
��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

  

 � �������%& '�(� �)& ������*��+ ��,�  ��� -�.� �/��01 ��I ������23 ��  
  

����4 (!�1*�67+ ��(!� ���82 � �.9� ��&���3  
  

1 �2  �3 - �	
 ������ ����� ������ ���� ��	�� ���� ���� �)�"(� �$�%&  
  

* meh_hosseini18@yahoo.com    '()*� ���*$(�:    
 

  

-�����: 16/3/95          =��>8 :19/10/95  

�(�.1  

�"�� �(,� -�. �$�/
�, �(� 0� .�� ��, -�. 23� �
 �(�4 5�, "� -�. 6(3� 07 ���89�
 5 �: �$ '�� �(���(8 .  �$ ��� �(�

 � � -�. 0;<= "� -�. �(,� �$�/
�, 5 �: �$� "� 07 �8�
 5 �:>, �
 �(�4?�� -�. 0�8�
?� �(� � �?: �$ �(?@   5 �? � A%

�"�B5�� -�. 0�>, �
 C9�(� � -�. 0;<= "� -�. �(,� �$�/
�, 5 �: �$� "� 07 5�� ���8 . 5*D8 E	��D� C�F��
"�7 ���


 G$����  � ��� �����	8 C"��$�B ��%	��D� C"�<: �H�� "� "�/<�� � A�
 ��D	 �"�	F 5*D8 "� H��5�� ����� ��(� . ��=� I�F

0��(J�� '�� �(� 5*D8 ���KL C�" �
 �>��, "��M � 0J	*	J�N� '��� �O� ��"�
 P	K;. �$��� �Q� R	ST "��, � ��(. C�F � �8�


0	>8 ���$��9U "� 5<� ��L� C9��?��(8. /�� C��
?$��9U ��?0�(�� C�" G �,"�� �3& 0
 �Q� �4(�V� C�F73 ��	� � �J� �3&

 �����25 ��	� Y�<."� � �J�150 ��	��8 ��/$� �"�KJ� ["(= 0
 \S�� ���
� �
 �4(�V� -�. �� �J� .0�(�� C�" �
 ���U�. �F? G

0�0�(�� �JS	*� C��
 �9N "��M � '��4� C"(;�-�. C�"�� C�F�9���� �4(�V� C�F�8 C�	� .$��9U ]�B?� G?0 C��
 C"(;�

�"�
?N� '��� �O� �*	J�?8 � 0J	?$��9U G?0� G�$��� ��/��  '�� �(� 5*D8 ���KL C�" �
 �>��, "��M �O� ��"�
 C��
 C"(;�. 

�� ���� P	K;. ]$�J��� G$�%M� �>��, "��M � 0J	*	J�N� '��� G$�%M� �
 5*D8 ���KL �F���
�$ RF �	�L 0J	*	J�N� '��� �	O�.

G	
 5*D8 ���KL C�"5�� �. .L 03
�" �>��, "��M �
 5*D8 ���KL 03
�" � ��3� �	^ 0J	*	J�N� '��� �
 5*D8 ���K

5�� �3�.   
                                                                                               

�@&�(�9� ��: 5*D8 ���KL � �(�I0J	*	J�N� '��� �� �>��, "��M�Q� 0�(�� � 

1- ��(0� 

�9�� � [��3& ���F ��9 5*D8-�. C�F 0
 �/�� "��

B	��$G ��D� R�4	E ��� 5*D8$� .��D�	E  �5*D8

�"�
� U�M$��  "� -�. �8"$E ;�	_ �� �9(: 5;.	� 

� G�.��8�
 .��D�	E ����� "� 5*D8�  C��
 H��

9"�$
�� �B$�C"�� �
�&	5 �9�� "� C"�<: � 5*D8 C�F

���� � 0JM�� "�7 0
��(8.  

0Q���L 0�(���C �"��C  �� -�.	0 �� ��8�
	�F"�C 

"�`�"�
 5;. �U 5*D8 � ��D;J��C�FC  �a�JS�

��D� b:�>� _�(.	E �. 5*D8		� ���(8 .��D�	E 

����� �(�4 "� R�� b:�>� 0��, 9� 5*D8� �� �8�


�"�
 0
 07� ��8$_ ��
 �9NC -�. [��3& ��D;J�� "��

���9���B.  

� c&�� "� 5*D8 ��$��M �
 ��7 �:�8 5*D8 �%	��D

�� -�. �8" _�(. �D
 0�3& E$�8�
 . E	��D� �9(:

 �9�/� G�. R�$%7�� ��	� _
��" ����	��
"� 5*D8

 [��O� 9� �8�� -�. �8" 54�� �-�. d;� � �9����

�� ��3	;�?: 9� C�	�(�, ��D?-�. 57��F 	^ �? ��

���8�
 .-�.�J�(	B�� � �F�e$� 9� �F� '���J� C�F

��(.�� ��� C�F "� ����7 E$�;. 5	 ��M �F � ��8�


��(. ��� C�F)"�/<�� �0 % 9 �����  ������ "� H��

f	8 f$�S.� ��� C�F (.... �$�/
�, f>� 5�� �D��

�U ���J�� "� �F5*D8	B �$ � �(,(� C�F? G$��

5*D8 C�F���� �$�, .�� �$� �M�g 9�7 0
 ��(.E� 

��$�B  �
 C��
"�7 �$�F��$��M �5*D8 C�"H�� �F

 ��� ��/��)5*D8 ����� �C"�7 h�"(� �E	 �"�	F C�F

 � ���7 i�	�U �"�/<�� �A�
 (... 5*D8 E	��D� 5M�	F"

 -�. �8" � ��9 0��(, ���4 "(3
  ��� ��(� "�) �$

-�.C�F ( G�. �9(: 5;. � ��� ��(� "� �" j��

 �"(� �	��0� �3� �� "��&��F . -�. �$�)-�. �$C�F (

�� j�� �$ � ��(
 �(,(� ��� 0�(�� "� G	B 9� ���(.

�$U �(,(
 "�
 G$�%M� ��$��M �g . f�^� -�. �8"

�"�� "��$�B�� � ������� �J	F�� . ��	� �F"�7C  ��8 ��/��

�" �
C ��D�	E �� 0
 P��J� 5*D8$<	b ���8�
 . ��

92  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

 '�� ���: "� �" G.�� �3�1920 �^U 9�(�� . �U 9� ��


�$��$� '�� "��FC 1952  �.1954 �>$�T �T ��� 0
$f 

��. �" G�. [�8$a �;� G�. "��K� 07 ��7�  "� �"

� ���� -�. -(� I��g���F� .K;.	[�K  ��	0 �9 "�	0� 

H���F"�7 0
 �FC 
 � -(F	�	D����  '�� "�1965  "�

�MU$�KC 
(�,� � �
����� .�9 "�	0� ��KL� 5*D8 

�(� � Y(T(� 07 '��$� K;.	P �F"�7 5��C <�JS�� 

���JL�� "�7 0��, 9� 5�� ��8 ��/���  '�� "� 071981 

$E 0��(J�� 0�3&�C -�."�`�"�
 5;. �" "��C  0� G��

03K��C 8�" � ��� "��&� ��
 �"C �.		� ��KL�  5*D8

�(� ��� 0o�"� '�� ]4[.  

0J��=� 9� 5*D8 �(� p��� �
 5*D8 C��
 [�:q3

5�� 5*D8 E	��D� R$�& . E	��D� "� 5*D8 �(� 0�

��D�� 5*D8 �(� �(� � ��� �(� �'�� �(� 07 5�� �$`B

) dD81 (�� ��	�����(8 ]9 � 10[.  

�B. 1.  -�.� �����]1[ 

  

��KL� � 5*D8 d
�K� "� 5���K� �5*D8� � �8�


RF�L	� ���;
 "��K�� �T$f � G�. [�8	% ���	�� 

��(8� .�7 "(g 0
�� ��KL� ���(4 0
 5*D8� �(L :

;� ����	�_ "�`�"�
 h��C� 7�.	f  "�J��� � ����

�	B(D���D� ���F [��O� ����F 0
� J*
� �"�� .

��KL�  5�q4 �
 5*D8 � ������� ���(8 

]2�3[ .  

*
C"�	 `Br(<� �
 9�� � 5<� �9�S� 9�C�$  s�K� "� N�


9� ���, a�JS� � "� 0��,����$ �. '�: "�?8 ��? ��

��� 9� �8�
�$ ��. �"�	  �� ��� ��(�0	 � �"(�9�	 ��
C 

J��= �(���(� I"�V�� `Br(<� �
 �9�S� 9�C�$ �B�	$ 

� ["(=����	 .��
C ���
"���
C �
0�	 � 9��$  ��9�S�

� �9N5� ��4 07[�	 M�T�� �"C ��$  ["(= �9�S�

���	 .A�"�FC �(���(�� �
�C �%M�G$  � 5<� ��L ��9�


`Br(<� �
 9��C�$ �B�	$  �"�� �(,��D$ 07 � 9��$ A�" �F

F 5*D8�D	 �"�	 ��8�
� .�9 "�0�	  ��"�
��KL� 

��4 "� 5*D8[�	 F 5*D8�D	 �"�	 � "����$ 

��9U [�� �3��$?�F� ��?/��  � ����?� �9 "�?0�	 

'��9��C ��4C GF�eB�F�$ U _�(.5$��� � �/�� �

5�� ��8 ]1[. �	
 ��/�� H�� E	��D� ���� �

G$��9U '�� �(� 5*D8 ���KL �		�. C��
 �" �$�F

�� 07 5�� ���7 �����	B H�� 0
 ��(. G$��9U

03K� 0� G?�� C"�`�"�
0?�(�� C�"�?
 C� 0��(J�� C�

��"(L -�?. C�"�� ) P
�3� �U [�VS�� 07 5�� �7�.

 dD82 -�. �$� "� �8�
 a0: =�M��"(L -�. -(� �. 0� 

D15/0  ��"(L -�. 0$��9 �90 5�� 0,"�.( � G$��9U

���7 C"�`�"�
 ��.(7 0��(J�� 0�(�� �
  G$��9U �

 C�" �
 C"�`�"�
��$9�
 E*$�  �"�8� ��"(L -�. C�"��

 ��7]7 �11 �12[ . '�� "� ��L �F2014  G$��9U

03K� 0� G?�� C"�`�"�
0?�(�� C�"�?
 C� R	� C�F

�$���	
 ��/�� C(� 9� RF � 0
 H�� E	��D� ���� �

 5�� ��8 0JM�$`B �"����J�� A�" E$ ��(�4]8[.  "�

� ���,?��9U [�� �3�$?�F� �L _�(.1 
?�"�C 

0�(���FC 0��(J���C  ��(.� 5�� ��8 ��/�� ]6[.  �


D�$� 0
 0,(.0 0�(�� "� �F 0	 �� -�. ��<: "(;� C9�(�

�� C%7���8�
. (,� �`  ���89�
 u��� "� ���. -�. �

"��& ��5*D8 ���KL _KM d	 � �	�F 0
 � ���	� 

�(� '�� �� ��"�
����.  

 ���KL "� ���(B f$�T � 0J	*	J�N� '��� �J��"�B ��

���O(� 5*D8 .� 9� I�F$� K;.	P  '��� �O� ��"�


5*D8 ���KL C�" �>��, "��M � 0J	*	J�N�  '�� �(�

���8�
 .�$� K;.	P �B �
$0 ��9U A�"$F���  "�(J��

5�� .�$� ��9U [�� �3�$F��� �" �
C 0�(���FC 

0��(J���C  �� (.�  v�� ��/����(8 . "� �"�KJ� -�. ��

4(�V� ["(= 0
 0�(�� I�g ��� �$��/ ���O� � �(8 

 C�" �>��, "��M � 0J	*	J�N� '�����KL�  5*D8

�(� �"�
 '��� ������ .  

                                                 
1. Chen 

93  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

2- ����D������ 	���  

 �
 v� � iU f	7�. 9� 0�(�� C�� �� GF�eB �$� "�

5>*�S� ���
� � [��<J� C�F?� a�J?8 0J��?�� 

0��(J�� � H�� �D	��D� j�(� �		�. C��
 �B(. C�F

0�(��0��(J�� C�F-�. � �� (. C� "��C��
  ��"�
�O� 

 C�" �>��, "��M � 0J	*	J�N� '�����KL�  5*D8

�(� '�� ��� "��& ���<J�� �"(��	�.  "� 5�� �7r 0
 �9N

 GF�eB �$�6 �� 0�(��?0��(J � �B(. C�10 ��?0�( 

0��(J��5�� ��8 ����U � ��(. C�. 0�(��0��(J�� C�F C�

0�(�� �D	��D� j�(� �		�. C��
 �B(. �
 �4(�V� C�F

f �& 9� ���<J�� dD8 "� 07 �$�F3 a � ��8 ���� ����� 

��8 0J��� 5�� . 0	�. "� 07 iU 0
 v� ���, 5>*�

0�(�� '��, �
 P
�3� %	� ��8 ���<J�� �F1 5�� . E$

0�(�� 0J<F �
 wx� ���8 E�� ���$��9U _	;� "� �F

 i�� ��J�� 9� ���<J��) dD83 i (0�(�� ���� dK	= �F

�8 .0��(J�� 5��� C��
f �& 9� � ��(. C�F C�F

dD8 P
�3� 0D. �� �D	J�qB 4 �  "� -�. ��/$� C��


0@	. 9� 0�(�� 5��ST 0
 C�1 ��	��J��  u�45 ��	� �J�

) dD84 (�� ���<J���(8 . dD85 0��(J�� f �& (. C

�� ���� �" f �& "� v� �JS$" 9� ��
 � ���F� . �$��K�

0�(�� 5��� C��
 9�	� �"(� iU � v�5>*� �
 C�F C�F

 '��, "� iU 0
 v� a�JS�2 8 0o�"�5�� ��  .0�(�� �F

 dK	= ���$��9U _	;� "� ��8 E�� 0J<F E$ 9� ��


�� ������(8 .  
 

  
B.� 2 .��&���& ����� �� ����1 E� &  

 

B.� 3 .F6&( ����� H6�I�8�  ��&���& ��J � (=�� � J�� ��/���  

B.� 4. ��&���& H6�I &L+&�6�M �  ��  

6&F  J  

94  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

 B.�5. ��&���& H6�I H6�I �� N3 ��O�� 	& (P� �6�M �   
  

 '�(+1. ��&���& -M�� &�� JD � N3 Q�+�8�  ��  

 -*������� �� N3 ���+  JD Q�+ )gr(  N3 Q�+ )gr(  

  3/6  33/183  66/366  

3/5  25/206  75/343  

3/4  71/235  28/314  

  

 '�(+2. ��&���& -M�� &�� JD � N3 Q�+�6�M�  ��  

JD �� N3 Q�+ -*��   JD �	�)gr(   N3 �	�)gr(  

3/6  425  850  

3/5  482  800  

4/3  548  730  

  

3 - S���	D ��/��� 

��
 ���<J�� �"(� ��J��C ��KL 0� �3��  "� 5*D8

�$� K;.	P d��8 ��%/� GS
 "��L 9� :��9U '(��$�G 

"(;� "�
 ����7 '��4� E,C�  "��M ����7 '��4� y�B

>��,� � "��M ����7 '��4� y�B � C%7�� ��<: d��

D�.	d ��T(. 0
 0���� "� 07 �(8	2  0
 GS
 �F

� 0J����B 0�����, ["(=��(8.  

 �		@. '(�� �P	K;. �$� "� ���<J�� �"(� G$��9U '(��

�� -(F 0JM�$ dD8 "� 07 �8�
6 a �  ��	�7 �$(V. 0


5�� ��8 . E$ �C�N(M A(B"� �� C�"�� '(�� �$�

I�3��� C��^ "� C��
 �$`B � H�� 0�(�� �JM�� �


5�� �>��, "��M '��4� .0�(�� C��
 '(�� �$� �
 �$�F

 �3&73 ��	� ��<: C�"�� 07 5�� ��8 �:��g �J�

 �3& 0
 C%7��25 ��	��� �(� _�� "� �J���8�
 .

0�(�� f���� Y�<."� "��& '(�� �$� d��� "� 07 �$�F

�� ���	�150 ��	��� �J��8�
 .  

����7 '��4� E,  � �&�
 C"��M E, E$ C"(;� "�


 5	M�z �
 "�7�(� ���. '�J	/$�KN 2000  5	�
�& �


 ["(= 0
 G$��9U ]$�J� 5>O � A9���B �G$��� �0>��;�

 G$��� 5�, �B�L � 0��$�" 0
 '�V.� 5	�
�& � "�7�(�

�� ]$�J��8�
.  

 57�8 5��� �>��, "��M '�J�7 � '��4� ��J��

Matest 
 �	 �J$�? � ��( 5	M�z C�"��60 �?��B�? '�D

���8�
 . d=� -(F 0JM�$ �		@. '(�� 0
 ��J�� �$�

 C��^ 0
 "��M �'(�� 0
 �^�" ���7 y�B �
 � ��8

I�3����� '��4� �5�� 0�(�� ����	��
 "� 07 �$`B���� .  

 ��8 ���� ���� C"�`�"�
 0;<= �� 9� �D$ 0
 y�B �$�

 "� dD86 i �� d=��(8 .;<= �� �$� �
 C"�`�"�
 0

g �� C�"?��� "� 07 0�(�� I�?�� '(�� d? "��& �5

����	� .I�3��� C��^ 0JM" C%7�� ��<: d��� "� �$`B

�� RD;� C"�`�"�
 [�;<= d��� "� ��J�� �� 9� � �����

P
�3�  dD86 {  C��^ 0
 C"�`�"�
 [�;<= 9� �D$ 07

I�3��� y�B � "��M '��4� �
 wx� �5�� dVJ� �$`B

�8 ���7 �8" -�. ��U ��8 9�
 � ��^ d��� 0
 �^�" �

�� 5*D8 "�L� H�� 5$��� "� ��(8 .  

95  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

B.� 6 .F6& (E�� ����� ���T  '�9� 	& �9� ���� J( U�VP�& �,W ��&>3��� X�YZ[F� � ��>8=�8��\ � (U�VP�& �,W �� ��>8

�&>3��� �YZ[ �� B]�� � ����� BM&�  
  

4 - ���	D ������S  

�$� "� P	K;. 0�(�� C�"0��(J�� C�F �		�. C��
 �B(. C�

 � 0J	*	J�N� '����>��, "��M 0�(�� C�" � C�F

0��(J���(� 5*D8 ���KL �		�. C��
 � ��(. C� I 

G$��9U �� ��/���(8 .0�(�� C�"0��(J�� C�F �B(. C�

E. R7��. G$��9U _KM�� ��/�� C"(;��(8.  d:���

$��9U ��/��0�(�� C�" G0��(J�� C�F 6�8 0
 � ��(. C�

5�� d$r: 

1( �� "��& -(F '(�� d��� "� 0�(����	� . �U 9� wB

��^C I�3���`B$� "�`�"�
 0;<= "� 07C  0JM�� "��&

C%7�� ��<: d��� "� �5�� ��8 RD;� �  0
 � 0JM"


 '(�� ����F	� � "��& [�;<=��	�� .  

2( (;� C"�`�"�
 ��J�� �$9 "� '(���� "��& C"��	�. 

3(  ��<: d��� "��M � �>��, "��M '��4� ��J��

�� dVJ� '(�� 0
 C%7���� �8�" � �(8 � ����

 C�	��(F 0Q$"� P$�g 9� � ��8 �B �^�" �
 '(��

�� {"�� '(�� C�(F�(8 .  

4(  G$�%M� ���%�F "(g 0
 �>��, "��M � C"(;� "�


�: 0
 C"(;� "�
 � �>��, "��M 0D�$� �. 0JM�$ 

���
 i(�3�  C"(;� "�
 �J8�� 0� 5
�O �
 wx� �

G$�%M� C%7�� ��<: d��� "��M  ��>��, "��M � 

�� �(8 5*D8 "�L� 0�(�� �. �
�$) dD87.( 

 

5- S���	D B�9Y  � ^������  

0�(�� C�" �
0��(J�� C�F E. R7��. G$��9U 07 �B(. C�

�� ��/�� C"(;��(8 .G��7 E$ fV� �D$�JD � ]��

�8 �"(� 0J	*	J�N� '��� �		�. C��
 07 5�� �

�� "��& ���<J����	� . 

 '��,  "� �" G$��9U �$� ]$�J�3 �� ��F����	�7.  C��


 C�" iU 0
 v� ���, 5>*� �F2  ��/�� G$��9U 0�(��

 '��, "� 07 ��83  �7r 5 �: �F C��
 ]$�J� �	��	�

5�� ��8.  

0>��;� C��
8 ���KL C?� "� 5*D?0�(� C�F

0��(J�� 03
�" 9� � ��(. C�F)1 (�� ���<J���(8 ]6[:  

)1 (                            


03در �" �$� ::KIc  �(� 5*D8 ���KLI، )MPa.m
1/2(

 

Ri: ������3& )mm(  

Ro: �,"�� �3& )mm(  

 :)m(  

 :�����"��M C�"�
 23� ����� 0�(�� )MPa(  

 :f$�T �		�. ��8  _�(. Ro/Ri �a/(Ro-Ri)  C�" 9�

 dD88.  �		�. dD8 C�" 9� 11  '��, 0
 0,(. �


4  ��8 \S�� �  �a/(Ro-Ri) 

�� ��/�� �(��� "��K� 0D$"(g 0
 ���	�a/(Ro-Ri)  C�" �"

 {���� �(�4 E$ 03K� �$� 9� ���7 �		�. �KM� "(;�

 ��;�� �. ���7  C�" 9� wx� ��7 c3& �"

 ��;��  "��K�  �. ���7 �(�4 �Ro�& "(;� �
  0


�� 5���$U . C�" 0J	*	J�N� '��� �O� ��"�
 C��


 5*D8 ���KL6 0�(�� C�" G$��9U�F0��(J�� C C�

G$��9U �$� ���. "� 5�� ��8 ��/�� � ��(. "��M �F

 �>��,25/1 �� '�D��B���8�
. �$� 0
 0,(. �
? 0D

F6&  J  

\  

96  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

0�(�� �F 0
 s(
�� 0�(�� �� C��
 ]$�J� 5�� �4(�V� �F

 ����� � 5�� E$�%� RF 0
 "�	*
 iU 0
 v� ���, 5>*�

0�(��07 5*	� ��	>g C�F 
 ��F�� 5�4 0
? ��(

0�(��5�� ��$9 ]$�J� IqJ�� ��F . 5 �: �F C��
 �` 

�� 5$�<7 0�(�� �� C�" G$��9U��7.  "� ��T "�

'��,C�F 4  �5 0�(�� ����F ���
� 0D�U 5�4 0
 � �F

G$��9U ]$�J� iU 0
 v� ���, 5>*� 5 �: "� �F3/5  ��

5�� ��8 �7r 0�(�� E$ ]$�J� _KM �(
 ��*D$ 0�(�� .

0
 0,(. �
 '�:  03
�")1 ( �(� 5*D8 ���KLI 

�� 0>��;� �(8) '��,5.(  
  

  

 B.� 7. `�8 ���� B]�� 	& (P� ��Y� �� '�9�  '�9� �� ���� �� ��  
  

 '�(+3.  �������%& '�(� �&(0�  

JD �� N3 ���+ -*��  �������%& '�(�)(  

3/4  1/2  

3/5  25/3  

3/6  8  

   

  
 B.�8. �� �&���� ���P  &]6[  

 

 '�(+4. ����� �����&��8��&���& ���6�M�  &  

JD �� N3 Q�+ -*��  �+��M �VI  �9M&� �VI  Ro/Ri  a  a/(Ro-Ri)   

a3/6 4/71  7/24  89/2  76/5  24/0  7/0  

b3/6  72  6/24  93/2  3/5  22/0  675/0  

a3/5  6/71  8/24  89/2  6/5  24/0  7/0  

a3/4  5/70  9/24  83/2  2/5  23/0  6875/0  

b3/4  3/72  5/24  95/2  5  21/0  6625/0  

  

97  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

 '�(+5 .����� -�.� �/��01��  

iU 0
 v� ��, 5>*�  
  (MPa) a(mm)  

 
     

(MPa.m1/2) 

a3/6 12/0  97/5  76/5  7/0  706/0  

b3/6  117/0  85/5  3/5  675/0  644/0  

a3/5  12/0  59/3  6/5  7/0  425/0  

a3/4  125/0  51/2  2/5  6875/0  284/0  

b3/4  115/0  53/2  5  6625/0  264/0  

  

 ���KL C�" �
 0J*	J�N� '��� �O� ��"�
 C��


 �(� 5*D8I  "� 07 G$��9U ]$�J� [�4qg� E�7 0


'��, 6 "��(�� ��8 0o�"�  5*D8 ���KL 

)0�(�� �� ���KL �	��	� a � b ���8�
 (.
�K� "�d 

 0J	*	J�N� '��� "5�� ��8 R� ) dD89(.  

 dD8 0
 0,(. �
9 03
�" C)2 ( � 5*D8 ���KL �	


�� "��&�
 0J	*	J�N� '����8�
 :  

= 2965/0 ln(E) + 0627/0   )2(   

03
�" �$� "�:  

E: 0J	*	J�N� '���  �:�� �
)GPa( �  : ���KL

 �(� 5*D8I 
�:�� � )MPa.m
1/2(.  

 dD8 0
 0,(. �
9 �� 5*D8 ���KL 03
�" 5<� ��(.

 �U �		�. f$�T � �3� �	^  0J	*	J�N� '��� �


9969/0 5��.  03
�" �3� E	J�N� 5*D8 E	��D� "�

3  �(� 5*D8 ���KL �	
I  "��&�
 0J	*	J�N� '��� �


 5��]5[ .�� ��F��� 07 "(3���F 03
�" E$ �(8

� R	KJ*�  �(� 5*D8 ���KL �	
 �3� �	^ I '��� �

G$��9U ]$�J� �
 07 5�� "��&�
 0J	*	J�N� 5K
�3� �F

�"��.  

                                           )3(  

03
�" �$� "�: GIC: � 5*D8 C|���  : 0J	*	J�N� '���

���8�
 .  

�
 �>��, "��M �O� ��"�
 C��
  5*D8 ���KL C�"

 �(�I  %	�6  �>��, C�F"��M "� G$��9U5/0 �25/1  �

75/1 5�� ��8 ��/�� '�D��B�� .G$��9U �$� ]$�J� �F

 '��, "�7 5�� ��8 0o�"� .G$��9U ��� C�� "� �F

 iU 0
 v� ��, 5>*�3/6 5��.  

  

  
 B.�9.   -�.� �/��01 �&����- �������%& '�(�  

 

 '�(+6. D ^����S���	  

JD �� N3 Q�+ -*��  �������%& '�(�)(  (MPa.m1/2)  

3/6 8  675/0  

3/5  25/3  425/0  

3/4  1/2  274/0  

  

98  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

 '�(+7 .����� -�.� �/��01��  

 �*��+ ��,�)MPa(  
  (MPa) a(mm)   

     

(MPa.m1/2) 

5/0 12/0  59/3  6/5  7/0  425/0  

5/0  125/0  48/3  2/5  6875/0  393/0  

25/1  117/0  85/5  3/5  675/0  644/0  

25/1  12/0  97/5  76/5  7/0  706/0  

75/1  115/0  3/7  5  6625/0  763/0  

75/1  125/0  1/7  2/5  6875/0  802/0  

 
 

 �O� ��"�
 C��
�>��, "��M  5*D8 ���KL C�" �


 �(�I "� 07 G$��9U ]$�J� [�4qg� E�7 0
 '��, 8 

"��(�� ��8 0o�"� 5*D8 ���KL ) �	��	�

�� �>��, "��M �F "� 0�(�� �� ���KL�8�
 (.d
�K� "� 

�>��, "��M "5�� ��8 R� ) dD810(.  

 dD8 0
 0,(. �
10 03
�" C)4 ( � 5*D8 ���KL �	


�8�
 �� "��&�
 �>��, "��M :  

= 3032/0 Pc + 2684/0  

 "�03
�" �$�:  : �(� 5*D8 ���KLI �:�� �
 

)MPa.m
1/2(  �Pc: �>��, "��M  �:�� �
)MPa.(  

dD8 0
 0,(. �
 10 �� ���KL 03
�" 5<� ��(.

 �U �		�. f$�T � �3� �>��, "��M �
 5*D89844/0 

5��.  

 '�� "� 07 �.�K	K;.2004  %	� G��"�D�F � �L _�(.

" ��� ���� �8 ��/�� "��M � 5*D8 ���KL �	
 03
�

 �3� 03
�" �>��,) 03
�"5 (5��. G$��9U �$� C�" �F

0�(��-�. ����	� C�F 07 "(3���F � 5�� ��8 ��/�� "��

 03
�"4 �� ���� ���KL ��>��, "��M G$�%M� �
 �F�

�(� 5*D8 I �� G$�%M� %	����� 07 �
�$ 5K
�3� ���F�

 [�� �3� �
 P	K;. �$� ]$�J��� �L�8�
 ]6[.  

= 2543/0 Pc + 2336/0  

    0????�(�� "� �5	????��*: %	 �????�U ��????/�� C��????
3 

      iU 0??
 v??� �??��, 5>??*� 0??
 s(??
��3/5  "��??K�

 0J	????*	J�N� '��????�20  ��????8 ���� GF�7�????="�

   5????*D8 �????��KL [��????		@. �????="� � 5????��

 �???� �???�"�
�(???8 .   '��???, "� �$��???K� �???$�)9 (

5�� ���U. 

 %	 ��U ��/�� C��
0�(�� "� �>��, "��M �5	��*: 07 C�

 �>��, "��M 5;.25/1 0JM�� "��& '�D��B�� 20 �="� 

 5*D8 ���KL [��		@. �="� � 5�� ��8 ���� GF�7

�� ��"�
�(8 . '��, "� �$��K� �$�)10 (5�� ���U.  

  

y = 0.3032x + 0.2684

R² = 0.9844

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2

K
IC

(M
P

a
.m

1
/2

)

Pc (MPa)

  
 B.�10.   -�.� �/��01 �&����– �*��+ ��,�  

  

 '�(+8. S���	D ^����  

�*��+ ��,�)(  (MPa.m1/2)  

5/0  409/0  

25/1  675/0  

75/1  7825/0  

)4(  

)5(  

99  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

'�(+ 9. 20 % ����� &�� �������%& '�(� S���3/5  

JD �� N3 Q�+ -*�� E(GPa) E8/0  (MPa.m1/2) 
 

�&(c&  25/3  6/2  425/0  346/0  

S��� ([��  -  20%  -  5/18%-  

  

 '�(+10. 20 % �*��+ ��,� &�� �*��+ ��,� S���25/1'�.��8�/�  

JD �� N3 Q�+ -*�� Pc (MPa) Pc8/0  (MPa.m1/2) 
 

�&(c&  25/1  1  675/0  5716/0  

S��� ([��  -  20%  -  3/15%-  

�� ��F��� 07 "(3���F �(� 5*D8 ���KL C�" 0J	*	J�N� '��� �O� �(8I G	
9� �. 5�� �>��, "��M.  
  

6 - �d�����3  

G$��9U P	K;. �$� "�0�(�� C�" �
 �$�F �
 �Q� C�F

 [��<J� iU 0
 v� 5>*�C��
  '��� �	O�. ��"�


 � 0J	*	J�N��>��, "��M  E$ �(� 5*D8 ���KL �


5�� 0JM�� ��/��.  

�� 0
 ���4� 9�?$��9U 9� ���U 5?GRF � �F�L? �	

d	�;." ��8 ��/�� C�F 5�� 0
 ]$�J� � ���4� �$� C�

�� ���U5M�� 0/	J� ��(. :  

1- 03
�" 0
 0,(. �
 5*D8 ���KL C2  C�"�� 07

�		�. f$�T 9969/0 0J	*	J�N� '��� �
 �"�� 03
�".  

2-  �3��	^ 0J	*	J�N� '��� �
 5*D8 ���KL 03
�"

 ��		�. f$�T C�"�� 9969/0 5�� . 

3- � '��� GF�7 �
 5*D8 ���KL0J	*	J�N�  GF�7

�� G$�%M� �U G$�%M� �
 ��
�$. 

4-  � �3� �>��, "��M �
 5*D8 ���KL 03
�" C�"��

�		�. f$�T 9844/0 5�� . 

5-  �
 � GF�7 �>��, "��M GF�7 �
 5*D8 ���KL

�� G$�%M� �U G$�%M��
�$. 

6 - G	
 5*D8 ���KL C�" 0J	*	J�N '��� �O� 9� �.

5�� �>��, "��M.  
  

���e�  

]1[ 5$U� ��� �.� � �C(�(� �	� � )1387(  [��O� ��"�


 G�. [�8 f$��T C�" �
 �	�9 P�4 "� �>��, "��M

��� � '�� �>	7�. 5 �:.  ���4 0$���–  ��F�eB

 �R/�B �"��8 ��(� �"�� ����� ������21  �.32 . 

[2] Alkılıçgil, Ç (2010) Development of Specimen 

Geometries For Mode I Fracture Toughness 

Testing With Disc Type Rock 

Specimens.Doctoral Dissertation, Department 

of Mining Engineering, Middle East Technical 

University. 

[3] Alkılıçgil, Ç (2006) Development Of A New 

Method For Mode I Fracture Toughness Test 

On Disc Type Rock Specimens. Master Of 

Science Dissertation, Department of Mining 

Engineering, Middle East Technical 

University.  
[4] Alpay, C (2008) Investigation of Geometrical 

Factors for Determining Fracture Toughness 

With the Modified Ring Test. Master Of 

Science Dissertation, Department of Mining 

Engineering, Middle East Technical 

University.  

[5] Bazant, Z.P., and Kazemi, M.T (1990) 

Determination of fracture energy, process zone 

length andbrittleness number from size effect, 

with application to rockand concrete 

International Journal of Fracture, 44: 111-131. 

[6] Chen, M. and Zhang, G.-Q (2004) Laboratory 

Measurement And Interpretation Of The 

Fracture Toughness Of  Formation Rocks At 

Great Depth. Journal of  Petroleum Science and 

Engineering, 41: 221-231. 

[7] Ke, C.-C., Chen, C.-S., Tu, C.-H (2008) 

Determination Of Fracture Toughness Of 

Anisotropic Rocks By Boundary Element 

Method. Rock Mechanics and Rock 

Engineering, 41: 509-538. 

[8] Kuruppu, M.D., Obara, Y.,  Ayatollahi, M. R.,  

Chong, K. P.,   Funatsu, T (2014) ISRM-

Suggested Method for Determining the Mode I 

Static Fracture Toughness Using Semi-Circular 

Bend Specimen.  Rock Mechanics and  Rock 

Engineering,  47: 267–274. 

[9] Perez, N (2004) Fracture Mechanics. Boston. 

Kluwer Academic Publisher, 2004. 

[10] QiuhuaRao., Zongqisun., Stephanson, O., 

Chunlin Li., and Stillborg B (2003) Shear 

fracture (Mode II)of brittle rock. International 

Journal of rock Mechanics and Mining 

Sciences, 355-375.  

[11] Tutluoglu, L., Keles, C (2012) Effects of 

Geometric Factors on Mode I Fracture 

Toughness for Modified Ring Tests. 

International Journal of Rock Mechanics & 

Mining Sciences, 51: 149–161. 

100  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

[12] Wang, Q.Z., Jia, X. M., Wu, L.Z (2004) 

Wide-range Stress Intensity Factors For The 

ISRM Suggested Method Using CCNBD 

Specimens For Rock Fracture Toughness 

Tests. International Journal of Rock 

Mechanics And Mining Sciences, 41: 709-

716. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

101  



��������	 ���� �� ������� ����� ����11����� � 21 �������  � ��!� 1396    

 

 

    

 

Considering effect of modulus of elasticityand confining pressure on mode-I 

fracture toughness of chalky specimens 
 

M. Hosseini*
1 
, M. Jalalypour

2
 and S. Maleky

3
 

 

1, 2, 3- Dept., of Mining Engineering, Imam Khomeini International University, Qazvin 
 

*meh_hosseini18@yahoo.com 
 

Recieved: 2016/6/5   Accepted: 2017/1/8 

Abstract 

There are three notch displacement modes including the Mode I or opening mode where the notch 

displacement is perpendicular to the notch front, Mode II or shear mode where notch dimensions are 

displaced in the notch plane and the Mode III or tear mode where the notch dimensions are displaced 

in the notch plane parallel to the notch front. Some application areas of rock fracture mechanics can be 

listed as hydraulic fracturing, rock blasting, rock cutting, mechanized drilling, rock slope stability and 

comminution in mineral processing. The aim of the present study was to examine the effect parameter 

of ,modulus of elasticityand confining pressure on the mode ICritical Stress Intensity Factor (Critical 

SIF) using a thick-walled hollow cylindrical chalky specimen and the oil well environment was 

simulated in the laboratory. To perform the tests on artificial chalky specimens, two artificial 

symmetrical notches with certain dimensions were created in specimens with an outer diameter (OD) 

of 73 mm, an inner diameter (ID) of 25 mm and a height of 150 mm. A triaxial stress was applied on 

the specimen and the pressure required for the propagation of the artificial notches was measured. Five 

tests were conducted to investigate the effect of modulus of elasticityand six tests to investigate the 

effect of confining pressureon the mode I Critical SIF. By conducting five tests, it was concluded that 

with increasingmodulus of elasticity, mode I Critical SIFincreases and with increasingPoisson’s 

ratiomode I Critical SIF decreases, also, effect of modulus of elasticity onmode I Critical SIFis more. 

Meanwhile, it was found that the mode I Critical SIF nonlinearly increased with an increase in 

modulus of elasticity and it linearly increasedwith an increase inconfining pressure. 
 

Keywords: fracture toughness, mode I,modulus of elasticity, confining pressure,chalky specimen. 
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