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  � � 	 � � � � � � � �$ 
 � � �� 
 � � � � 	 � 	  
� � # 	 �  
 � 	 � �� 
 (  � � � � � � � � � �  � �� � � � � � � � � 
 �  � �� � ( 1 � � 
 " , # 	 �  � � � � �, � � � � , 
 �  
$ � �� � � 
 (  � �� � � � � 	 �   �� � � 
 �� � 
  � .� . � 1 �  	 � � � � � � � � � . � % 	 $ � �� 
   � �$ � 	 � � �  � 	 	 � -
� 	 + � � 
 "  (3) � � � � $  # � � � � 
 
  e

ijσ� , � 	 � 	 � � �  � � � � � � �� � ( . �  � 	 % 	 "  � 	  � 	 � � � � �  � �� � ( -

1 � � 
 "  � � � � � 	 � 	  � � # 	 �  
 � 	 � �� 
 ( : 
( ) e e

ij ij ijkl kl kl ijkl kl ijc cρ σ ε ε ε σ− = − = =�� � � �� � . 

� �� 
   	 % � �$ 	  ,  	 1 � 	  	 � � � � � � 
 � �  � � � � � . , 
 �  # 	 �  � � �   

 e
ij ij ijρ σ σ= +� � � , ( )e

ij ijkl kl klcσ ε ε= −�� �� , 
( )

( )
e

ije
ij ijkl kl kl

ij

W
c

ε
σ ε ε

ε
∂

= = −
∂

��
�� ��

��
, (4) 

� � �  
1

( )
2

e
ij ijkl ij kl ijkl ij klW c cε ε ε ε ε= −� � � �� � � � � . 

' 	 � � �� 	 � � �  
  � � � 	 � 
 (  
  � � 
 � � � � � � � 	 � � 
  � � + � � 
 (  $ �� ��  � � # 	 �  
 � 	 � �� 
 (  �  
� � � � � � � �  
  � 	 � � � � 
 �� � 
  % � � � �  
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0ij ij

V

dVσ ε∆ ∆ >�� , 0ij ij

V

dVρ ε∆ ∆ >�� � , 0e
ij ij

V

dVσ ε∆ ∆ >��� , 


 � 
  

( )
0ij

ij
ijV

W
dV

ε
ε

ε

� �
∂

∆ ∆ >
� 	� 	

∂
 �
�

�
�

, 
( )

0ij
ij

ijV

W
dV

ε
ε

ε

� �
∂

∆ ∆ >
� 	� 	

∂
 �
��

��
��

, 
( )

0
e

ij
ij

ijV

W
dV

ε
ε

ε

� �
∂

∆ ∆ >
� 	� 	

∂
 �
��

��
��
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� � (  � � � �  � ��  � � � � � � � � � 	  � 
 # # � � � � � 
 � � �  � �  � 	 � � "  � � 	 � 	 � � � "  � � � �  � , � � 
 "  
( � � 
 � � � �. � � (  � 	 	 � � 	 + � � 
 (  (2)), � � 
 � 
  �. , 
 �  $ �� �� � � �  $ � �� � � 
 (  � � � � �� 
 � � . 
/ � � � �  ∆  	 $ � �� �� �  � �$ � 	 � � �  � 	 	 � � � � � � � � . , 
 �  � � � 
 � 
 �  �  � . % � �  � � � �  � �$ � 
 � � � �  
# 	 �  ��  � � # 	 �  �� 
 
  ( � . ) 
 � � ). 

� � �� 
 	 � �� � 	 �  $ � �� � � 
 �  � �� 
 �� 
 
  # � � � � 
 	 � �� � (1) � � 
  � � � � �  � � $ �� 
 � 
  	 � � 
  

iu� , iu��  � � 
 � 	 � 
 �  �  � � �   � �� 
 �� 
 	 � � �   � � 
 � � 
 � �  $ �� �� 
  � � # 	 �  
 � 	 � �� 
 (  �  � 	 � -
$ � � � � � 
  
  � � � � � 	 "  � �$ � � � $ � 
  

 1( ) 0i ij ij i i

V S

J u dV p u dSδ σ δε δ≡ − =�� � � � ,  (5) 

 2( ) 0i ij ij

V

J u dVδ ρ δε≡ =�� � �� . (6) 

� ��  � 
 � � 	 , � � (  � �� � � �  $ �� ��  $ � �� � � 
 (  � � � 	 � � �  � 	 4 # # 
 � 
 � � � 	 �  � �  	 � �$ � � �-

. �  � � 
 ( � 
 (  � � � �� 
 �� 
 	 � � � �  � � 
 � � 
 � �  (5), (6), � 	 4 � 	  �  
 �   	 1 � 	  � � 
 � ( � � , � �-

� � 
  � � , 1 2 1w w= = .  

- � � � �  � 
  � 	 �  ( , )S⋅ ⋅  	 $ � �� �� �  � � �� ( � � 	 �  � � 	 
 $ � � � � � 
 �  �  2( )L S : 
3

1

( , )S i i
iS

u v u v dS
=

= . � 	 	 � � � � � � � � . , �(  4 � 	  �  � � �� ( � � 	  �  � � 	 
 $ � � � � � 
 .  � 	 �  � 


  � � �  � 
 �  

1
23

2

1

|| || ( , )S S i
iS

u u u u dS
=

� 
= = � �� � . � � 	  �  � 	 � 	 , 	 % 	 $ � �� 
    

,
,

,

( )
( , ) i j

i j
i jV

W u
a u v v dV

u

∂
=

∂
�

� � �
�

 
  ,
,

,

( )
( , ) i j

i j
i jV

W u
a u v v dV

u

� �
∂

= � �� �∂� �
��

� � �� � �
��

. 

2 � 
 � � � �(  ( � � 	  � � � 	 � 
 (  � � 	 � � �� 	 � � � �  � � 	 � 	 � � 
  � � � �  � , � � 
 "  *
i iu u=� �� �  � � � � �-

� 
 � �  S   � � 	 � 	   + � � �# �  	 1 � 	  � 	 � � � 	 
 � �  # � � � � 
 	 � ��  	 % � �� � 	 "  $ �� �� 
  # 	 �  	 -
	 % � �$ 	 � �� 
 (   

 * 21
( , ) ( , ) ( , ) ( , ) || ||

2S SJ u u a u u p u a u u u u
ε

= − + + −� � � � �� � � � � � � � � � , 0ε > , 0ε → .   

& � � 	 � � $ � (  � 	 � � �� 	 � � � �  � � � 	 � 
 (  � � 
 � � � � � � � 	 � � 
  � � �� � � �  $ �� �� ,  � 	 � �$ � � �-
. � � ( , � � 
  � � � 	 � 
 
  � � , � � � � 	 � �� 
 (  � � + � � 
 ( , � � 	 � �  �  � � 
 � � � � � � � 	 � � 
  � � (  	 "  
  
	 % � �� � 	 "  $ �� �� 
  # 	 �  	 	 % � �$ 	 � �� 
 ( . �  4 � 
 �  � � 	 � �  ��  � 	 � � �� 	 � � 	  � 	 � �$ �� � , � � 	  
 $  
	 � 
 � �� 	 � � �  � � �� 
 � � � �  � � � 	 � 
 "  	 � � 	 "  $ �� �� 
  (� � � � � � � 	 � 	  � � # 	 �  
 � 	 � �� 
 ( , � �$ -
� � � $ � 
 ) 	 % � �$ � . � � (  	 � 
 � �� 	 � � �  � � �� 
 � � � �  � � � 	 � 
 (  � � � � 	 "  ( � �$ � � � $ � 
 , � � � � � � � 	 -
� 	  � � # 	 �  
 � 	 � �� 
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 2.1. ������� �  !#"%$'&#(')+*�),"  -'&'��� .,��&'/0),"%*  ���1(,&'!32#4  *�-'2,),����!#*�),)+&'����2  56* -7 *�),2#4  89.'-,.'/  -'*�:;&<5>= 2<56&'!3.'),2#4  (5) 2  56.#8@?A5B�#89C92  (6). D0&'?E-,.  5F* 7 *�),2'*  8@.'-'.,/02  :;&<5B=;&'&,G -
5F.389&,!#.,),2#4  *�-,2'),����!#*#),),& . 

 2.2. ���������  !#"%$'&3('),*�),"  -,&'����.,��&'/0),"%*  ���H('&,!#2#4  *�-,2,),����!#*�),)+&'����2  5F* -7 *�),2#4  8@.'-'.,/  -'*�:;&H5>= 2<56&'!3.'),2#4  (5) 2  56.38@?A5B�#89C92  (6). D+&,?E-,.  5F* 7 *�),2'*  &'G<5F.'��)+&,I  8@.,-'.'/J2  
: &H5>=;&'&,GH56.#8@&'!3.')+2#4  *�-'2'),����!#*#),),& .  

3 � 	  � � � 
 � � � � 
  � � � 
 � � " � � �  $ �� �� 
  % � � �   � �� �  �� � 
 � �� �  �  	 % , � "  � �� � �� 1 � -
� 	 "  # 	 �  � � 
 � 	 � � �  (TL)  ( �  � �� � � � � �  	 � � � � � � 	 "  � 	 � # 
 � � � �� 
 
  � � % 
 � �� � � (  � �� �� � -
� �(  � 	 � # 
 � � � �� 
 (  � � � �). 

! � � � � 
 	 � ��  (1) � � (  � � 	  � � � 
 � � � � 
  � � � 
 � � " � � �  $ �� �� , �  4 � 	   � � � � �� , � � 
 -
 � �  � 
 �  

1 , , 2 , ,

1 1
( , ) ( ) ( )

2 2i i ij ij k i k j i i ij ij k i k j

V S V

J u u w W u u dV p u dS w W u u dVε σ ε ρ
K LM N M N

= + − + +
O PQ R Q RS T S TU V
W W W

�� � �� �� � � � � � � � .  

- � � 	 % � �$ � (  # � � � � 
 	 � ��  	 � � 	 � 
 � � � � � 	  � � � � , 
 �  
  	 � � �� 	 � � � �  � � 	 � 	 � � � "  
� � � � 	 � 	  � � � $ 	 � � � �� � ( 1 � � 
 "  - 
 	 � �- � 
 � � � 	 # �  

,
, ,

,

( )
( )i j

ij ik i k kj i k kj
i j

E u
u u

u
δ σ σ

∂
Σ = = + +

∂
�

� � �
�

, ,
, ,

,

( )
( )i j

ij ik i k kj i k kj
i j

E u
u u

u
δ ρ ρ

∂
Ρ = = + +

∂

�� �
�� �� �

��
 � � 
 -

� �   �  � 
 � �  

 1 , 2 ,( , ) ( ) ( )i i i j i i i j

V S V

J u u w E u dV p u dS w E u dV

X Y X Y
= − +

Z [ Z [\ ] \ ]� ��� � � � � � .  

& � � 	 � � $ � (  � 	 � � �� 	 � � � �  � � � 	 � 
 (  � � 
 � � � � � � � 	 � � 
  
 , 0ij i j

V

u dV∆Σ ∆ >� � , , 0ij i j

V

u dV∆Ρ ∆ >�� � , (7) 

 	 1 � 	  � 	 � �$ �� �  � � � � � . , 
 �  � � 	 � �  � . 
 2.3. ���������  !#"%$'&3('),*�),"  -,&'����.,��&'/0),"%*  ���H('&,!#2#4  *�-,2,),����!#*�),)+&'����2  5F* -7 *�),2#4  89.'-,.'/  -'*�:;&<5>= 2<56&'!3.'),2#4  2  5F.389?^5B�#89C92  (7). D+&,?E-'.  5F* 7 *#),2'*  8@.'-'.,/02  :;&H5>=;&'&,GH56. -

89&'!3.')+2#4  *�-'2,),����!#*�),)+& . 
 2.4. ���������  !#"%$'&3('),*�),"  -,&'����.,��&'/0),"%*  ���H('&,!#2#4  *�-,2,),����!#*�),)+&'����2  5F* -7 *�),2#4  8@.'-,.'/  -'*�:;&<5>= 2<56&'!3.'),2#4  2  5F.389?^5B�#89C92  (7). D+&,?E-'.  5F* 7 *#),2'*  &'G<5F.'��)+&,I  8@.'-'.,/02  

: &H5>=;&'&,GH56.#8@&'!3.')+2#4  *�-'2'),����!#*#),),& . 
& � � 	 � � $ � (  � 	 � � � 	 � � � � �  � �� 
 �� 
 	 � � � �  # 	 �  � � 
 � 	 � � 
 , � �� �  	 � � � � �  � � + � -

� 
 (  � �� � � � �  $ �� ��  	 � � � � � � � � 
 (  � � 
 � 
 " , 	 % � � � � � 
 � �. , 
 �  $ �� �� � � .  	 � � �� 	 � � � .  
# 	 �  � : 	 % � �� � �(  $ �� �� � 	 � � 	 	 � � 	 � 	  � �� � ( 1 � � 
 (  � � � � 1 � (  
  	 % � �� � �(  $ �� �� � � 
 � � 	 -
� 	  
 $ � 
 % � � � � � 1 � ( . 

   	 % � �� � �(  $ �� �� � � 
 � �  �� 
 � � � � 	 � 	  # 	 �  	 	 % � �$ 	 � �� 
 (  � � � � -
� � �� � ( � � � (  �  � 
 � �  � �� 
 �� 
 	 � � � �  � � � �� � � � � � . � � � 	 
 � � (  
 � � � �� 
 	 � � � "   � � 	 �  � � -
+ � � 
 (  � � 	  � � � 
 � � � � 
  � 
 � � " � � �  
  � � � 
 � � " � � �  $ �� �� , � 	 � �$ � � �� � � (  � � 
 � � � � � � -
� 	 � � � , � � � 	 " � 
 � 	 � � �  � � + � � 
 (  
  � � 	 � 
  	 � � �  
 � � � �� 
 	 � � 	 � 	   � � 	 � �. - � 
 � 	 � 
 � � (  
� � 8  � � �� 
 $ �� 
 (  
 � � � �� 
 	 � � 	 � 	   � � 	 � � 
  � 	 $  	 1 � 	 � � 
  � � 	 � � �  � 	 "  � � �� 
 $ �� 
 
  
�  � 	  � � � � � �  � � 	 � � �   
 � 1 � � � � � 	 � 	  �� �� 
 $ �. �� � � 
  � � �  � � � � � � 
 (  � � �� � 
 � � 
  � 	 -
� �$ �� 	  � 	 � � �� 	 � �� 
 �  �  � � � 	 � 
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  � � 	 � 
  	 � � 
 . �  � �� � 	 "  � 	 � � �� 	 � � �  � 	 $  	 1 � 	  
	 % 	 % , � � 
 �  
 � � � �� 
 	 � � 	 � 	   � � 	 � � � � � � �� � 
 � � � � 	 �  � � # 	 �  
 � 	 � �� 
 � . �  4 � 	   � � � -
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� ��  � �� 1 �  � 	 % � . � �. � � (  � � � 	 � 
 (  � � 	 � 
  	 � � 
 . - � � � � �� �. � � (  � �� 
 �� � �   � � 	 � 	 �  

 � � � �� 
 	 � � 	 "  � � � � � ( � 
 $ �� 
 
 . 

- � � � �  � � � 	 � � � � �  � 	 � � �� 	 � � � �  � � � 	 � 
 (  � � 
 � � � � � � � 	 � � 
  � � + � � 
 (  $ �� ��  � � -
# 	 �  
 � 	 � �� 
 (  
  � �$ � � � $ � 
 , � 	 � � � 	 % � �� � � .  $ �� �� �  � 
 � �  �� 
 � � � � 	 � 	  # 	 �  	 	 % � �-
$ 	 � �� 
 (  �  � 	 � $ � � � � � 
   	 1 � 	  � � � � � � �� 
 � �  �  � 
 � �   
 � 
  
 $ �� 
 
  # � � � � 
 	 � �� 	 � : 

* 1 3 * 2
2argmin ( ) ,  [ ( )] , ( ) 0ij i i

V S

u W dV u W Q u u dSε
_ `

= ∈ − =
a bc d�� � � , (8) 

* 1 3 * 2
2argmin ( ) , [ ( )] , ( ) 0ij i i

V S

u W dV u W Q u u dSε
_ `

= ∈ − =
a bc d�� � ��� � � � , (9) 

� � �  * * * *
1 2 3( , , )u u u u=� � � �� � � � - $ �� �� � �(  � � 	 � 	 � � �  	 � � �� 	 � � � �  � � � �  � , � � 
 "  � � S. 

2 � 
 � � � �(  	 � � �� 
 � � � 
 (   � � 	 � 	   + � � �# �  	 1 � 	  � 	 � � � 	 
 � �  # � � � � 
 	 � ��  	 % -
� �� � 	 "  $ �� �� 
  � 
 � �  �� 
 � � � � 	 � 	  # 	 �  	 	 % � �$ 	 � �� 
 (   

 * 2 * 2

1 2

1 1
( , ) || || ( , ) ( , ) || ||

2 2S SJ u u u u a u u a u u u u
ε ε

= − + + + −� � � � �� � � � � � � � ,   

1 0ε > , 1 0ε → , 2 0ε > , 2 0ε → . 
�  � �� � 	   # � � � � 
 	 � �� �  � � � � 	 �  
  � 	 � � � � � � �  � � �� ��  	 �  �  $ �� 
 � 
  	 � � 
  � �� -

�  	 � � � � 
 (  � � (  	 "  
 � 
  	 % � �� � 	 "  $ �� �� 
  � � � � � � �� � ( . �  � 	 % 	 " ,  � � 	  �  � 	 � 	 , � � � � � ( -
� 
 $ 
 � � . , 
 �  # � � � � 
 	 � �� � . ' � (  � � � � �(  � � (  	 "  � 	 � � �� 	 � � 
  $ �� �� 
  � 	 � � � � � � �  � � �-
� ��  	 �   	 1 � �  % � � �  � � � � � � �� � � � 	  �  � 
 � �  2|| ||Su�� . ' �� � � �  � � � �1 � � 
 (  
 � � 	 � � $ 	 � �-
� 
 � �  �  # � � � � 
 	 � �� ��  	 % � �� � � �  4 � � � � �  �� � � � �  $ �� �� ��   �� � 	 � � � � � 	 � �, � � � � 	  �� -
� 	 � � � � � 	 � � 
  � � � � 
 �  $ �� �� , 
 � � � � � 	 � �� � � �  3 .� . � � � � � � � � �   
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 3.1. ���������  ku� , ku��  - 5F* 7 *�),2#4  8@.'-'.,/02  -'*�: &<5B=;2<5F&,!#.')+2#4  �  8@.'-'.')+),"e=;2  ),.  
$'&,!#*f5Bg�)+&'����2  S ?^5F.')+2'/0),"h= 2  �'�1('&,!#2#4@= 2  2  5F* 7 *�),2,*  8@.'-'.,/02  56.#8@?A5B�#89C92 . D0&'?E-,.  2'��*f5F. -i 2,&'),),"jI  $H56& i *����  (12) 5F* 7 *�)+2#4  &,GH56.'��)+&'I  8@.'-'.,/02  : &<5B=;&,&'G<5F.389&,!#.,),2#4  )+.  S $H56*#- -
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� % � �� � � .  � � 	  � � � 
 � � � � 
  � � � 
 � � " � � .  $ �� �� �  � 
 � �  �� 
 � � � � 	 � 	  # 	 �  	 	 % � �-

$ 	 � �� 
 (  �  � � 1 
  �  � 	 � $ � � � � � 
   	 1 � 	  � � � � � � �� 
 � �  � �� 1 �  �  � 
 � �   
 � 
  
 $ �� 
 
  
# � � � � 
 	 � �� 	 �  
  � �� 
 �� 
 	 � � � �  � � � �� � � � � � . �  4 � 	   � � � � ��  � � � 	 
 � � (  �� �� 	 � 
 � � � "  

 � � � �� 
 	 � � � "   � � 	 �  
  � 	 � �$ � � �� � � (  � � 	 � �  � � � 	 � 
  	 � � 
 . 

- � 
  � 	 + �� 	 � 	   
 � � � � � 
 � 	 � �� 
 
  � � �� � � � 
 "  � 	 � � � � � � � �  � 	 � � �  � 
 � � � � � 
 $ �-
� 
 
  � �� 
 �� 
 	 � � � �  � � 
 � � 
 � 	 �  $ �� ��  � � # 	 �  
 � 	 � �� 
 (  
  � � � � � 	 "  � �$ � � � $ � 
  � � � 	 � -
� � � 
 �  � 	 � � �� 	 � � 	 � 	  � � 
 � � � 
 (  � � 
 � � � � � � � 	 � � 
  	 % � � � � � 
 � �� �  � � � 	 " � 
 � 	 � � �  � � + � -
� 
 (  � � � 
 � � " � � �  � � �$ 
 � � �� 
 � � � � 
 �  $ �� �� . �  � � 	 � � �  ��  � 	 � � � � 	 - 4 � �  � � � � 	 � 	  
�� �� 
 $ �, �  � �� � � 	 � � 
  MSC.Marc, 
 � � 	 � � $ � � � � (  �� � 	 � 
 �   � 	 � � � � � 
 (  � � � 	 " � 
 � 	 � 	  
� � + � � 
 (  � � � 
 � � " � � �  � � �$ 
 � � �� 
 � � � � 
 �  � � �� � � �  $ �� �� . � � � � � � � � 
 �  4 � 	 � 	   	 1 � 	  
� � 
  � � 
 � �  
 � � � �� 
 	 � � � "   � � 	 �  �  MSC.Marc � � (  � � + � � 
 (  	 % � �� � 	 "  $ �� �� 
  �  � 	 � -
$ � � � � � 
 .  

� 	  � � � � �  � � 	 � � �  , � � �� 
 $ � . , 
 "  
 � � � �� 
 	 � � � "   � � 	 �  � � + � � 
 (  	 % � �� � � �  
$ �� ��  # 	 �  	 	 % � �$ 	 � �� 
 (   	 1 � 	  � � � � � � �� 
 � �  �  � 
 � �  � � � � � . , � "  � � �  �  ( � 
 � .1). 

m�npoqnJrsn
 tvuJwyxJz9{}|3zJx3~ n3� |J�

m�npoqnJr3n
 
z n3��� zJ� ��� |

�}�Jx �
 ��nJ� �3� ��n

 z n � r u3� n

���Jx �
 � � z n ~3�Ju � |J�

 |9��uJz nJ� |J�s{}|

�}�Jx �
  � � z n ~s�Ju � |J�

 ��npoqnJrsn {�|

 
� 
 � .1. � � �  � � � 	 � � �  � 	 "  � � �� 
 $ �� 
 
  
 � � � �� 
 	 � � 	 � 	   � � 	 � � 

� � 	 �  � � � �� � � � 
 (  $ �� �� � 
  � � � � � � �� � ( � �  � 	 % 	 "  � 	  �� � � � "  bat- # �" � , � 	 � 	 -
� � "  � � � �1 � 	 "  
 � � � �� 
 
  � � � � � �� �  � � � �� � � � 
 �  � � 	 � �  � � � �� � � � 
 (  
 � � � �� 
 (  
  
  
� � 	 � �  $ �� � � � � � �� � � � �.  � � 	 �  � � � �� � � � 
 (  
 � � � �� 
 (  
  � � � � � � �� � ( � �  � 	 % 	 "  � � � + -
� . .  � � 	 � � �  � , � �� 
 � �� � � .  � � ( $ � � �  Visual C, 
 � � 	 � � $ � (  � � � 	 � � � �  � �� � � �  (� � -
� 
  
 � � � �� 
 (  � �  � � � � �( ) � � � 
 � � ( � �  	 � � � 	 � � � 
 (  � � � �  � , � � 
 "  	 �  $ �� �� � � �  � � � 
 � 
 �  

  # 	 �  
 � � � �  # �" �  � �� � � �  �  � � � �  � , � � 
 (  
  � � � � � . , � "  
 � � � �� 
 
  � 	  
 � � � �� 
 	 � -
� 	  �   � � 	 � � . - 	 � � �  � � � 
 � � � � 
 (  
  � 	 � � �� � � 
 (  $ �� �� � � �  � � � �  � , � � 
 " , � � 	 �  
� � � �� � � � 
 (  
 � � � �� 
 (  
  � � � � � �� �  � � � �� � � � 
 �  � � 	 � �  $ �� � � � � � �� � � � �. �  � � � � ��  � � -



 

 

17

� 
  � 	 �  � 	 � � � 	 � � � 
 "  � � � �  � , � � 
 "  	 �  $ �� �� � � �  � � � 
 � 
 �  � �� 	 � 
 � � (  �  � 	 � � � � 
  	 "  
	 % � �� � 
 , � 	  � � 	 
 � � 	 � 
 �  	 � � �� 	 � � � � � � 	 � � � � 
 (  � � 	 � � �  � . 

- � 	 � � � � � �  � �� � � � �  	 � � � � � � � � 
 (  � � � � 1 � �. , � "  # 	 �  �  � � �� � 
 � � 
  � � (  	 % � � -
� � � � � 
 (  $ �� �� � 	 "  � � 
 � 
 $ � �  � 	 � � �  � � � � � 	 "  � �$ � � � $ � 
  � 	  
 � � � �� 
 	 � � 	  �   � � 	 � �  
(13) �  � �$ � �  
  � 	 � � 	 ( � � �  
  � 	 4 # # 
 � 
 � � � � 
  α . �  � �� � � � ��  
 � � 	 � � $ � . � � (  � �-
� �� � � � 
 � � 
 � 
   �� � � 
 �� � � � 4-1�  (�� .  
 � 
 � � 	 � 	  � � � �� �) � � �� � 
 � � 
 . � �� � � 
 ��  

 $ 	 � � 	 � � �  
  � � 	  � �� �� � � � 
 � � 
 � 
  � � � � � 	 � � 
  	 � 
 � �� 	 � �  � � 
  � �� � ( 1 � � 
 
  
  � 1 �� 
 
  

  � �� � �  � � � � � . , 
   $ � �� � � 
 (  :  	 � � � �  * � � � �  = 7000 C�� /=F= 2, � 	 4 # # 
 � 
 � � �  
- � �� � 	 � � v = 0.4. � � �� 
 (  � � � �� 	 � 
 � + � " � (  � 	 � $ � � � � � 
  �  4 � � � � � 
  � � � ��  � ��  � � 
  
� 1 �� 
 
 , � ��  
  � � 
  � �� � ( 1 � � 
 
 , 	 � 
 � � � �� � � (  $ �� 	 � 	   �	 � � 	 � � �  � �$ � �  
  $ � �� � -
� 
 (  
  � 	 4 # # 
 � 
 � � � � �  � � (  � �1 � 	 � 	  
 $  4 � 
 �  � 
 � 	 �  � � # 	 �  
 � 	 � �� 
 ( : 

• � 1 �� 
 � : � 1 = 0.25 • 10-14(CE� /=6= 2) -n1 (/J.'� )-1, n1 = 8; 
• � �� � ( 1 � � 
 � : � 2 = 0.5 • 10-14(Cp� /=6= 2)-n2(/J.,� )-1, n2 = 8. 

�� � 
 � .2, 3 � � � � � � �� � � � �  � � �# 
 � 
  � � 	 � 
  	 � � 
  � 	  � � � � � � � � �� � �� 
 � � 	 "  

� 	 �  �  	 �  � � 	 � 
 % �  ( ( )( )1 220i

S
e = −w w� � S  - � 
 1 � ( (  � 	 � � � � � 	 � � �  � �� � � 
 , i –

� 	  � �  
 � � � �� 
 
 ) 
 � � � �� 
 	 � � 	 � 	   � � 	 � � (13) �  � �$ � �  
  � 	 � � 	 ( � � �  
  � 	 4 # # 
 � 
 -
� � � � 
  �  � � � � ��  � � 	  � � � 
 � � � � 	 "  � 
 � � " � 	 � � 
  
  � � � 
 � � " � 	 � � 
 .  

0 5 10 15 20 25 30
0

5

10

15

20

25

30

35

40

45

50

1

1_9

2

2_1

50

0

er_smal_1

er_smal_1_9

er_smal_2

er_smal_2_1

301 n

e

i

1a =
1.9a =
2a =
2.1a =  

� 
 � . 2. 3 � �# 
 �  � � 	 � 
  	 � � 
  �  � � � � ��  � � 	  � � � 
 � � � � 	 "  � 
 � � " � 	 � � 
  
& $  � 
 � .2, 3  	 1 � 	  	 % � �� � 1 
 � �  � 	 � � �� 	 � �� 
 �  � � � 	 � 
 (  � � 	 � 
  	 � � 
  �  � 	 � �$ �� -

� � �  � � 	 � �  �� . 
� � $ � � � � �� �  � 
 � � � � � � �  � �� � � � 	 �  
 � � � �� 
 	 � � �    � � 	 � 	   � 	 � �$ � � �. �  � � � � -

� 	 " � 
 � 	 � � �  � � 
  � 	 � � 
 1 � � 
 
  	 � � � 	 � � � 
 (  e  � � � 	 � 	 � 	 � 	   �� 	 � 	  $ � �� � � 
 ( . ' �� � �(  
� � � 
 � � 
 � � � � � �(  � � � � � 	 " � 
 � 	 � � �   	 1 � �  % � � �  � � � � �� � � � �  � 	  	 , � .  � � � � � ( � 
 $ 
 -
� � . , 
 �  �� � 	 � 
 �  	 � . � � � 	 � 	   � �� �  	 � � � � �  � �� 
 �� � �  �� � 	 � 
 �  	 �  � � � � � ( � 
 $ �� 
 
  �  
� � �� 
 � � 	 -4 � �  � � � � �   � � + � � 
 (   $ �� �� , 
  � �� �  � � �� � 
 � � � � � � �  	 � � � � 
  � � 	 � 
  	 � � 
  



 

 

18

� 
 � � � � � 	 � 	  � � + � � 
 ( . ' �� � � �  � � $ � � � � �� �  � � 
  � � ( . � � (  �  � �� � � � �  4 # # � � � 
 � � 	 � � 
  
� � 1 � , � � 	  
 � � � � �  � � � �. �  � � � � .  � � � � �� � � 
 (  � � � 
 � � 
 � � � � � 	 "  � � � � � 	 " � 
 � 	 � � 
  
� � + � � 
 ( , � 	 � � � � � � 	 � 	  � � 
  � � + � � 
 
  	 % � �� � � �  $ �� ��   � � 	 � 	   � 	 � � � � � �  4 � �  � � -
� 	 � , � � � 	 � � � 
 (  � � 	 � 
  	 � � 
  
  � 	 � � + � � 
 (  � 	 � � 	 � � 
  � � � � � �� �. � � ( , � � 	 � � 	 � �  
 � -
� � � � 	 � �� � � �  �� � 	 � 
 �  	 �  � � � � � ( � 
 $ �� 
 
 ,  	 � 
 # 
 � �� 
 
  
 � � � �� 
 	 � � 	 � 	   � � 	 � � 
(13), � � 	 � 
  	 � � �  � 	 � 	 � � �  �� �� 
 $ 
 � � � � � (  � � � � + � � 
 ( �  � 	 � � � � � � � �  $ �� �� . 

0 5 10 15 20 25 30 35 40
0

5

10

15

20

25

30

1

1_7

1_8

2

30

0

er1

er1_7

er1_8

er2

401 n

e

i

1a =
1.7a =
1.8a =
2a =  

� 
 � . 3. 3 � �# 
 �  � � 	 � 
  	 � � 
  �  � � � � ��  � � 	  � � � 
 � � � � 	 "  � � � 
 � � " � 	 � � 
  
�  � �� � � � � �  � � � � 	 � 	  � �� 
 �� � � � �� �  �� � 
 � �� � � (  
 � � � �� 
 	 � � � "   � � 	 �  �  �� � 
 	 � -

� �   $ �� �� 
 �   � 	 4 # # 
 � 
 � � � � � 	  # 	 �  � � �  (1 )k c k αα −= + , 0c > , 1 12 α< ≤  � � 
  � � -

� 	 � 
 
  0 2kα< < . 
� � 	 � 	 "  
  � � � � 
 "  � �� 
 �� � �  � � � � � � �� � ( � �  � 	 % 	 "  
 � � � �� 
 	 � � � �  � � � � � ( � 
 $ 	 � �� -

� � �   � � 	 � � : 
1 *(( ) )k k k k k k

i i i i iu u u u uα ε+ = + − +� � , 1 *(( ) )k k k k k k
i i i i iu u u u uα ε+ = + − +� �  

 
  1 * 1(( ) | |)k k k k k k k
i i i i i iu u u u u uα ε+ −= + − + −� � � � , 

kα , kε - � 	 � � 	 ( � � � �  $ �� 
 � ( , 
 �  	 �  
 � � � �� 
 " . � 	 4 # # 
 � 
 � � � �  � � 
 � 
  �. � � (  � �� 
  
 , 
� � 	  % �  � � � 	 � � ( � 	 � �  � � � 	 � 
 �  0 2kα< < . � 	 � � � � � � � �  $ � �� � � 
 (  � 	 4 # # 
 � 
 � � � 	 �   � -
� 	 � 	 � , 	 % � � � � � 
 � �. , 
 �  � � 	 � 
  	 � � �  �  � � + � � 
 . , 	 � � � � � � ( � 
 � �  �  � � $ � � � � �� �  � �� � � -
� 	 � . � � $ � � � � �� �  � 	 � �$ � � �. � , � � 	  � � (  � �� � 	 "  $ �� �� 
  � � + � � 
 �  
 � � � �� 
 	 � � �   
 � � 	 � 	   �  � 	 � � 	 ( � � �   � 	 4 # # 
 � 
 � � � 	   
  � � �  % 	 � � + � �  	 � � � 	 � � � 
 � , � � �
 % 	 � � �  
� � � � � 	 � � 
 � � � � � �   ( � � ( � � � (   � � 	 �  �  �� � 
 	 � � �   $ �� �� 
 �   � 	 4 # # 
 � 
 � � � �. 

   � � � 	 
 � � (  # � � � � 
 	 � ��  	 % � �� � 	 "  $ �� �� 
  	 � � 
  �� � � 	 � 	  
� � # 	 �  
 � 	 � �� 
 (  �  � 	 � $ � � � � � 
 . & � � 	 � � $ � (  � �� � � .  � 	 � � �� 	 � � � , � �� 	 � 
 � � (  � 
 � � � � -
� 	 �  � � + � � 
 �  	 % � �� � 	 "  $ �� �� 
  	 � � 	 	 � � 	 � 	  � �� � ( 1 � � 
 (  
  � 
 � � 	 � 	  
 $ � 
 % � � � � � 1 � (   �  
� � � � 	    
 � 
  
 $ �� 
 
  � 	 � � � 1 � � � 
 ( , � � �� 1 �  $ �� 	 � �  
 $  � � � � 
 (  � � 	 � 
 % � � 	  � � �  � -



 

 

19

� 
  � � 
  
 $ � 
 % �  � � �� � 
 � � 
  
   �  % � �� �  �   
 � 
  �� � � �   � �� 	 � � � � 
 �   $ � �� � � 
 (  � 
 � -
� 
 � 
 � � �  	 "  � �% 	 � � . � �$ � �% 	 � �� �  � � 	 � � �  � � �   	 � � � 
  � � (  � � � � � �  � � $ � � � � �� ��  
� �� � � � � � 
 � � �  	 "  MSC.Marc $ � �� � � 
 "   � 
 � � 
 � 
 � � �  	 "  � �% 	 � �  �  � � � � .  	 � � � � � � � -
� 
 (  � �� 
 	 � �� � � 	 � 	  $ �� 	 � � � � # 	 �  
 � 	 � �� 
 ( . 

& � � 	 � � $ � (  � � 	 � 
 .   � 	 � 	 � � 
 � � � 
 �� � � 	 "  	 � � 
  
 $ �� 
 
 , �  � 	  	 , � .   � � 	 � � 
� � � 	 � � �  � 	 4 # # 
 � 
 � � � 	 � , # � � � � 
 	 � ��  	 % � �� � 	 "  $ �� �� 
  	 � � 
  �� � � 	 � 	  � � # 	 �  
 � 	 -
� �� 
 (  � � � � � � �� � ( � � � (  �  � 
 � � : 

 1 2( , ) ( ) ( )o ij i i ij ij ij

V S V l

J u u W dV p u dS w W dV w dxε ε σ η
X Y

= − + +
Z [\ ] �� � �� � � � , (14) 

� � �  1 0w > , 2 0w >  - � � � 	 � � �  � 	 4 # # 
 � 
 � � � � , 
*

ij ij

A

σ η
Ω =�  - � �� � � � �  � 	 � � � 1 � � � � 	 � � 
 , 

A*- � � 
 � 
 � � � � �(  � � � 
 � 
 � � � �% 	 � �  � �$ � � + � � 
 (  
 � � 
 � � 	 � 	  � �� � ( 1 � � 
 (  � � � � # 	 �  �-
� 
 
  � 	 � $ � � � � � 
  ( � �� � � ( � � �(  4 � � � � 
 (  �   	  � � � �  � �$ � � + � � 
 ( ).  

/ �� �� �  
 � 
  
 $ �� 
 
  # � � � � 
 	 � �� � (14) � � � � � � �� � ( � �  $ �� �� �  	 � � 
  �� � � 	 � 	  
� � � �� � � � 
 ( , �  � 	 � 	 � 	 "  # � � � � 
 (  
  � 	 � � 	 ( � 
 (  ( � � ( . � � (  # � � � � 
 
  	 � � �� 	 � � � �  � � -
� �  � , � � 
 "  ku� , � # � � � � 
 (  
  � � � �� � � � 
 (  – � � � � , 
 �  � � � �  � , � � 
 (  ku . 

- � 
  � � # 	 �  
 � 	 � �� 
 
  � � � �� 
  � 	 $  	 1 � �  	 � � �� 
 � � � 
 (  � � � � � � 	 � 	 � 
 � � � � 
 "  
� � 	 � � � � , � � 
 � � � 
 
  � �$ � � + � � 
 (  
  � .� . �  � � ( $ 
  �  4 � 
   � 
 1 �  � �� � � (  � 	 � � �� 	 � � � 	 % -
� �� � � �  	 � � 
  
 $ �� 
 	 � � � �  $ �� ��  �  	 � � �� 
 � � � 
 (  
  � � � � � �  � , � � 
 (  
  � �� � ( 1 � � 
 ( . 

- � � � �  �  � � 	 � � � � �  � � # 	 �  
 � 	 � �� 
 (  
  � � � � (  n 	 � � �� 
 � � � 
 "  � � # � � � � 
 
  � � -
� �  � , � � 
 "  � � 	 � �  � � �� 
 � �  S  

 *( )k i kf u f≤ , 1, ,k n= �    

  m 	 � � �� 
 � � � 
 "  � � � �� � ( 1 � � 
 (  �  	 % 6 �  �  � � � � V  

 *( )p ij pg gσ ≤ , 1, ,p m= � ,   

� � �  kf , pg  – $ �� �� � � �  # � � � � 
 
 , � *
kf , *

pg  - $ �� �� � � �  � 	 � � � �� � � , , 1,2,3i j = . 

& � � 	 � � $ � (   � � 	 � �  � � � 	 % � �$ 	 � �� 
 (  
  � � � � � 	 � � �� 
 � � � 
 " , � � � � �   � � 
 $ � � � � -
� � �  # � � � � 
 
  � � � 	 � � � � � 	 � � 
  S ( )k k tα α=  
  �  	 % 6 �  �  V ( )p p tβ β= . 

� �� 
   	 % � �$ 	  , # � � � � 
 	 � ��  	 % � �� � 	 "  $ �� �� 
  	 � � 
  
 $ �� 
 
  �  	 � � �� 
 � � � 
 (  
  
� � 
  � �  � 
 �  

1 2( , ) ( ) ( )o ij i i ij ij ij

V S V V

J u u W dV p u dS w W dV w dVε ε σ η
X Y

= − + + +
Z [\ ] �� � �� � � �  

 1 2[ 2 ] [ 2 ]pk
k i k k p ij p p

i ijS V

gf
u dS dV

u
λ α α λ σ β β

σ
∂∂+ + + +

∂ ∂
��� � ,   

� � �  1
kλ , 2

pλ  -  � 	 1 
 � � � 
  0 �� � �� 1 �, � 	 � 	 � � �  	 � � � � � � ( . � � (  � � (  � �1 � 	 � 	   	  � � � � 

� � �  � � 
  � � 
  � � �$ 
 � � �� 
 � � � � 	   � � # 	 �  
 � 	 � �� 
 
  �  � �1 � 	 "  � 	 � � �  � 	 � � � � � 	 � � 
  S 
  
	 % 6 �  � V � 	 	 � � � � � � � � � � 	 ; � 	  � 	 � � 	 � ( . , �  � (  
 � � � � � �  � � 	 
 $ � 	 � 
 � � (  � �   
 � 	 � �-
� 
 �  1, ,k n= � , 1, ,p m= � , , 1,2,3i j = . 

� �� �  	 � � 
   $ �� �� �  	 � � 
  �� � � 	 � 	  � � � �� � � � 
 (  � � (  � � � � � � 	 � � � 1 � � � � 	 � � 
  
� � 
  	 � � 	 	 � � 	   � �� � ( 1 � � 
 
  � � � � 1 � ( : � �� 
 �  � � 
 � � �� � � �� �  � �� � ( � 
 � �. , 
 �  � � 
 � 
 (  



 

 

20

( )p t  �  � � � � 1 � .  � 	  � � �  (  � � # 	 �  
 � 	 � �� 
 (  �  � 	 � $ � � � � � 
  �   
 � 
  �� � � �   � �� 	 � � � -
� 
 �   � 	 � � � 1 � � � 
 " , � � 	 % �  � � 
  � �$ � � � $ � �  �   	  � � �  T � 	 � � � 
 � �  $ �� �� � � �  	 � � �� 	 � -
� � �  � � � �  � , � � 
 (  *u� . ��� �� � � � �  � � � 	 � 
 ( : ( ,0) 0u l =� , (0) *p p= . ' � (  	 � 
 � �� 
 (  � � -

� �� 	 � 
 � + � " � (  � � �� 
 
  � 	 � $ � � � � � 
  
 � � 	 � � $ � � � � (  $ �� 	 �  �	 � � 	 � �: nBση = , � � �  B, n 
– � 	 � � � �� � �  � 	 � $ � � � � � 
 , 	 � � � � � � ( �  � �  �  4 � � � � � 
  � � � �� . 

& $  � � �� � � � 
 "  � �. , 
 �  � � �� 
 	 � �� � 	 �  $ � �� � � 
 �  # � � � � 
 	 � �� �  (14) � �� 	 � 
 � � (  
� � + � � 
 �  �  � 
 � �  

 2

1
(1 )* *(1 )1 1

2 20

(1 ) (1 )
n

T n
w n tnEB w EB w

u Bl p e dt
w w

−
−−

� �� �
+ += + −

� �� �� �� �� ,  

1

1
(1 )*(1 )1 1

0 0

(1 ) (1 )
min min

n
T T n

w n tn

w w

EB w EB w
dt Bl p e dt

w w
ση

+
−

−−

� �� �
+ += + − =

� �� �� �� �  

 2

1

1
(1 )*(1 )1 1

2 20

(1 ) (1 )
n

T n
w n tnEB w EB w

Bl p e dt
w w

+
−

−−

� �� �
+ += + −

� �� �� �� � .   

� � � � � � � � � 
 �  � 	 � � � �� �  1w , 2w ,  � � � � � �� �� � � (  � � 	 � 	 � 
 � �   � � 	 � 	   � 	 � � � � � �  
4 � �  � � � 	 � , � 	 �  � � � � 	  �   � � 	 � � 
  � 	 � �� � � � �  � �� 
 �� 
 "  
  � � � � � 
 �   	 � � � $ � � � 	 � 	 -
� �  � � (  � �� � � �  � � �� � � � 
 " . �  $ �� �� ��  	 � � 
  
 $ �� 
 
  �  	 � � �� 
 � � � 
 (  
  � � �$ �� � 	 � 	  
� 
 � �, �  �� � 	 � 
 �  �  � � 	 � � � ( . � � (  � � � 	 � 
 (  � 	 � � � � 
  	 � � 
  
 , $ �� �   � 	 � � � 	  � � % 
 � �. � -
� (  	 � � 
  �� � � � �  � �� � � � � � . 

�� � 
 � . 4, 5 � � � � � � �� � � � �  � �� � ( 1 � � 
 �  � � � � �� 
 � �  ( )tσ  
  � 
 � � 
 � 
 � � �  �(  � �-
% 	 � �  A(t) � � (  
 � � � �� 
 "  � � 
 � � � � � �� �  � � �  � � 
  � �� �� � � � � 	 � 	  � �$ � 
 � 
 (  (1,2,3,4,5 - 
� 	  � � � 
 � � � �� 
 " ). 

 
 

 
 
 

� 
 � .4. 3 � �# 
 � 
  $ �� 
 � 
  	 � � 
  � �� � ( 1 � � 
 (  	 �  
� � �  � � 
  � � (  � �1 � 	 "  
 � � � �� 
 
  �  	 % � �� � 	 "  
$ �� �� �  	 � � 	 	 � � 	 � 	  � �� � ( 1 � � 
 (  � � � � 1 � (  

 
 
 
 
 
 
 
 

 
 

� � �� 	 � 
 � � 	  � � � 	 
 � � (  � � + � � 
 �  	 % � �� � 	 "  $ �� �� 
  � 
 � � 	 � 	  
 $ � 
 % � % �� � 
 . 

 



 

 

21

� �� �  �� � 
 � �(  $ �� �� 
  
 $ � 
 % � � � �� � 
 �  
   �  % � �� , 	 % 	 $ � �� 
   � � 	 � 
 %  �  � 
 � �   
 *

1 2 1 2( , , ) ( ) ( , )w t x x f t w x x= ,  

� � �   *w  - � 	 � � � � �(  # 	 �  � � � 	 � 
 % �, ( )f t  - # � � � � 
 (  � �� � � 1 � � 
 (  ( (0) 0f = , 
( ) 1f T = ).   

 
 
 
 
 
 

� 
 � .5. 3 � �# 
 � 
  $ �� 
 � 
  	 � � 
  � 
 � � 
 � 
 -
� � �  	 "  � �% 	 � �  	 �  � � �  � � 
  � � (  � �1 � 	 "  

 � � � �� 
 
  �  	 % � �� � 	 "  $ �� �� �  	 � � 	 	 � � 	 -

� 	  � �� � ( 1 � � 
 (  � � � � 1 � (  
 
 
 
 
 
 
 
 
 

& $  � �� � � � � � � 0oJδ =  (14), � � � � � � � , � � 	  �  � � � 	 � � � � 
 (  � � �� � � � 
 "  � �� � 	 � � -
� 
 (  
  � � �� 
 � � � �  � � � 	 � 
 "  � � (  � � � � , 
 �  
  	 � � �� 	 � � � �  � � 	 � 	 � � � "  � �� � ( 1 � � 
 " , � , �  

  � � �� � � � 
 �  	 � � 	 � 
 � � � � � 	  � �� � ( 1 � � 
 "  
  � � 	 � 	 � � � "  � � # 	 �  �� 
 "  � � (  � � � � , � "  
  
	 � � �� 	 � � 	 "  � 	 � # 
 � � � �� 
 
  

2 1ij klij kl klij klw c w cσ ε ε= + �� � . 

� � + �(  � �� � 	 �  � � �� � � � 
 � , � �" � �   �  � � � � ��   �� � �  � � 	 � 
 % 	 �  $ �� 	 �  	 � � 
  �� � � 	 � 	  

� � # 	 �  
 � 	 � �� 
 (  *t
w w

T
= , �  � � � � ��  % 	 � � + 
 �  � � 	 � 
 % 	 �  - *t

w w
T

= . 

� �� � � � �  � � 	 � 	 � ( � � (  � � � � 
  � � �  	 % � �� � 	 "  $ �� �� 
  	  � � � � � � 
 
  � � �� � 
 � � 
  �  
� � 	  � � � 
 � � � � 
  � � � 
 � � " � 	 "  � 	 � � �� 	 � � � . ' �� � � �  � 	   �� � 
  �� � � �   $ � �� � � 
 (   � �-
� � ( 1 � � 
 "  
  � � # 	 �  �� 
 "  � 	 � $ � � � � � 
 , � �� � � 
 � �� � �   � 	  � 
 $ � � �  � 	  � �$ � � � $ � 
 , � 
� �� 1 �  	 � � � 	 � � � 
 (   	 �  $ �� �� � 	 "  � 	 � # 
 � � � �� 
 
  � 	 � � �  � �$ � � � $ � 
  � � � � � � �� � � � �  �  
� �% .1.  

� �% . 1. � � �� � � � 
 �  $ �� 	 � 	 �  � � # 	 �  
 � 	 � �� 
 (  
/ �� 	 �  � � # 	 �  
 � 	 -
� �� 
 (  

��� � ( 1 � � 
 (  
� � � � �  � �$ -
� � � $ � 	 " , 

2�p ¢¡F¡  

��� � ( 1 � � 
 (  
� 	 � � �  � �$ -
� � � $ � 
 , 

2�p ¢¡F¡  

' � # 	 �  �� 
 
  � 	 � $ � -
� � � � 
  � � � � �  � �$ -
� � � $ � 	 "  

� �� � 
  �� � � 	 �  	 � -
� � 	 � � � 
 �  � 	 � � �  � �$ -
� � � $ � 
 , £�£  

0 
 � � " � � "   33,7 22,8 0,105 0,667 
�� � 
 � � " � � "   31 21,4 0,105 0,659 

 



 

 

22

& $  � �% . 1.  	 1 � 	  � � 
 � � � � , � � 	  � � 
  
 � � 	 � � $ 	 � �� 
 
  � � � 
 � � " � 	 � 	  $ �� 	 � � � � -
# 	 �  
 � 	 � �� 
 (   	 1 � 	  � 	 � � 
 � �  $ �� �� � 	 "  	 � � �� 	 � � 	 "  # 	 �  �  �   � � � + 
  
  � �� � ( 1 � -
� 
 (  
 , � �   � � 
  � � # 	 �  
 � 	 � �� 
 
  � 
 � � " � �   $ �� 	 � 	  .  

- � � � � �� �� � � (  �� � 	 � 
 �   � 
 � � � � � 	 � 	  � � + � � 
 (  	 % � �� � 	 "  $ �� �� 
  � �� 
 	 � �� � � 	 -
� 	  # 	 �  	 	 % � �$ 	 � �� 
 (  � �� � � 
 . / �� �� � � (  # � � � � 
 (  � �� � � 1 � � 
 (  1 2( , , )f t w w , $ �� 
 � ( -
, �(  	 �  � � � �  � �� � � � � 	 �  
  � � �  � � 
 . � 	 �  � � � � �   � � 
  � � � � 
 �    � � 	 � � � 	 � �� � � � �  
� �� 
 �� 
 "  
  
 � � � �� 
 	 � � 	 � 	   � � 	 � � � � + � � 
 (  	 % � �� � 	 "  $ �� �� 
  # 	 �  	 	 % � �$ 	 � �� 
 (  
� �� 	 � ( � � (  	 � � 
  �� � � � �  � �� � � � � �  1 2,w w . & � � 	 � � $ � (  � �� � � "  �� � 	 � 
 �    	 1 � 	  	 � -
� � � � � 
 � �  	 � � 
  �� � � � "  � � � �  � � # 	 �  
 � 	 � �� 
 (  � � �� � 
 � � 
  � �  � 	 � � � 	  � 	  $ � �� � � 
 (   
� 
 � � 
 � 
 � � �  	 "  � �% 	 � � , � 	  
  � 	  � 	 $ � 
 � �. , 
   � �� � ( 1 � � 
 (  . �
 $ � 
 �  $ � �� � � 
 (  � �-
� � ( 1 � � 
 "  �  � 	 � � � � � "   	  � � �  � � # 	 �  
 � 	 � �� 
 (  �  � � � + �. �  � � � �  � , � � 
 (  �  � � � � -
� 	 "  � �$ � � � $ � � , � � 	  � 	 $ � 	 � ( � �  % � � � � � �  
  � 	 � � � �  	 � � � � � � ( � �  � � � � 1 � �. , � .  # 	 �  � . 

   � �� �  �� � 
 � �. � � (   	 � � � 
  � 	 � � �  � � � � �  � � � 	 � 	 � � 	 � � � �  
� � � �� 	 �  
  � � � �  
 �  � � 	 " � � �  � � 
  � � + � � 
 
  $ �� ��  �  � 
 � � �  �  MSC.Marc. - � 
   	 � � � 
 -
� 	 � �� 
 
  	 � � 	 � � �  � � � � �  � � 	 � � � � 	 �  � � � 	 � � � � 
 (   �� � � 
 �� 	 �  � � 
  � 	 � $ � � � � � 
  
  
� � �� � 
 � � 	 � � 
 , � �$ � 	 � 	 � � 	 � 
 � � ( �  	 � � 
  � 	 $ � 
 � �. �  � � � � � 	 � � 
 , � ��  �  �� � 	 � 
 �  �  
� �� � � � �, � ��  
  �  � 	 � � � � � 
 
  � � � 	 " � 
 � 	 � 	  � � + � � 
 ( . MSC.Marc � 	 $ � 	 � ( � �  � � + 
 � �  
� �� � � �  � � 	 % � �  �  � � 	 � � 	 � �  � 	 � � � 	 � � �   � 	 � � $ 	 � �� � � ( . �  � � � � ��  � � �� � � � � � �� � � 	 -

 $ 	 � � 	 � � � �   �� � � 
 �� 	 �  �  � �$ � �  
  � � 	 " � � � � 
  � 	  � �� � ( 1 � � 
 .  
  � 1 �� 
 .  
 � � 	 � � -
$ � � � � (   	 � � � �  � � � " � 
 � 	 � � � .& . � � $ � � � � �� �  � �� � � � � �  MSC.Marc � � � �� � ( 1 � � 
 � -
� 1 �� 
 �  	 % � �$ � �, � � � � � � 
 (  � 
 � 
 � � � � � 	 � 	 + 	  � 	 � � �� � . � � (  �  4 � � � � � 
  � � � �� � � �  
  
� �� � �  
 . - 	 � �$ � � �� � � ( , � � 	  � �  � � � �  � �� � � �  	 � 	 % � � � 	 � � � "   �� � � 
 �� � � � 
 � 	 � 
 �  �  
	 � � � 	 � � � 
 .  � � � 
 � 
 �  � � 	 � 
 % 	 �  �  $ �� �� �  	  � � � � � � 
 
  � � �� � 
 � � 
  (� 
 � . 6). 

 
� 
 � . 6. / �� 
 � 
  	 � � 
  � � 	 � 
 % � w 	 �  � � �  � � 
  t, � 	 � � � � � � � �  �  � � + � � 
 
  $ �� �� 
  	  � 	 � $ � � � � � 
  

� � �� � 
 � � 
  � � 
  � � � � � � 
 
  �  � 	  � � . � � � � 	    	 � � � 
 � 	 � �� 
 
  (� � 
 � � � ) 
  �  4 � � � � � 
  � � � �   
( �� � � � � ) 



 

 

23

�  � � � � .  	 % � � � � � � � 
 (  
  � 	 � � 	 � � 
  	 % � 	 � � � �� � � 
  � � � � �, 
  � � � % � �  	 � 	  � 	  -
� � � � � � � � 	 " � � �  
  � � � � � � � � �   �� � � 
 �� � � �� � � 
 , �  � � 1 
   # 	 �  	 	 % � �$ 	 � �� 
 (  � � 	 % -
� 	 � 
  	  � � 
 � � � �� �  $ �� 	 �  
 $  � � � � 
 (  � � 	 " � � �  �  � 	 � $ � � � � � 
 . - � � � � �� �� � � (  � 
 � � " � � "  
$ �� 	 �  
 $  � � � � 
 (  � � 	 " � � �  � � � �� � � 95 �  � � 	 � � � � �  � � # 	 �  
 � 	 � �� 
 (  �  � � 1 
  �  � 	 � $ � -
� � � � 
  � � 
  � � � � � 	 � �  
 $  � � �� 
 
  � � �  	 	 % � �% 	 � � 
  � !  �  � 2. - � � � � � �� � � � �  � � �� � 
 -
� � � � � � �  � �� � � � �  �  � � � � 	   
 $  � � � � 
 (  � 	  � � �  � � �   � � 	 " � � �  �  � 	 � $ � � � � � 
 . 

- � 
 � 	 � ( � � (  � � �� � 
 � � � � � � �  � �� � � � �  $ �� �� 
  # 	 �  	 	 % � �$ 	 � �� 
 (  � � �� � 
 � � 
  �  
� � 1 
  �  � 	 � $ � � � � � 
  �  � 
 � �  �� 
 � � � � 	 "  
  � 	 � � �� � � 	 "  � 	 � � �� 	 � � � . �  $ �� � � + � � 
 �  
� � �� �  � �� �  � � $ � � � � �� �  � �� � � � � �  � 
 � � �  �  MSC.Marc 	 % � �� � 	 "  $ �� �� 
  # 	 �  	 	 % � �-
$ 	 � �� 
 (  � � � � � � � 	 "  � �� � � 
  �  � 	 	 � � � � � � � 
 
  � � � � 	 � 	 � 
 � � � � 	 � 	  � � 	 � � � � � ( � 
 � .7). 

' � (  � � � �� 	 � � � � 
 (  � 	 � � 	 � � 
  � 	 � � � � � � 	 "  � �� � � � � 	 "  � �% 	 � � "  � 	 � � � � � 	 � � 
  
+ � � � 	 � 	 "  	 � � �� � � 
  	 � � � � � � ( � � � (  � 	 � 	 1 � � 
 �  $ �� 	 � 	 � � 
  � 	 � � �  � �$ � � � $ � 
  – 	 � � 	 -
% 	 1 � � � 
 (  
 $  	 � � �� � � 
 , 
  � � �� � 
 � �� � � (  �  � � 	 � 
 � " . � � � � 	 � � � 
 �  � 	 � � �� � ( � �  1.05   . 

 
� 
 � .7. / �� 	 � 	 � � � � �� � � 
  � � � �% 	 � � "  � 	 � � � � � 	 � � 
  + � � � 	 � 	 "  	 � � �� � � 
  
  � � 	 � 
 (  � �� � � 
   
3 � �# 
 �  � � 	 � 
  	 � � 
  � 	  � � � � � � � � �� � �� 
 � � 	  �  	 � � � 	 � � � 
 .  � � � � � � �� � � �  � � 

� 
 � .8.  
- 	 � � � � � � 	 �  � � + � � 
 �  �� � 	 % 
 � 	 � �� 	  � � � � 
 �� � � 	  � � 	 � � � � � � �  
  	 � � � � 	 -

� � 	  � + � � � � �  
  
 � � � � �� 
 (  
 . 
� � � � � � � 
 �  
 � � � �� 
 	 � � 	 � 	   � � 	 � � �  � 
 � � �  �  MSC.Marc, � 	 $ � 	 � ( � �  4 # # � � -

� 
 � � 	  
 � � 	 � � $ 	 � �� �  � � �   � �� � �� �� � � � 
 � �� 
 (  �� � 	 � 
 �  	 �  � � 
  � � �� 
 $ �� 
 
   � 	 � 	 -
� 	 � 	 � � � �  � � � 
 � � � � 
 "  � � � 	  � � . � � � ��  �  SMP-�� � 
 � � � � � � 	 " , � � 	  	 % � � � � � 
 � �� �  
� 	 � � �, � � 
 �  � � �  � � 
  � �� � � � � $ �� ��  # 	 �  	 	 % � �$ 	 � �� 
 ( . 

 



 

 

24

 
� 
 � . 8. & $  � � � � 
 �  	 � � � 	 � � � 
 (  yH  � � �4 � 	 � 
 � � 
 � � � � 	 "  � 	 � � � � � 	 � � 
  � �� � � 
  �  
 � � � �� 
 -

	 � � 	   � � 	 � � � � �  �  � � � � � � � � �� � �� 
 � � 	 "  � 	 �  �  
   � �� �  �� � 
 � �� � � (  � � � � 	 � � �(  � % 	 � � � 	 % + 
 � 	 � .  �  � � 	 
 $ � 	 � -

� � � �  � � 
  � % 	 � � �  	 % + 
 � 	 �   	 1 � �  � �% � . � �� � � (  � � , � � � � � � � 	 �  	 � � � 	 � � � 
 �  � � 	  � � -
� 
 � � � � 
 �  � �� � � � � 	 �  	 �  $ �� �� � � � , � � 
  � 	  , � � 	  � 	  � % 	 � � 
  � �� � � �  
  � � % � � 
  � � 
  
� � 	  � � � 
 � � � � 
 �  � �� � � � � �  �  $ �� �� � 	   � 	 � � � � � . � � � � 	 � � � 
 (  � � 
  � � � � 	 � � 	 "  � % 	 � -
� �  	 % + 
 � 	 �   	 1 � 	   
 � 
  
 $ 
 � 	 � �� � , 
 � � 	 � � $ � (  	 � � � � � � � � � � "   �� + � � �  � � � � � 
 . 
- � 	 � 	 � 
 � � (  �� �� 
 $  � �� � ( 1 � � � 	 - � � # 	 �  
 � 	 � �� � 	 � 	  � 	 � � 	 ( � 
 (  �  $ �� 
 � 
  	 � � 
  	 �  
 �� + � � � � � � � � � 
 . �  � � � � ��  $ �� �� � 	 � 	   �� + � � � � 	 % � � � � � � � 
 �  � � 	  � � � 
 
  	 % + 
 � � 
  
� 	 � � 
 � �� � � (  
 � � 	 � � $ 	 � �� 
 �   � � � � 1 � � � 
 "  � � % � � . - � � � � �� �� � � (  � 
 � � � � � � "   � � 	 �  
 	 � � � 
 � 	 � �� 
 (  � � 	 � � � � � � � � � � 
  
  	 � � � � � � � � 
 (  � � � � 1 � � � 
 "  � � % � � , 	 % � � � � � 
 � �. -
, 
 "  $ �� �� � � �  � � 	  � � � 
 � � � � 
 �  � �� � � � � �  	 % + 
 � 	 � . � � � � � � � � 
 �  	 � � 	  � 	 � 	  � 	 � 
 -
� � � � � � � � � � 	 � � � �  � 	 � � 
 � � � 
 "  � � � � � � � 	 � �% �� 
 � � � �  � �� � � ( � , � � , � � � � � � � 	 "  # 
 -
$ 
 � � � � 	 " , � � 	  � � � 
 � � � � 	 "  
  � 	 � � �� � � 	 "  � � � 
 � � " � 	 � � 
  $ �� �� 
 , � � 
 � 
 ( , � � " � � � � . -
, 
 �  � � � 	 � � �� � �   � 1 � �  $ �� � � � � 	 "  
  � �� � � � . , $ � � � ( . � � (  4 � � 
 � �� � � � � �  
  � � 
 -
� 
 (  
 , � � $ � � �. , 
 �  	 � 
 � �� 	 � � �  � � � �  � , � � 
 (  � % � 
 $ 
  $ �� � � � � 
 .  

& � � 	  � .  � � � � 1 � �. , � .  � � 
 � 
 $ � �  � � � 
 � � � � � (� � % � � 1 � � � � 	 � � 
 ) $ �� ��   � � -
� �  � , � � 
 (  
  	 �  $ �� �� � 	 "  � � 	 � � � 
 � � � � 	 "  # 	 �  �  Û . � � � 
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