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��*� D� 9��  σ 

����  F 

iU� uU!  S 

� iU� uU!'P�� .���L � �H�H  DS 

�8* 9��  σ~ 

9�� �*5���  ijσ 

�8* 9�� �*5���  ijσ~ 

4!C� ;���5���� �4� �J�  E 

4!C� ;���5���� �4� !"��  '��  E
~

 

E*W F�*� IZ�!0 ��� ��� �J�  Lv 

E*W F�*� IZ�!0 ��� ��� !"��  '��  DLv , 

E�3`0 ���� �J�  ρ 

E�3`0 ���� !"��  '��  Dρ 

�Y'N*!�*6    υ 

;��< 9��=  ε 

I5J
 ;��< 9��=  fε 

\�� 9��=0 ;��  1ε 

\�� 9��=0 ���  2ε 

\�� 9��=0 �*!  3ε 


�� 9��0 .=�'K	  maxτ 


�� 9��0 .=�'I5J
 K	  f)( maxτ 

\�� 9��0 ;��  1σ 

\�� 9��0 ���  2σ 

\�� 9��0 �*!  3σ 

!��: 9��=0 >J
 �L �4@�.�H�0  1e 
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!��: 9��=0 >J
 �L �4J`*=H�0  2e 

� v�.� �U(�w0 >J
 �LH�0  1d 

� D`*= �U(�w0 >J
 �LH�0  2d 

�� �U('>J
 �L ��H�0  0d 

�L 9��=��0 >J
 �L �4@�.�H�0  1ε 

�L 9��=��0 >J
 �L �4J`*=H�0  2ε 

\�� 9��=0 >J
 �LH�0  
FLD

Majorε 

Z�Q 9��=0 >J
 �LH�0  orminε 

��  T 

>J
 �L �4���6H�0  FLDω 

D���4!����H 9��  mσ 

�.� N*Q ;��< 9��  eqσ 

��*� �! 9��  η 
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��� ��� �	
���	 ����� � �	��� ���������� �� �������� ���� � �� !" #��$%�	&�	 �� .���

���� ����� (� #��$%�	�� ���)	 �	 *+	+ &�+ �	 *��� �� ��+��,� -��" ��,.	 &� �	 	/ *�0�123$� �*��

4
�	 �
3� ��+�� �*�� 5�$�� 6 ��(� �
 �� �/27�8	
. (�� �,���� . ���+
�/�9 �	 �/��:� /+ ��;,�

���� �� ������� �	<)	 (9 �����= >23? (� ������	
@ A
 � /+ �	��
� &B� C� 
,D ���%:� E

F��+/	2� (-,) �	 	<)	 �� 8	
. (��
� /+ (9 &�	� ���G /	
" ()2� +/2� ��+
 .?
� /+� -��" ��1�8 �	� &

	
� H	
.� ������� ���� &:�@��� :� I��D�8 /����� &�	 .J � /+� +�@�� ����� +/	2� �	 
K���� 

% �7�(F"� ���� 	
� (%�	2?��� , �� �	
&:�@ �	 �@�� �/	��K� ���� ��� &�	 �,� ��0� ����

+2@ ��) /��:� �+�3%"	 �������� L)2� .(%:� M���7 IN� �%���	 ���+
�/�9 /+ �	 
� ��OD � �	

�JP&:�@ ������/
Q �� �	
,� <�K�	 ( )�P M��"� (R"
%�
�6 ��� � SR��) ()2� I��" �+�3%"	 (� +2? �	 �	

�� ��)+/	TG.  

��� �*2�9 �� (%@TG �	�����= U��	 
� +	2� &:�@ �� ��F� 
,D ���� �+2� #2�
� � V�	�%� ��
W� ���

&�	 .��� �+/	2� �	 �?
� /+�����= U��	 
� &:�@ ����X�/ ���&�	 (��<�
� � ��� 
�+/+ /��:� ��� .

����� M�
� ( �2� � &P
0�� �� ���
�	 ��	��� � ��F� 
,D �#��$%�	 �� � ����R��$� ������ ��� ����

M�
� /��:� &:�@*	�/	 � 
��@ ��	2? #�,� 
�. 

#
� �	 �+�F%�	 (9 ���
�	(�R@ ���/	<P	(��<� ���9 I��+ (� ���� /��:� Y	�/ &?�� � �8	
. (� Z2�
� ���

&9
@ &�	 (%P�� �+��������� ���#
� �(�R@ ���/	<P	�+2,� � � <�� ������� ����	2� (9 ��	 ����
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 � &:�@#
� /+ 	/ �G/�����+ ��	<P	 +2? ����2� /	<P	 .V�� /+ �	
���� ���/�� � �	 �+�F%�	 
�?	 ���

#
� /+ ���F%� &:�@(�R@ ���/	<P	(%�	2? (-��� �	 (� �� (%P�� ��	<P	 ����#
� �	 *	
�/�9 � ��/	<P	

++
G ����.  

V�	�%� �	 ���V�� �
���	/�9 � �
��@ ([	/	 &:�@ ���#
� &:�@ V�� ��)Ductile fracture (�� �+��

#
� L��= #2�F� 
� ��%R�  (9 �@��)Ductile damage (I�@ ������=
P 
N9	 /+ � &�	 ����0� �	<-P ��+

��++
G .��� � ���<�P ����=
P L��=�� �+�� &:�@ (� 
W�� &���� /+ (9 &�	 ����/ �	
���� �++
G

����0� I��"
�6 �B� L��=� ��� &:�@ ��� � �@��(�	+	 /+ �+�� �� /+ #
� &:�@ (9 &FG *	2� �

^	 /+ #
� L��= �@/�� _/ �+�� *= /+ �/	TG/�� 
��+]a[.  I�@aca ��28 +
�/�9 � L��= ������ �

�� *�0� 	/ �+�� /+ &:�@ d2"� � L��= �@/ ���/ ��;,� � &:�@ ��������+.  

(�+ /+ #
� L��= �@/ #2�F� �ef (���� /+ ���g�g$� Eh� ��@ ([	/	 �+O�� �/27 L��= d2� �	 �

V�� /+ (���	 �� &P
G#
� /+ &:�@ ���/�� � �	 ��� *	2�D (� #
� L��= /�� � 
�?	 ��� *�,�	 ���/	<P	

&P
G /	
" 
R% � +��$�.  

/2$� (� ��� #�� (� �%�,9 �+�� &:�@ � L��= �@/ /+ 
^2� I��D �#
� L��= /�� � /+�)Stress 

triaxiality (�� (%P
G 
i� /+�K���� ��� ��:g� �	 (9 +2@)Mean stress ( ��� 
� �+�� (� ��@ +/	�

P V+� ��� &��� �<����= . 
i� /+ �� (9 ��@ j�
 � L��= 
%�	/�� #�� (� �
%�	/�� #
� L��= /�� � /+

(� (9 (;�= � �+�� /+ ��@ +�W�	 ��
9 � �/2$� (� ��� %P
G #
� (� �+�/� *	2�D &�	 ��@ �+	+ /	<P	

�� (R��$�++
G . &:�@ *���	 #�D �� � *���	 �	 �-9 �����/	 ���@ (R��$� L��= 
%�	/�� /	�g� ��/
� ��

(-k:� /+ �+��V�� ��� 
:�� ��@ ����++
G.   

  

  
����� ���� ������ �����	 ���� �� �����	 � !�"#  
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(R��$� �	
� (9 (;�= �#
� (� ���� �+�/� *	2�D (� L��= 
%�	/�� ��DO.	 +2@ �+	+ +��$� *�,�	 /	<P	

�+�� &:�@ ��
9 (� Z2�
���� /+ 
i� +/2� ��/2$� (� ����� ���F%� ��@�� . (� ���� ��DO.	 �	

(-��������= #�W�	 �#
� (� � ��@ lB0� �+�� ��/ 
� >�? ���++
G +/	� /	<P	.  

m�g$� �	 /+ #
� /+ #
� L��= /�� � /	<P	ABAQUS  �	 �	 �+�F%�	 �	
� ���� +/2� ��DO.	 � ��@ ��/
�

(�R@ /+ /�� �I�@ ������=
P ���� +12P �	
� ��+Stan &�	 ��@ �� �. 

  

�$ �%�	� �� �
� &�'�� (����)* �� ����	&�� !�"# �  

������= ��� L� (%�2)Continuum Damage Mechanics (�) /	<�	���  /+ ������ ������ &�	 . U��	

� (� �/2kj����9]n[ )Kachanov( aopq �� �+	+ &R:�+2@ . V�� �	 L��= ������ Y	
B%�	 � ( �2� (%R�	

aoqf �2:�	
P (�/�� 
�^�� &$� >23? (� � �X2��@ aoqq )Chaboche (
%,� �aooe )Lemaitre (]r[ 

&�	 ��@ #�W�	 . L��= ������ ���
�	�� ������ �/2k� �+	2��? �	 �s��� 2JD *	2�D (�2 �/2k� �,%� (9 (%�

�� (%?��@ &�	 &:�@ ������ � (%�:�%�O�+2@.  

 V�� /+aoeq t2%��-9 ��]u[ )McClintock (
F8 �@/�v�� �
�	+($F7 ��
9 C�	
@ /+ 	/ �	 +/2� �	

+	+ /	
" ��/
� .��@ �+	+ *�0� *�,�	 /+ &:�@ (9 +
9 A
P �	  I�@ /+a cn �� ��6= ����� �
F8 (9 +2@

��
� *�,�	 �
� (�.  

  

����$ �	 +"�* �
� �,��- �.� �� /�01� � ��2�3�,%�4�]6[  

  

��� � ��@ (%P
G 
i� /+ *�,�	 V2. U��	 
� 	/ �+�� &:�@ ��
9 �	 *�,�	 
� ��@ V�,D	 ���+2,� *�w� .

 V�� /+aoeo E�	/)Rice (�:�
� �)Tracey( ]p[  �@/ ��/ 
� ( ��!� ���
F8v��  ��+	+ *�0� I�@ ��
9

�
F8 %�2�� �� (� &D
� (9�� ��	<P	 �/2$� (� ��� ��	<P	 �� �+�� &:�@ (W�%� /+ � �+�� /+ ������.  

t2���)Hancock( �<��� �)Mackenzie( ]e[  V�� /+aoxe �/2$� (� ��� (9 ��+	+ *�0��  ��:g� �	 (9

P ��� (� �K���� ����� I7�8 �<��*�0� �	
� �+2@ �+�� (� ��@ +/	� ��� &��8 *+	+  
%�	/�� �	

σ
σσ ba + L����
� &�	 .*= � �+2,� ��/
� 	/ �+�� &:�@ ��
9 
� �/2$� (� ��� 
^	 ��;,� ��

(�+� � �	
� �&��^ L�
Q (� �� 	/ (R��$���+2,� ([	/	 �/2$� (� ��� L:8 
� �+�� &:�@ ��
9 �.   
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V�� �
%,�� �	 ���*2�
G C�2� L��= �	
� ��]x[ )Gurson (aoxx �@ ���� V2�
P .�
F8 �� ���

 � ��� �/27 (� 	/ IB-B%� #
� �+�� /+ ��-:� M��� Eh� � +2,� A
P �
9 (R@ �/27 (� 	/ �+�� /+ +2)2�


i� /+ L��= �	 &P
G .&�	 *2�
G L��= V�� ���2���
9�� U��g� /+ �-�-$� X�/ ���	.  

 V�� /+ 
K�+ L��= V��aoqp 
%,� C�2�]a[ )Lemaitre (�@ ([	/	.  
� (9 +2� �R��= V�� ���	 V�� �	

V�� /+ � +2� ��@ ��� �-?	+ &��8 
�s%� ��  ���R�&P�� X
%:G �gg$� C�2� � � ���.  

 ��g�g$� �	 ��� V�� /+ #
� +	2� &:�@ ��/ 
� ��@ #�W�	 �-7	aoqp *2:��) C�2�)Johanson ( �

t29 )Cook( ]q[ ��+
G #�W�	 . ��/ 
� (9 �-��D �
%,�� �mg$� �+ �	 C�2� ��@ #�W�	 ��g�g$� /+

�@ �P
 � �/2$� (� ��� �&�	 /	TG 
^	 #
� +	2� &:�@ . &:�@ ��/ 
� ��+ � ��
9 _
� 
^	 ��;,�

+	2� ��+
G ��/
� #
� . � ��
9 _
� ���
9 (� Z2�
� �	
^	 %P
G 
i� /+ �	
� (!�	/ �� t29 � *2:��)

�� /	
" �+�F%�	 +/2� <�� ���
�	 (9 ��+2,� ([	/	 �+�� &:�@ ��
9 <�� � �+�� /�%P/ ��/ ��++
�G .*= ��

(�	+	 /+ ��;,������= #�W�	 �� +2? ��g�g$� �(!�	/ ���� 	/ +2? � �
R���9 #
� <-P d2� ���� �	
�

(�+� � &��^ L�	
Q � �+
9��+/�= &��� +	2� �	 �	
� 	/ +2? �.  

(�	+	 /+(���� /+ ��@ #�W�	 ��g�g$� ������= *�gg$� �#
� L��= � L�	
Q �� � �	
� 	/ �
K�+ ���

��+	+ #�W�	 (�+� � V2�W� .�����= �	+ +	2� /�%P/ �+��� /��:� �8 �� ��_
� / 1�� �����+ � 1�� ��
9 ���

#<����� +/	2� �J � /+ (��/2. (� +
9 lB0� 	/ 
i� /+ �+�� /�%P/ �	
� t29 � *2:��) C�2� (9 ����

(�+� � � ��+
G 5�$� �� � �1+� � /+ +2� ��0� (%P
G*2:��) �c�@ HO7	 +/	2� �?
� /+ t29.  

�+
%:G ��g�g$� V�� /+ �
K�+ �nffu � C�2�	
�2�2 )Hooputra (��	/��,� �]o[  ���g�g$� ��
G /+

BMW &P
G �/27 #
� +	2� &:�@ ��/ 
� . +2� I��9 L��= V�� �� (� ����%�+ ��� ��g�g$� �	 /+

#
� /+ *= �	 *	2%� (9(�R@ ���/	<P	+2,� �+�F%�	 ���� . #
� �	<-P �	
� L��= V�� �� ���y� �	 I7�8

(�R@ *���	 (9 +2� ������� � &:�@�� ��	
P 	/ t
� m.��� ����+2,� . /+ 	
�2�2� C�2� ��@ ([	/	 V��

#
� (-,) �	 
R% � +��$� *�,�	 ���/	<P	LS-Dyna  �ABAQUS ��� �	
� +/2� L��= �@/ m.��� ����

&P
G /	
" �+�F%�	 .��� *	2�D (� �+�� &:�@ ��
9 	
�2�2� V�� /+S� &��� �/2$� (� ��� �	 � =��.  /+

�2$� � V�� �	 #2� I3P&�	 ��@ �+	+ z�Q2� I��9 /2. (� *= �	 �+�F%�	 �.  

 V�� /+nffu 2[��)Bao (�����
�� �)Wierzbicki (]af [�����= �	 �
� �� #�W�	 ��(�2,� ��/ 
� �� ���

(!�	/ � +	+ *�0� 	/ �/2$� (� ��� (� �+�� &:�@ ��
9 �K%:�	� /	+/��@ � &B�	 �	
� 	/ �	 &� ��� �

+2,� ([	/	 .  

�����= /+�+
%:G {�/ /+ #2����2�= 4���= �� &:�@ ��
9 mg$� �+ �	 C�2� ��@ #�W�	 ��� ��� �	 �	

�@ �� � �/2$� (� .*=�����= #�W�	 �� ��;,� �� /+ 	/ *= &:�@ ��
9 4���= �	 ��/ 
� �/�0P ���

�/2$� (� �����+2,� �� � <�� �F�� �. 

 V�� /+nffx  ��� ��!���� C�2�)Bai( ]aa[  #�W�	 �����2�= 4���= �D2� /�%P/ ��/ 
��@  ��g�g$� �	 /+

�����=��%�1	 /�%P/ �	
� ���) V�� �� � ��+
G #�W�	 �+�� ��/ 
� �+��� �/�0P � �009 ��� c

s%��� L:8 
� *= &:�@ /�%P/ � 4���= �	 ��%�O����
�)Invariants (�@ ([	/	 ��� .� ��g�g$� mR. 


 /�%P/ �� � �+�� ��%�O� �/�%?�� �1+� � �� (9 �@ lB0� ��	/��,� � ��� C�2� (%P
G #�W�	

s%��� 
�^�� &$� *= &:�@��� ��� #2� 
�@�� .  
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V�� /+�+
%:G �� ��!� 
�?	 ��� �/2$� (� ��� ���F%� 
�+�g� &$� �+�� /�%P/ � #
� &:�@ ��/ 
� �	

 ��K0�	+ /+ ��	/��,� � �����
�� C�2�MIT (Massachusetts Institute of Technology)  ��@ #�W�	

&�	 .(�2,� �	 �+�F%�	 �� ��g�g$� �	 /+^2� I�	2D �g� �+�� �	 j-%B� ��� ��/
� �+�� &:�@ 
� 


&�	 ���+
G]au�ar�an[.  

  

�8 9��)* :;� �� �
� &�'�� (�	�
<�  

*���� �	 /+�����= #�W�	 �� 	�%�	 (������� >	2? #�1 ������ �;,� �� �	
� #�1 �+�/� ���
%�	/�� 

 +12P ��/ 
� #
� L��= /�� � V�,D	Stan &�	 ��@ lB0�.  &��� {��%� &$7 �	 *���,.	 &�) (�	+	 /+

�����= ���=  ��� (�2,� ��/ 
� �09@ ����P ()Single notched (@ �+ ���P ()Double notched(  #�W�	

� �@ ��� /+ /�� � �	 V�,D	 �	 I7�8 {��%������= �	 I7�8 {��%� �� *= *��� � &:�@ I$� ���� ���

&�	 ���+
G (:��g� ��
W� .  

�� 
�� H
@ (� m�g$� �	 /+ ��@ ([	/	 L��!� ���/�@��:  

��� +
�/�9
� ���/�� � � ��@ �+	+ z�Q2� *= d	2�	 � L��= �-9 #2�F� #�+ I3P /+ �P
 � &:�@ ����

&�	 ���+
G .X�/ � L��= �	
^	 ��;,���	��	 ���&�	 ��@ �+	+ z�Q2� <�� *= �
�G.  

V�� � ��@ �+	+ z�Q2� #
� L��= #2� I3P /+ �P
 � L��= d2� �	 ��/
� &�) ��@ (�	/	 ��� ���+
G

&�	 . � ��@ �+	+ z�Q2� &�	 m�g$� �	 /+ ��@ �+�F%�	 V�� (9 	
�2�2� L��= V�� I3P �	 /+

#
� L��= /�� � V�,D	 �	
� #�1 �+�/� ���
%�	/�� (�R@ �� /+&�	 ��@ �P
 � ����.  

 +12P +/	���%�	 (�2,� �	
� �+�� �09 �����= #�W�	 �� 	�%�	 #/��� I3P /+Stan ��� >	2? +12P �	 ����

�����= #�W�	 �� Eh� � ���= &���	
�2�2� #
� L��= V�� ���
%�	/�� ���� ��= ��	2? &��� . �	

�+��$� �	
� � j-%B� &,:" �+ /+ ��
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��@ �
R���9 ��DO.	 �	 �+�F%�	 �� � ��@ (%?	+
� 	
�2�2� #
� L��= ����= &��� #
� L��= /�� � � /+

(�R@����  �	 (�2,� �+ +12PStan &�	 ��@ V�,D	 � (�R@ �	 I7�8 {��%����� {��%� �� ��@ #�W�	 ���
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