 0 0 
2 � �� 2 �  0 70% 0 0 0 70% 0 
3 � ��  0 70% 0 0 0 0 0 
4 � ��  0 0 0 0 0 70% 0 
5 � ��  0 0 0 70% 0 0 0 

 

{| É « e {| I[ T �" R–< Ï , 5c

d‰�ò. vw �d‰ b ˆ (dë	�ò.

vw �‡
� ¬� ” z   �J  3 f ˆ ïd

ë	�I[ T " R–< Ï� ò. vw ð«


� z   ¬�w (  ) Jf$ ® J I I[

T " R–< Ï�� �yz   ò. vw (Øc

©ª� �� U I[ T d “ �[ T �" R–

< Ïò. vw � ¬�” z   U[ T � (  /

6 ¯ ò. vw �¥ 9 àî ° � � � �� "

#�9:. ± � ²³ (H 5)(  

 

s + J ´ "#Uy z   x: ) 6 �� ��

�Š� ( –< 2 vw z  ¬�w :d b 1  

(11.71%’  �d b 2 • 42.33%’ d b 3 

• 45.91%’ �d b 4• 43.11%’ ðd b 5

• 49.5%’´� I\ì –< Ïd b 2� 3� 4

ð 5 «�� �"# •µ¶ (  

 

·—¸ O ò. �� vw Uáâ�¿ PO � (  

ÐF �� I de û Q " R �ˆ‰�&'U

f ¹ « º �I« º !æ "# –< Ï ò. ��

vw ¥ 9 ’ ‡ T (  ²ý �I �» � �» ç

�Ï� "#d‰ò. �� vw ¥ 9 (¼–<

3 ð 4)’U‡ T � (I\ì –< Ï d b 1 v

w z  ¬�w ½ . 4.43%«�� �"# µ¶

:7 � (  

 

–< 5 Ï 5cd b � vw z  ¬�w¾9 B

¿ [ 0 , d b 1  (31.89%’  � d b 2 

• 47.12%’ d b 3 • 34.45%’ � d b 4

• 23.79%’ ðd b 5• 37.27%’  

 

7 ´� [ T �d ‰yI[ T �� � .[ T

� µ¶ � (  H  5 ÀŠ ~." # –< � , 5

cd ‰ò.�� vw � ¬�” ¥ 9 (  )H

f$¹ Á O [ T �"# –< Ï ò. �� v

w �z  Â I [ T d “ (  0 U$¹��d

“Ã ü45  (Lam & Ng2008) ̈ �� ��

"# (� Ä b �� ÅÆ $�:��� ò. �

� vw X Ô ˜: ÇÈ Ÿ[ É  1%� ÊË (  

²ý �8F  1%� ¬�” ¥ 9 $o?q$�

�(  õF�“� –< &'�s + � 0 $¹

¦Os• �$¹€• xÌ� ����•¥ò

. vw ¨�� �� "#( ¥ ïŸ Í ˜ vw �

d b•Î vw �d b «�� �"# •µ¶ (  

 

 

 

 

 

 

 

 

 

 

 

 



6 

J  3U  {| ~. –< Ï�ò. vw  

�
�  

���
	  

��  1-Hz 
(�� ���

�� ) 

��  2-Hz 
(�� ���

�� ) 

��  3-Hz 
(�� ���

�� ) 

��  4-Hz 
(�� ���

�� ) 

��  5Hz  
(�� ���

�� ) 
1 � "#  120.21� 335.38� 659.86� 1037.91� 1458.79�

2 
 � �
� 2 �  

106.13 
(11.71%)�

193.41 
(42.33%)�

356.95 
(45.91%)�

590.41 
(43.11%)�

736.75 
(49.50%)�

3 
 � �
�  

114.89 
(4.43%)�

239.45 
(28.60%)�

486.25 
(26.31%)�

712.84 
(31.31%)�

1046.3 
(28.28%)�

4 
 � �
�  

114.89 
(4.43%)�

239.45 
(28.60%)�

486.25 
(26.31%)�

712.84 
(31.31%)�

1046.3 
(28.28%)�

5 
 � �
�  

81.87 
(31.89%)�

177.36 
(47.12%)�

432.53 
(34.45%)�

791.02 
(23.79)�

915.14 
(37.27%)�

 
H  5U ��� ` � vw@ qd “ ÜŠ"#1
z   "#��  

 

45555.678.678.678.678  

 

� + ��."# ����‰ � 
�&' Ï [

§¨ €•�� ÐÑ�Ò Z�“�+ Ó ¨ x

y (7Y ÇÈ ŸNO	
�������

‰%q�� Ô dë (  ÐFde�����

ÕÖ UVWXYZ × [$% �~¹ S � š

����U Ó . o �%qð[ deÕÖ �

�� (q• u ¦ Ø �dëd “ ¨J IÙÚ .

�����%q (\]&'U } �d‰–—

·¸ü s _`NO�����%q � ) 6N

O"#� � .(�������s + ß©HI

_ š–< f�����d “ (d‰–—•9

U {| d‰ ~ �  Û d “ � b ˆ �  ò. vw

�x: (  

 

_`d‰ �Ò7 �UNOd‰ ~ �îï `

� vw �d‰� b ˆ� ÕÖ ( š����

áâ Ü %f. 3 c SÅ (  

1.a áâU o �� (  

2.a áâUw © [¥ (  

3.��stU$¹ ‘ Ô� (  



7 

d‰–— �F •€ d‰ ~ �  �dˆ �  ò.

vw �x: ( š�� Ó .8��ò. vw

� k`" � vw �dˆ‡ ±Ý ( œ…„ Þ�

ß© � àá y Þ�ß ‰âœã 
 ( } �×™

äåæ ¥ / (FFT)ßw P È™: ç 
 q ¥q

vwP ( H  6 è �d “ � vw � ÕÖ I�

�stUW�ð$¹ )è �Øc��fN

O¨ ( H  7 �I •I vé (I êé f.Ø

ë ˜ ì (\ ëìí «
d “b ˆ� î¶ï  

�� � (ª•N}�d “ Ï�d‰ ~ � �$

¹�� ìíƒð 45 ( ñòÀŠó c î¶ï

� vé ( )ó c vé f � ñò $¹NO«


� vw ‡ T �˜ ì ( "tñòÀŠkî¶ï

� � �˜ ì “� u ¦«
F}� vw ��

� b ˆ (› È �� vw U `" �\ìd “ (

d “b ˆ "t •H� ÀŠ ~. vwPô �

�˜ ì “¨ õ � (  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

H  6 è �d “ � vw � ÕÖ I��stUW�ð$¹ )è �Øc��fNO¨  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

H  7 ���� vé (  

 

5. +,9:;<.6=>+,9:;<.6=>+,9:;<.6=>+,9:;<.6=>  

 

q ö÷ ; ‰	
������ d , 
�

��"# ø Õd‰†` k d‰–— NO d

‰~ �  Û d “ � b ˆ �  ò. vw �x: (

I��"# ø Õd‰†`f �ß›" R � Q

" R ��� D I 2 k+l ;  •H  8’ ( H  

9 �I " R ��;�L � (Ø ù ã ú 11 c

î¶ ï I�� T w ûü � 
 ²ý ( H  10 �

I •~.��� ÅÆ (¹ œ…„ þ …�� @

q àá²ý ,` Ð������ ƒ™vw �  

6400 Hz( � � � 
 ²ý b%d‰ ~ � –— (

H  11 �I Q . " R ð" R ��†`s + �

� cd b ( ) J 4 †`s + ÷´ v	
� �

� ��."# � ` � vw ßy z   , 6�

��x: ’yz   ( !" †` $¹ ÷ _��

U � . "# , AU Q Š ø Õ O��stu "

� � ð 9: (�ªNO u"� � ð 9: , $

¹ � �d ë � Ú 45 ( �

 

J 4 †`s +  

 d b 1 vw  d b 2 vw  d b 3 vw  d b 4 vw  d b 5 vw  

Q .

"#  
123.41� 325.47� 638.06� 988.83� 1394.35�

."

#  
119.11(3.48%)� 312.29(4.05%)� 596.93(6.45%)� 946.38(4.30%)� 1361.66(2.34%)�
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��������  1 2 3 4 5 

���������������� (Hz) 123.41 325.47 638.06 988.83 1394.35 

��	�
���	�
���	�
���	�
�

����  (Hz) 
123.32 325.79 636.79 993.4 1388.83 

����������������  -0.07% 0.10% -0.20% 0.46% -0.40% 
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��������  1 2 3 4 5 

� � � �� � � �� � � �� � � �

(Hz) 
119.11 312.29 596.93 946.38 1361.66 

��	�
��	�
��	�
��	�


�������� (Hz) 
120.62 304.09 579.64 911.11 1353.55 

����������������  1.27% -2.63% -2.90% -3.73% -0.60% 
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J 5 ."# ð."# � Ú~ � q1…q7 « ”  

 

� Ú~ � � � q1� �� q2 � q3 �  � q4 �  �� q5 �� q6 � q7 �  

���� � 1.3064� 1.5055� 1.5125� 1.2988� 1.5745� 1.276� 1.2686�

��� � 1.2901� 0.7532� 1.4672� 1.1909� 1.5341� 1.219� 1.2513�

��	

�  

1.25� 49.97� 3.00� 8.31� 2.57� 4.47� 1.36�
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