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.	�� �,� ;6:=  ��_,*�=� A6.6� ;��S  J��C/  

 ��,33-  b�Ve./j�Y ) kZ�
� ���kg/m3(  

�����  ID k=?e/  
 ���6�  

)kg(  
 �(�� ���G�
  

)kg(  
 ��6���_ ;��(8�  

)kg(  

 \�67�(%)   n0  
)kg(  

�,**G ���� �=+   
)kg(  (H=+  PVA 

1  93�/ -  -  -  00/0 00/0 -  -  
2 S0.5 -  -  -  50/0 00/0 -  -  
3 S1.0 -  -  -  00/1 00/0 -  -  
4 S1.5 -  -  -  50/1 00/0 -  -  
5 S2.0 -  -  -  00/2 00/0 -  -  
6 P0.5 -  -  -  00/0 50/0 -  -  
7  P1.0 840  210  1300  00/0 00/1 347  8/3  
8 P1.5 -  -  -  00/0 50/1 -  -  
9 P2.0 -  -  -  00/0 00/2 -  -  
10 S0.25P0.25 -  -  -  25/0 25/0 -  -  
11 S0.5P0.5 -  -  -  50/0 50/0 -  -  
12 S0.75P0.75 -  -  -  75/0 75/0 -  -  
13 S1.0P1.0 -  -  -  00/1 00/1 -  -  

  

G� 6\�67� w?�e/ b�B  � �(H=+ ���PVA  ����

A�� b�6:=V
 �� �!�0 �h� �(�G |e./ 	��( ���  ��(

^6D/ 	��  Z/�G ;��(8� p7�V/ ���T �H�� 	/��U/ �

���;<7�C/ A� �( .	�� ;�+�_ ���K �(����� (�=/ ���+�� 

� ��86/6 	B�� � ��+���� ;��(8� ��(�� ���G�
 ����

 � ��ST ,:�( ;G �7�T �( ��,� ;���( ;1� 	��h n0

l=� j�Y �( \�67� ]�/ kZ�
� ���6>G �( .,*��� �� 

 ���_ .	�� �,� ;�+�_ �s� �( kZ�
� j�Y l=� ��!v

����  � �(�� ���G�
 �,*? �� ���6� ���T 93�/ k=?e/

��� ;��(8� p7�V/���_ .	�� ��+�  � X=� �X�( ���

X��!v� j�Y (H=+ \�67� ���T ���(��*/ � \�67� �PVA 

 (��*/G�  \�67� �6�/ �B j�Y ;�� ���� .,*���  �� >BK ���

;��,1*� �A�� �(�G k=?e/ <i� �( ��6���_ ���6 	

) l�B�� 5.
 pC�6SSD7�,� ;���( ;1� (  �( .,��

k=?e/ ����( ���  ��ST ,:�( �\�67� |e./ l=� 5

\�67�  � �(H=+ ���PVA  ����:  � 5/0�1 �5/1  �2 

 ,:�(]�/6�1( �=� �� .,*��� ��  �� �(����� 	7�T �(

\�67� \�67� ��ST ���,:�( l=�S/ ��B6G�  ���  ���

 � �(H=+PVA  �� �����5/0 �1 �5/1  �2 ,:�( �/  .,*���

 ;G 	�� �G� >��K �(j�Y �B6G�  \�67� �� ����  ,:�(

\�67�  � �(H=+ ���PVA� .	�� �,� ;�+�_ �s� �( �����  

�,��� ����  A�� (�S� � kZ�
� ����  5.
 ��83�

� ���T6;��(8� � �(�� ���G�
 ����  �( ��6���_ ���

k=?e/ 5 AG� G� 6� u  b,/ ;�3 K(6 .,�,� k=?e/ ;U

 � �,� ;+�i� �,**G ���� �=+ � n0 wV� ~}�
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6- Saturated Surface Dry 
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k=?e/  b,/ ;� AG2 K(6 �~}� .(�G k=?e/ �� �!�0 ;U

�,���6K�� n0�  � ;+�i�2 K(6 .	�� ;�+� ;/�(� kZ�
� ;U

 �� ~���� u��*/ ����� ;� k=?e/ ;-*6\�67� �,  ;� ��

=?e/ ;� �/��0k  ;+�i� AG,�,�\�67� (��� �� ~� .  ���

k=?e/ �
�v ��� �8+� AG � k=?e/ �  	+� 	
�=*-

0�+ A6*{�� .(=��!� �(�G k=?e/ ,*�� 3 K(6 ;U

�6,� X�S�� ��..	�� �  

3 - #$���% �/  

� � ��6���_ ;��(8� �h� ����� ����\�67  ���

��/�0 ) 56�=����70 ~7�� 	��� ���7UPV8 	/��U/ �(

;CU� ;� ��
 ��..G 	/��U/ ����.+  ;��i ���

.	�� �,� X�S�� n0 nR3 � (;��� k=U�)  

3 -1- � �12 3����� #$���%  

;�=�� ���.+ 	/��U/ A66<  ����  ���39  ;�=��

(�<�� �� �B<-/ 100×100×100 u<-/���6?6/  J��C/

>�<7��=��( ���ASTM C39u7�K � ���6_ >��  � ���0

 	�� �,� 	� ]27[=�� ��� �� ��.+ 	�  .;�  ^�=  ��

 	6+�r ;� ����=6�= 	�  ��1��( 52000  A =6�=?6G

;��3 ���*G ^��� 	D  �  .	�� �,� X�S�� ��3

=D/ 5  ���R_��� ��� A6*{�� ��3/0  �� ��-����1/

;6��h  ���� �,� ;@��� �(�U/ .	�� �,� ;�+�_ �s� �(

 ;�=�� ;� �� �*61��6/ o��� �e� �( ���.+ 	/��U/

�/ kZ�
� j�Y �� �( �B<-/ .,*���  

3 -2-  3����� #$���%�11�  

�..G 	/��U/ ;B��D/ ���� ;<7�C/ A� �(  ;��

 �kZ�
� b�B6G� 39 ;��=��� ;�=���CK) �� 100 /66? ���

�=Y � 200 /6��6? J��C/ (�ASTM C496� 

u7�K �8�>�� �� 	�� ;�+�_ ���K ����� (�=/ � ���0 

]28[*{�� .6� ���� A; 	/��U/ �(��0 	�(  5 ��..G
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7- Ultrasonic Pulse Velocity 

+�r ;� ���.+ 	�  ��1��(6 	2000 G6�=?6 (�=/ A =

 ���K �(�����(�U/ .	�� ;�+�_�,� Q��8_ �� /61��6 A

 �..G 	/��U/ ;B��D/ ���� � ,*��� ����-  ;�=�� ;�

 ;7(�</ ��)1( 	�� �,� �(�����:  

)1(  2
sp

Pf DLπ=
 

 ;GP ��.�  �A =6� ;� �FG�,T ���6� �,*�(L  ;�=�� �=Y

;��=���  �����) ��200 6?6/ � (���D ;��=��� ;�=�� �CK  ��

 �����)100 6?6/.	�� (���  

3 -3- �1�.  �(2   

;�=�� ) ��=.*/ ���320×60×80 u<-/���6?6/ (

 �.�
 	/��U/ �  �,� ;�
�� k=?e/ �� ���� ���6 

�� (��,����� m���ASTM C293 (=� A66<  ]29[ �( .

�0 A� 	6+�r ;� >�(=7 5 ���/50 =?6G ���� A =6�

���,��  ;�� � �,� �(����� ��=.*/ ����6  �( ��� ��6_

;�=��  ���*G 	7�T b�=: ;� 	
�=*- ���R_��� 	D  ��

;��3 �,� ;�+�_ ���K ���3 	/��U/ .,��  �.�
 ���

;�=��  ;7(�</ 5�G ;� ��)2( �/ A66<  :(=�  

)2(  2
1.5

r
PLf

bd
=

 

 ;GP ��.� �,*�(  ��FG�,T ���6�d  �b  � l�� �� u6 �  ;�

 � ;�=�� ���L ��.� �,*�(  �(�U/ .	�� ;�=�� �=Y

 �,� ���-  	�  ;� ���� o��� A61��6/ �� �,� Q��8_

�; .	�� �,/0 	�(  

3-4 -  #$���%UPV  

\�67� � �=� b���T b��h� ����� ����  �� ��

G � �1v��}-6�6;�=�� 	  �����/�0 UPV  ;�+�_ X�S��

 �B<-/ ;�=�� (�<�� .	��100×100×100 /66? � 	�� ���

 J��C/ 	� ASTM C597 �� �,� X�S��	 ]30[. 

���,�� _6��  A� ����( ;G ;�=�� ;� �( ��28  ,*��� ���

/ � �,� ���- 61��6��� A �� �( ~7�� 	��� �;�=�� ;� o

;� �� k=?e/ �/ 	�( U��/ ��U��� Q�� .,�(6 ���� �
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< 66 	��� .	�� ;�+�_ ���K �(����� (�=/ ~7�� 	��� A

) ~7��V�/ �� ( � b�=: ;� ��= :(�G ;B��D/ �  

)3(  LV t=
 

 ;GL  �t�,B/ A6� ;?:�+ u6 �  ;� �  d=/ ��U��� ��/� � ��

�/ ��.� �� .,*�(  

3 -5- #$���% 6% 678  

;�=�� n0 nR3 	�  �� �� (��,����� m���

BS1015-18 	�� �,� X�S�� ]31[ ��� �� 	�  A� .

;�=��  (�<�� �� �B<-/ ���50×50×50  u<-/���6?6/ �( �

 A�28 ;�=�� ;�� .	�� ;�+�_ X�S�� ���  ��=G 5 �( ��

��/( �( 105 ����� ;3�(  (��_ 	��h ��� ;� ;G ���/� � 

) ,*���W (5.
 �,�,� �(�( ���K;�=�� ��0 �� ~� .  ��

 ����24 ;Y=x n0 �( 	���  ��,�,(�_;�=�� �~}� .  ��

) ,�,� ��� �!�0 �,� l�B�� ��� A66<  ����W  .(l�B��

	�!� �(;�=�� n0 nR3 �  ^�=  ��;C���  �� ;B��D/

:,(�_  

)4(  sat dry

dry

W W
100

W

−
= ×AW

 

3 -6 - �:!; #$���%  

;�=�� ��� �� ;��i 	�  X�S�� ����  ���104  ;�=��

 �CK ;� �-�(105  l�� �� �65 6?6/ � �,� ;�
�� ���

 ;�6�G �( �(�!*.6� >�<7��=��( J��C/544 ACI  (�=/

;�+�_ ���K ��/�0 ,�� ]32[. � ���� �A6*{��;  	�(

�(�( �(��0  ���� ;�=�� 	.� �;��i 	�  �� u��*/ ���

��/�0 A� �( .	�� �,� ��/�0 kZ�
� j�Y �� 5 �

) ��=  �=_45/4 �/ ��� �Ve./ l�� �� �� (X�_=?6G  (=�

�/ (�=
�� �-�( ;�=�� �8G�/ pC� �� �  ���� .,*G

 �q��� ;B��D/ �,� nR3;�=��  ;7(�</ ���)5 (�=/ (

:	�� ;�+�_ ���K �(�����   

)5(  = = × × ×Energy E NB M h g  

 ;GNB �h �g  �M ��.� u6 �  ;� �,*�( ;��i (�,<   ���

.	�� ��=  ;7=?_ X�3 � �.���_ n��� 	��h �k=U� l�� ��  

4- �/�<1$���% =$�(�  

4-1 - � �12 3�����  

 >-� �(1;�=�� ;�� ���.+ 	/��U/ o��� �  ;@��� ��

 � \�67� �� �(����� �� ;C��� �( bH�U/ ����� .	�� �,�

 \�67� �(�8+� ;G 	�� �(�( ��.� ���.+ ���+� �� �0 �h�

�/ ;�=�� ���.+ 	6+�r ,��=   � ��8+� �� �+�67� ���

 ,�( ���G]33-36[ .�A6*{�� �/ ��s���  ;G (�� �(�8+�

\�67� � H�� �ST� / ��8+� `��� k=?e/ �( �7�
 R+�*

�1( �=� �� � �,�� �/ 5�G y�  ,*G  �/��0 ;� ��

 Q���_ .,*��  

  
 >-�1 - ���o ��.+ 	/��U/ ��/�0�  
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� �(�U/ J��C/;  ;G 	�� �,��./ >��K ��,/0 	�(

���_ ;�� A6� �( 93�/ ;�=�� 	/��U/  A���G ��� ��,U/

kZ�
� j�Y �( .	��  ;�=�� ��,� 	=U  ���S1.0  ����(

 � ���.+ 	/��U/ A� H��S1.0P1.0  �� 	/��U/ A���G

�; �(��0 	�( ,�� o��� �� ;G �=C���� . >-�1  >��K

 	B�� ���!� (�-?�� ����( �(H=+ \�67� �	�� �,��./

 ;�PVA ;S6�� .	�� �B6G�  	7�T �  A� �?G ��6_

 ;G 	���6h�  \�67� 	BF/  (�=/ \�67� l=� � ��,U/ ;� ��

 ��!/ ;S6�� ��(H=+ \�67� � �� �h� .	�� ;����� �(�����

 \�67� �� ;��U/ �( � H�� ;�6�6��H� ��,/ � �-6��-/

PVA  �( \�67� l=� �( �� �(����� �A� �� ��Z� .	��

k=?e/ �=Y �� ��� �_�� � �� / ��� �w?�e/ �-6��-

���6� ���+� ����� �( �!�0 ����=   	D  �� �_,6.G�6h�  

�/ ���K .,�(  

 (�-?�� ����( �-6��-/ �_,*B�v ��?G �=Y ;�

\�67� �( ��6�6� �_,*B�v ;� 	B�� ���!�  ���

\�67� �A����*� .	�� �(H=+ nZK �(H=+ ���  �*  ���(

>��K �-6��-/ ��!/ � �G�-C:� + �� �!3= �/ ����  ,**G

]37 � 38[\�67� \�: pC� ��1( �=� �� .  ���PVA 

�/ \�67� � ~� �/ A6� w6<i �*G�,�� ;� �S*/  .(=�

�/ �A����*� �*G�,�� ;G (�G ��+ ��=  y�-C:� >/�� �

6� y�-C:� � ���.+ ,��� Q8]7 ;� ;����� �*6��*]26 � 

39[ .� ���+�6�/ �� Q8]7 �1��= ;� ��=  x �=Y6�U��/6 �

��� �*D*/ �� - � Q8]7; (��0 	�( ]40[����*� . ���+� �A

�6��� 6.G�_, �/ �� �( �� ��=   l=� �h� A�+�_ �s�\�67� 

�*D*/ �� ��� ��� -  ,*���� Q8]7��.� �,/  �( �,� �(�(

 >-�2� �;  .(��0 	�(  

\�67� �_,6.G ���6� (�-?��  ���PVA  >/��

���6� .G6 �( .	�� �_,��,3 ���+� � �G�-C:� �_,

� ��e�6��� �*D*/ d�� �� �-  Q8]7PVA ;� �*D*/ �

�U  �e� �(6�/ �  >-�) (=�2-  �� ��� ;?T�/ �( .(w7�

� �e�6;?K �� � ) \�: \�67�OA� �(6� ;� ��6 ,�=

+68� �-6�6�� � 	�� ;����� �6�U  �� �C
 �=Y ;� �B

8+� �Q8]7 ���/ � ����*� .,�� pC� �( ��� ��U��� �A

� ^�=  y��./6+ ,�=68� �-6�6� ^�=  ~}� � �

�/ X�S�� pC� �0 �( y�-C:� x �e� .(=�6 �C
�

/) d�� �� >BK �( �*D*AB>-� �� �( _6y� 8� ��  �( ��

) �7�U��� ;UC*/ITZ0�+ ��x0 � ( k�B �� �( �_,��,3 ,*

~� .	�� �� ;CU� B� �6��� ���6� .G6�_, �� �8+�� 

Q8]7� ���G �/ ,�� � �_6�1�e >/�G �( ;CU� C �� 

,��=
 .(�( ~}� ���6� .G6�_, \�67� �H���T� ���/� �� 

�/ ,�( ;G �*  �..G � H�� �� 	/��U/ �G�-C:� �0 

.,��� �=C���� ;G �� >-� 2- n >��K �,��./ �	�� 

�*D*/ ��� Q8]7 \�67� �(H=+ ����( >-� � ����/ �� 

\�67� \�: .	�� �( �e� ;67�� ;
�� >BK �� ) d��OA  �

OB;��./ �( \�67� �6U��/ �� �1�e6�_ �( (�,�/�  pC�

y��./ \�67�-  �~� �/(�S� �,� .,�� >-��66]  

56��Z� nZK� ��-6��-/ 	�� � >�K ��6��-/ ��� 

�+�i� \�67� �(H=+ �( ;��U/ �� \�67� PVA .,*��� 

\�67� nZK �(H=+� (�S�5 �,**G �!�  �e�) �+�i�

BC  >-� �(2 - (n ���� 	/��U/ �( ����� ���6� 

���6� .	�� �_,6.G ��*D�� ~� \�67� �� ;CU� d�� 

;� �*D*/ �=Y �S�,  l��� ;� �66]  �(�G � A� �� ��� 

���6� ���6� �_,6.G l��� ;� �G �,�  (�G ,��=


 �e�)CD.( ~� �� �0 ;� >67( \�: �,� ;�=_  ��
0

��8+� �@83 �( ���6� ���6� �_,6.G �� �/ ,�( 

��*D��) 2 (]41[.  

4-2 - �11� 3�����  

 >-� �(3 ��6h�  \�67� ,:�( � l=�  (�-?�� �� ��

�h� >67( ;� .	�� �,� ;@��� �..G >� �_(�9

8  ;D�: �(

 �( �,� 	=U  ;�=�� �..G 	/��U/ �~� �/ y� 

93�/ j�Y �� ;��U/� �/ (=B!� .,�� �/ ��=   	+�_ ;S6��
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8- bridging effect 
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�/ ��8+� �� ��+���� Z/�G ;��(8� p7�V/ �� �,�  .,�(

\�67� �/ ��   ;� �� y�  Q���_ ,*��= � � ,���,��6� �6


 �..G ���+� � 	6+�r ��8+� ;� �S*/ A����*�

,�=� H�� 	/��U/ ����6� 	�=}/�G.  

  
 >-�2 - *D*/� ��6�- Q8]7� ) (w7� \�67�U��/6� � ) (nnZK \�67�  ��(]40[  

  
 >-�3 - ���o 	/��U/ ��/�0 ..G�  

 � �(H=+ \�67� ^U+ �(�8+�PVA �..G 	6+�r �

 u6 �  ;� �� k=?e/85/35  � 106  �7  � 21/45  ,:�(
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 (N)NF (No-Pulse)   (j9�)NF (Pulse)  

 
 (�)FF  

 @+�9 -  ���.�E<� I81��80 r�8d0���9 �� s�b j8b G�  
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���E���  

 G/8!� 	9�a I882  �������� ��  	��\ I� �. G�

���� ����� ���� c�h I882  ��   �*�G< 	��  I�

c��h  c8 �  G�:��*/ ��=�  

1�E4Z0 (8���E!: ���8� ��
 ���< 	  G��:�. ��

G�� ���8� G� 	=�� - ���E!:  ���  

2�E4Z0 (8���E!: ���8� V�� ���< 	  G��:�. ��

G�� ���8� G� 	=�� - ���E!: �� �   

3���� 	8�E4Z0 (  ���E!: �� ��  �H�I80J   ���<

�� G� 	=�� *����� 	��. ���� ��E. ��

I8` ���*�0 G0��  .��  

�0 c��h I� �� 	8��� G� G>E  �� */��E   �H�

s��b� ���  c�h G� �� Y8d?  I� �. .*�E� ��.

 ��� �� 	8�E4Z01 G�C�: �H� �.  �*� *�� I� c8<�  .

G� �n;> c��h  D�E3) GZ���5�(  	8�E4Z0 �4< c�h

 ���8� G� ]E��0���E!: ��E.   �� ���0 I882 :*/< 

1 2

1
( .... )nDC dc dc dc

n
= + + +

 
)5(  

c��h dc1 �dc2 ...�dcn�  ���8� 	8�E4Z0 c��h

�0  */����0 s��b }�E  G< ��E / �. D���H��� G� G>E  �� *

E� G�C�: �H�� .* c��h I�G�  D�E3�� }���� j�2  

 �*� *��:  

)6(  
1

 Max. Moment R1 Max. Moment  Rj  
Max

Max. Moment R1
i i

i ns

dc
 −=  
   

)7(  
2

 Max. Shear R1 Max. Shear Rj  
Max

Max. Shear R1
i i

i ns

dc
 −=  
   

)8(  
3

 Max. Residual Drift of Fixed -Max. Residual Drift Rj  
Max

Max. Residual Drift of Fixed
i i

i ns

dc
 

=  
   

  

 �EC }���� �.dc1 �dc2  �dc3  	8�E4Z0 c��h c8 �  G�

 � V�� ���
 G� ]E��0 �n;>G��> ��>  *����� �=��

 ���8� �. G9;9� �� *2�	�� . I��.�d0� G�  �v<�*a ��E/�

.�W� �0 N�B��� D�d=b �. �*� ...�: ��*d0 

i1Max.Moment R � 
iJMax.Moment R�  �.�d0 G��80

 �-�
 �1/9 �v<�*a�.�W �*�  Gd=b �.ns c8 �  G� K�

��E. G� ]E��0 R1 � Rj 	����E. . Rj G�� ��E.-

���E!: ���E!: � � ��  G��:�. ��.�E0 ���� �	�� .

 I8/t�� g*��i ���-� �*/�.  .�E<�.�E0 G29�Z0 

�0 *��� .��8I �Eb  �� V�� 	8�E4Z0 c�h j�2  ����

G�4< Shear  }���� �.�.�����  �*�  .	��

iMax.ResidualDriftof Fixed � 
iJMax.ResidualDriftR� 

 �v<�*a �.�d0 G��80 c8 �  G�G��> ��>  *����� �=��

�.�W �*�  Gd=b �.ns� ��.�8: G�� ��E. G� ]E��0 K� Rj 

	��.  �. .E� 	\.Y8d?  I��  	!> ���h�d  �.�d0

Z� �. 	8�E4Z0 c��h I882 y 20

20DBE  �.E� �H�*0

.	��  

3 - F��30 &� G�� � #���$ F��30  

 ����� �������� ��  ���8� / 8:*� ��� j4�B0  �

 c��h I882 ib�d0 	Ed �  �*��� �� �+ ����� G�

�a��b �� .E>E0 ��� r���G��> ��>  G�
�.�� �8d��0

 �*� � ;8� � G/8!� 	9�a I882  gz�� j�2  I882  

 c��h�.�E08��  ib�d0 	Ed ���E!: ��  ���\ G29�Z0 .�E0

G�C�: .	��  

3-1- ;�-�H +�&��   5�� I,����� ;��  
�J  *�& 5�

�� +���, K������� +���  
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 ���� �a��b 	8C�l �G9�d0 I� �.12  �� Gd=b

G��> r����� �a��b V��  .E0 Y��Z0) ��> (���2 88I 

 �*�  ���� 	8C�l 	��< ����� G� 	��\ I� �. .	��

.�E0 �H� G�� 	9�a �. - ���E!: ) ��R1 ���8� � (

���E!: ) G��:*/X ��R2 � ��. ���.�E<� 	?  (

7.;�  g9�� ��*� � g9�� �� @�:G�
�.��  �*�  .	���. 

 ���� iZd0 �� �a��bI80J  iZd0 �:*/��.�:���� λ 

25/1  �H� �. G�C�: �*�	�� .�a��b I� �.�  �.�d0

�8�  �� ����� �:*8/ 52/0 N�B���  �*�  c�h .	��c  �.

 GZ���)1(  �����1 ��� .E0 Y��Z0 �a��b �����  ��C

�*.�: .	��  

 0 10 � 	��. �Gd=b V�� � �1/9 �	��. ����� G�

��E!: iZd0 *������  I� 	8�E4Z0 c��h I8/t�� � ��

 ���.�E<� 	?  ���� �..�E0 ����� G�
�.��  .	��

 @+�10- j9��  I81��80�v<�*a G��> ��> ���  .�W�

 �*��0 ��-� �� D�d=b �. *�.. ���� �Eb  AB-0 G<

���� �. �. 	���  .�W� ��h�d G��> ��>  .�E<� �.

7.;� ���� �. @�: �� ��. �� ��-8� @�:  .	�� I8/t��

 �.���� ���  	? 7.;�  @�:����. g9���  ���h�d 

7.;� �� ��-8�  g9�� ��*� @�:	��@+� I� Y��Z0 .� 

��. 	8C�l	  ����p_3�  ib�d0 ����a��b�  �*� 

���8�  ������E!: ��  G��:*/X �E=� G� G>E  �� k�� �� �.

 c��/0 ��a��b ��W0 	��. yZ� ��.	�8� �0  ��E 

 	�:���8� ���� iZd0 �a��b 	8C�l  ���G��- 

���E!:  g9�� ��*� @�: 7.;� � ��. ���.�E<� 	?  ��

 c��/0	�� @+� �. ;8� �� .��E0 I� .10- N  ]E��0 G<

	��. ��;<�0 I81��80 G� �� ��� *����.�W �*�  �.

 D�d=b	�� ��0 .E�� �*��-0 ��E .  G� 	? kE�  .�E<�

G9;9�  .�E0 �H���. �	  ���8� �. �.�� *����� ���

���E!: ���E!: ���8� �� G��d0 �. G��:*/X ��  �.�� ��

�.�W �*�  .	�� @+�10- �  �D  I81��80 c8 �  G�

�v<�*a  V�� � �1/9�.�W �*�  ��-� �� D�d=b �.

�0  .*�.���� �Eb  G<�0 �*��-0 �.E�  � �1/9 �.�d0

 @89. G� D�d=b �. V��eJ 8� �� ���.E0���8� �. m  ���

G��- ���E!:  ��G� D*� �;C�� G�C�  �� � 	���� �.����� 

E4�^ ���E!: �0 ��� ��E   ���8� D��e� I��.�W �*�  ��

 ���.�E<� 	?  V�� � �1/9 ���8� ��h�d  ..�. ���<

7.;� �� ��-8� @�: �� ��.  g9�� ��*� � �� @�:	��. 

7.;� ���.�E<� �. ���h�d  I� @�:  ��-8� g9�� ��*�

g9�� ��  ��.�0 *���.  

 @+�10-  �]E��0 I81��80 G�  	8�E4Z0 c��h

����  .�E<� kE� G� 	?  ��.�E0 ����� 	�� G>E  �� .

 }����)6) � (7 	8�E4Z0 c��h �.�d0 �( ���8�

���E!:  	9�a ��R1 �0 I882   c��h �.�d0 �.E�

	8�E4Z0 dc1 � dc2  ��3 �� �����	��. ����  R1 �� �H� 

 	8�E4Z0���<  ��8�� 	��.�eu0 .	��  ���< �.

 ���*�0 ���8� G� 	=�� 	��.`8I G0�� ��  c��h)

dc3���9 .�E<� �8  G� �. (  ��E4Z0 {��� ��Gn���  �*� 

7.;� ���.�E<� 	?  � 	��  ���!� {��� g9�� �� @�:

�\�0 �  ����� �. ..�E
R2  �*��-0 ��.E�� I� �.

0� E�.  G<dc1 � dc2  ����k�E�� j4�B0 .�E<� ����. �

 ��E4Z0 {���	���  G� G>E  �� �9��/G+ ���E!: ib�d0  ��

�� ��� .E0 �a��b 	8C�l r���G� 	�.  �*0`  � 	���� 

�H� l j82h G9;9� �� *2� *����� 	��. � 	��. 	8C�

	��� 	8�E4Z0 c��h dc3  ��/0G� 	�. �*0` 	��. 

�h I� �.�d0 c��. G480 ��.E��  ;0�\ ��� �� GbE��0 ��

 ��-��.�.  �*�  .	��  

 g�0� ��E   �����E. .�+4�� G< 	C�: GW8��

���E!: ���:;<�0 k�� �� �. ���  .�E<� kE� G� G�����

���9 ���E!: iZd0 @?0 ;8� � ��  k�� �� �. ��	�� .

���� �Eb  ��-� G<�.�.  �*� 	��� �.  �E3� G<  G��

G� �E3D ���8� G�� G��� ����.- ���E!: ) ��R1(  *���

� �� �a��b 	8C�l �� �.E� �.����� ��� .E0 r���

V_  ��;C�  �G��� �. �-�
 �1/9 ;8� � ���� ���

	��. ��;<�0 	��. � D�d=b ���  �����*����  ���/<

�0 .E�.  �:� I8/t�� ���8� 	9�a �����E!: �� G��:*/X 
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)R2 �� (�a��b 	8C�l �� �.E� �.����� ��� .E0 r���

�0 ���< G��� �. ���� ���8� � �-�
 ����1/9  *��

�0 ��� .E0 	9�a G� 7.;� � .E��  ��;<�0 �9�

	��. ��  �G��> ��> D�d=b *����� ����  ��8���;C�� 

 G�C� �0 �E=� ��W0 *a �� �  �. �	�� �<x G� K�m .*/<

0 ����8� �. G��d0 G� ��8� D�E3�  	8C�l 	���

���� 	��. ���� gz� � 	C�: �H� �. ����� �� ��  �� ���� 

�H� �V�� ���/<  G��d0 *����� 	��. ���< � ��


 ..E��p�~2�  �.�8��-  �*-� G>E  kEhE0 I� G� D�d8d? 

���� ;8� �  	8C�l �� ��	��.  j4�B0 ����� �� �d0 G�

*�� �*� ]3  �4[.     

   
(N)  (j9�)  

  
(D) (�)  

  

  
(�) 

 @+�10 - ���� @84?  {���  ���.�E0 ����� a��b�  �*�  V�� ��G��> ��> ����� .E0 r���  

3-2- ;�-�H +�&��   5�� I,����� ;��   
�J  *�& 5�

�� +���, K������� +��� 

���� �Eb  ib�d0 �*� �.�. ��-� @=\ 	��\ �. G<

���E!: � 	?  j4�B0 ��.�E<���9 ��� �0 ��  */��E 

S���  ���� � G���. ��4�B0 ��������  	8C�l �.�<

���� I� 	��. ��� �0  c�h 	���c  �.) GZ���1(  ��

 G< �.E�� j�2 G� D�E3 ) GZ���9�0 ( :*���  

c αβγ= )9(  

GZ��� I� �.�  c�hc  ���/< G� ]E��0

G��> ��> b�d0 �=�� ��� �a��b j4�B0 i	�� c�h �
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α � c�h �iZd0 �a��b 	0��d0 �� G9;9� kE� �e�β �

�8� �e� ����� �:*8/   �. GE��e ��B� � j4�B0 ���

 c�h � ib�d0 �a��bγ  ]E��0G�  GC�h�  ib�d0 	0��d0

 k�� �� �. j4�B0�0 *��� c�h I882  ���� .α�  �*���

����  ���G��- ���E!: �8� �. �� :*8/  �� AB-0 �

 � �.�. ���\ j4�B0 ���.�E<� 	?  I�c�h�  �� ��Eb

 �2��Z
 � �0 I882   	��. ��*d0 G< .E��v<�*a  ��

�a��b ��W0 *a�  c�h ..E-� ��-8�β  ;8��eJ�0  ��

�8� G9;9� kE� � �:*8/    �9����.	��  ��;C� ��

�8� �:*8/ � GE��e ��B� VE� ��.E��  ��` ���<

�0 *��. I� c�h�  �GE��e 	0��d0 ���< ���=> 	!>

�0 ��;C� �� G89�� 	0��d0 ��*d0 *�. . �.�d0` ���� �

G9;9�  ���N-F(Pulse)  G� 	=��N-F(No-Pulse)  �

N-F(No-Pulse)  G� 	=��F-F  ��-8�	�� c�h .γ 

�8� 7 �.  �� �a��b j4�B0 ib�d0 �AB-0 �:*8/ 

.�E0 ����� . ib�d0 I� � �.�. ���\ c�h I� �� k�� �� �

�0 	Ed  *�E�.  I8/t�� 	8C�la��b�  �*�  ib�d0

���E!:  �� ���;C�� �0 ��;C� �k�� ��  c�h .*��γ  ����

�8� �:*8/   ;8� j4�B0 ��������  �*� .	��  c��hα 

 �β  �. ��*>4  ��-��.�.  �*� 	��.  c��hγ  ;8� �.

 @+�11 !: j4�B0 ib�d0 ���� k�� �� �.���E  �� �*��-0

�0 .E�. I����/�  c�h �� �.����� ��c  iZd0 ��

���E!:  ����
�� I� ��12 Gd=b�  �a��b @��\	��  �
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 c�h 	�:γ  �. �����E!: ^E4� k�� ��  G� G����� ��

���E!: ^E4� .�*2   ���8	�.  

 ��*>2-  c��hα � β 

.�E<� FF NF (No-Pulse) NF (Pulse) 

�8� �:*8/  2/0  3/0  4/0  5/0  6/0  2/0  3/0  4/0  5/0  6/0  2/0  3/0  4/0  5/0  6/0  

α  1  1/1  2/1  3/1  4/1  1  08/1  16/1  24/1  32/1  1  08/1  12/1  14/1  16/1  

β 2/0  45/0  1  

  
 (N)NF (No-Pulse)  (j9�)NF (Pulse) 

 
 (�)FF 

 @+�11 -  c��hγ 	!> ���E!: ib�d0 	Ed  k�� �� �. ��   

 �.@+�13 �.�d0  �� ��;<�0 	��. I81��80

���E!: ib�d0 �. c��h ����� �� �.�����  ����
�� ��
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 FF NF (No-Pulse) NF (Pulse) 

ρ 3  2 1 
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 �*�  	��\ �.2 -6 �.�����  �*�  �. .	�� @+�13 

 c�hDC ���� ����  ���12  Gd:b�H�.�E0  ��

�8� ���E!= ^E4� .�*2  � �=*8/  j4�B0 ���  G�kE� 

���9 .�E?�  ���H�.�E0 2 88I  �*�  G/8!� 	9�a .	��

.�E?� 	<  ���FF �NF(No-Pulse) � NF(Pulse)  G�

 c8 �  ����R3 �R3 � R2 �8� ����.  c8 �  G� �=*8/ 

3/0 �5/0  �6/0 	������ G� ���� 	8�E4Z0 c��h .  

 	<  G/8!���.�E?�� FF �NF(No-Pulse) � 

NF(Pulse)  �� ����� c8 �  G�21 �20  �30  *3�.	��.  

  
 (j9�)NF (Pulse)   (N)NF (No-Pulse)  

  
 (�)FF  

 @+�13 - ���� G/8!� 	8�E4Z0 �4? c��h ���E!= ���  � j4�B0 ���.�E?� 	<  G��=*/X ���8� / 8=*� ���  yZ� �. D����0BDE 

�.  @+�14	8�E4Z0 c��h �.�d0 � dc1� dc2 � 

dc3  G/8!� 	9�a G� ����2 88I  �*�  .	������ �Eb  G?

�.�d0 	�� AB-0 dc1 � dc2 G� 	:�� dc3 �. ���

 ����? ��*d0	��@3� �. .�  P_�
� I�P_
��  	��\
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3-2� G��� �. 	0��d0 ��;C� ���E!: ���  � k�� �� �. ��

��/t8I  �a��bp��=�� �� Y8\.0 	��. r��� ��;<�

	���� P�3�� I� �� .	��. GX  ���� �. �a��b ���

 �1/9 ���< �.�d0 �*/��� 7.;� �1*+ G� G��d0 .�E0

 ���< m�� ���.E0 D��e� ���� V�� �	�� .��/t8I 

�0 �� 	�: ��E  ���8� I� 	8�E4Z0 ��/t�� �H� 

 *����� 	��. ���<@��\ �E=\ 	��. 

  
 @+�14 - n;> 	8�E4Z0 c��h ����� ��� ���E!:  G��:*/X ��

 G/8!�a��b�  �*�  	? k�E�� ���9 .�E<�  yZ� �. ��BDE  

 @+�15 G��d0 � ����� G�  ����  ���B��� ���

���E!: G/8!�  G��:*/X ��G�
�.��  �*� @+� �. .	�� 

15- �j9� G��> ��> Gd=b ��80 �=��  ��-� ���.�.  �*� 

	��.  @8C��� @+� I� �.R1  �Rn ����  G/8!�  N�B��� 

 �*��  G��-0�1*+ .	��  G� G>E  �� kEhE0 I��/G+ 

 �FB-0 	��. ���� Y8\. ����a��b�  �*� 	���  ��

���� @*=   G�� - ���E!: G��:*/X G� ���  ��H��� ��;C�

�.�d0  G� �. ��
 � V�� ���<kE� G9;9�   ��a��b

 @+� Y��Z015- � � � ��� .��. �0 I8/t��  	�: ��E 

 yZ� �.DBE�a��b � �.E� NE4Z0 ��  	��. yZ� �

��� .� �� ��W0 *//<.  yZ� �.MCE	��. � ����  

a��b�  �*�  .�E<� ����NF (Pulse)  *a ��5/2  *3�.

��� � �.�< �E=� 4Z0 *��E E� .*��� G���. �� �C�< 	8

 	8�E4Z0���� ��� ���E!: ����� 	��. ���< �. �� � *

��
 I8/t�� V�� � G9;9� yZ� �.  MCE � �eu0  ��

DBE 	�� ���E!: ib�d0 �E=� @89. G� kEhE0 I� G<  ��

*a �� MDesign V_  ���< q��� kEhE0 I� � �.E�  ��

�0 �~�� �. ...�:   

4- �=�30 ����  

���8� ���E!: ��� ;> ����0� ��� ���8�  IE� ���

���9 ��  ���/< 	!>�`8c O��� ���9 ������ 	?   ��

G� D�E3  �.���:.�E0 d? 8Y �0 ���\ ����� �  I� ..�8:

���8� ��_� �� �:�� ��  ���G��F?/0 .�C �G4�> �� 

 ���<G��> ��> �G9;9� �� *2� *����� ���  �.�< ;<�� 

c8�`  V���: �� ��8:E4> � ���E8C �. �� @< �. c8�`

����� �E2   �E8C ��O�� m�� ��/8�b� 	84��\� �0 �E  */�

*/��� G���. ;8� �=�20� */��0  �. V�� � �1/9 ��;C�

G���  ���E!:  �. V�� � �1/9 ���< �����+��� �� �+ .��

G���  ���E!: ���8� �� �.����� �� ���E!: ���  G��:*/X ��

	�� .eJ 8� ���8� �� .�E<� k�E�� �� �0  D����0 *��E 

���E!: ���8� ����� G� Y8d?  I� �. .*��� � � G��:*/X

 ����
��12  Gd=bG�
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K�W��  �*�  .	�� Y8d?  I� �4< {���G� D�E3  ��	��:  

1 ( ��E. �a��b 	0��d012 G�� Gd=b-���E!:  ��

�a��b   �*���G��> r���  	?  ���� .E0 � ��>

.�E<���� FF  �NF (No-Pulse) ��  ���/< �H�

	�� c��/0 *����� � ��;<�0 	��.�  �9�

 ���.�E<� ����NF (Pulse)  c��/0��� *���. 

2 ( ��E. �a��b 	0��d012 ���E!: Gd=b  ��

�� G��:*/X �a��b r���G� G>E  �� G��>  � ��>

.�E<� 	?  ���� .E0��� FF �NF (No-Pulse) 

� NF (Pulse) �� . ���/< �H� � ��;<�0 	��

 *�����c��/0 	�8��  ��;C� G� G>E  �� �9�

G��> ��> V_  ���< �. ��  �-�
 � ���� ���
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3 ( ���C� �����E.12 Gd=b G�� - ���E!: � �� 

���E!: �� G��:*/X�  .�E<� kE� G� �.�� �1�����

�� H�� 7.;� � � �.E� @�: �� ��.  � �.E� @�:

��I8/t  .�E<� �.E� g9�� ��*� � g9�� ����.

7.;� ..��. @�: G�  ��Eb ���8� ���C� G<  ���

G��- ���E!: 7.;� ���.�E<� 	?  ��  G� @�:

G� 	=�� ���-8� 	0��d0  ��.  .	�� ��8� @�: ��

���8� �. ���E!: ���  D�2Z\ �. G��:*/X ��

��E!:�  	!> ���-8� 	0��d0 �G�� �� � m�� ��

.	�� ��8� ���8� �a��b 

4 ( 	0��d0 ��E.12  Gd=b���E!: */X �� �. G��:

k�� ��� ���E!: ^E4� .�*2  G� G�����  �� .	�8� �.

�0 AB-0 ���  7 ���8� 	0��d0 ��E   

 �H�.�E0 �H� �. ����� �� j4�B0 ^E4� .�*2  ��

.	C�: 

5 (�8� ��*d0 *8/  �a��b �. �:���8�   ��E.

���E!:  ��12  Gd=b�0  �a��b {��� �. *��E 

�eu0 *����� .I8/t .�E<� kE� G� G>E  ��� 

�0 ��E  �*d0 N�B��� ���8� ���� � ����0 �

.E��. 

6 (!� 	9�a8G/ ��E. ���E!: ��  G��:*/X12 Gd=b �

 	? ���.�E<� FF �NF(No-Pulse)  �

NF(Pulse)  �  G�8c ���� �. R3 �R3  �R2 

���.� �8� / 8:*� 3/0 �5/0  �6/0 	��. 

7 (�8� ��;C�  ���� �:*8/ I80J   AB-0 ���8�

���8� �. �:*/��.�:��� ���E!:  ��12 Gd=b �

�0  �C�F0 @��< �Wa *��E  �� .*�. ���<  

8 ( �a��b �.���8�   ��E.12  Gd=b���E!: �� 

G��:*/X �/9 ���< �. 	��. @8C��� N�B��� �1

�0 V�� �  *��E �8eJ  *��� G���. �.��.  G83E 

�0 .E�  D�d=b �0��  �. 	��. G<G� D�E3 

	��\ �. ...�1� �a��b (��W0 *a) �*a  ���

V_  ���< G� ��8� G<  ���� � �-�
 ���

 ���-8�	�� )	��\ ��� K�� ���� (���80  � 
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 ���

�!�; �1�.> 	�� D�?�V ���R ������ �� �*� p�/�� O�� .

 �1������*> �� ���� p�� \�.  1�*G> H_��   ��a?�

FLAC2D  lG� �1�3eB   �� Y�  D`X�? � HG> ����*��

C3� �-�
 ��� �*> � p�� �1 Y�  ���� ��a?�  1�.>

 � ��������R D94�j> �?�V	�� D.  

2- �*��� +,��-  

2 -1- ���� ���� .�/  

����� E� �1 ����� 1�.> �����3��  = �����3�

 ��	�� E5�� Y�
 D-  �; u�� ��30  �; D��� � ��>30 

�> D7�1  � Y�2jX� D��� �33b  �� ^4�[> W�[U0> .*���

 �33b .	�� D�?� �33b  ^4�[> �V*,Q�o  H2�1- �c4� 

 ��0� �� �8� 1�.> �����3� D�*,��> *�1 E� �1 .

C3� �1 Y�  ����� ���� ����� p�� �� �-�
 ���  ��a?�

 1�*G> H_�� FLAC2D  .	�� �*� �1�����2� �1 H1- 

�F D�.�� �*> �*> �� �� p�� �1 ���� 1�*G> H_��  ��a?� 

 �*9� �1FLAC  �V*,Q�o ����20  D��� � ��2���.`3-

 Y�2jX�30  D7�1.	�� �*� �1�1 ��0�  ��*7 �11  a3�

.	�� �*� D@��� C3� u.� �1 �� ���� ^4�[> W�[U0>  

    
(c4�)  (F)  

 H2�1 -  (c4�)�*� �*> C3� D�*,�  (F) ���a?� p�� �1 �*� �*> C3� FLAC2D

C3�  ��*7 �1 �*� ��3� W�[U0> �� ��1  1�.>

 E339  �!�; D34�� ��,3�S� C��_ � D�?�V ���R �����

 H2� �1 .	�� �*�2  �!�; D34�� �5�U3�V i.j�

}U0> .	�� �*1�V  H2� E� �1 D- �.j���� �*��0>

�> �V*,Q�o ��a3> ��a?� �� �1.� �-�
a�  ^j� s��

.	�� D�?� ��a?� Oab4  
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 ��*71- H3`G  �1 ^4�[> W�[U0> �1*� ���  

 �V*,Q�o
)kPa(  

�`
�1 Y�2jX� D��� �.��.� 	Q�� 
r�� ��*>  

 )kPa( 

 ~.[U> ���
)kg/m3(  

��,3�S� C�_ D34��  �����  

30 28 25/0  61000 1900 66/1  1 

30 24 25/0  61000 1900 46/1  2 

30 20 25/0  61000 1900 28/1  3 

25 24 25/0  61000 1900 39/1  4 

20 24 25/0  61000 1900 31/1  5 

15 24 25/0  61000 1900 21/1  6 

10 24 25/0  61000 1900 09/1  7 

  
 H2�2 -  \��� �1 �5�U3�V i.j�c`�U> �V*,Q�o  

�> ��3� u._.> E� � D- *,- ��*n> ��a?� �

H��G> �5�U3�V ��V*,Q�o  � s3�� �a�-�
 E3,o

s3�� .
 � D,!� ��a?� �� ��0� D- �*� *��   D3T��

 a3� � �*� D�U3�V�3eB   C3� ���*�� �� Y�  	39R.>

 .1��1  

C3� �1  �1 Y�
 �1 Y�  �*� ��� ��-�
 ���

 ��03� .	�� k�� ��>� C3� ������? �� HQR C3� �Z��

 H>�� �� Y�  �*� ��� *��� ��4.�9> ���a34��;���  .*�.�

Y�  = �1��.> �|-� �1 1.7.> HQR ���  D�?�V �8� �1

O�� a34��; �� �1����� �� u._.> � �*�  p.��> �1*� ���

�R ����� 1�.>�> �� 1�3V ]18 -23[ . �1D>�1�� 

	39R.>  �-�
 C3� �1 Y�  	39_� ����� 1�.> ���

�> ��3� .11�V  

2 -2- 012 3�� �45�  ��67�FLAC2D  

 HX�T k��� �/,���Q��� ������ �� D`T�> E� �1

p�� \�.  D- 1�*G> H_��  O�� ��  ��a?�FLAC2D  p�/��

 C3 �  E*� .	?�V *��.
 ���R ����� 1�.> �	�� �*�

�` . W�n3nG  k��� �� D`X�T k��� D-9

7  D��n> *��.


*� ]16[ �/,� �1 .�*T H3`G  �� �,9 ��*> �1 �� �1 

�` .  D��� �� ����� E� �1 1�*G> H_��  �*> �� �

 �`
�1 Y�2jX�20 C3� ����� � D7�1 25 �45  �60 

D7�1 �*� D��n> � H3`G  H2� �1 .*��  3�  D�*,�

Y�  � ����G� Oab4 i.j�  �1 �� �� HX�T �.n4�� ���

 .	�� �*� �1�1 ��0� �*> H2� �1 D- �.j����3 

O�� �	�� }U0> C3� �1 1�*G> H_��   D��� �� ���

 O�� �� ��03� ���*n> �� �5�U3�V ^j� s�� ��*3��.


 �` .]16[ �> DQ��G> *,-  �.��> 1�� ����T� D� E� �

�> D�*,� D� p�� D- ���� � ��  ^j� ���� ��a?�

                                                 
9

7- Utili 
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�> �1����� C3� �5�U3�V  .*��� �.��> �*,-  �1 �>�

���� �51�  O�� � �*T H3`G  O�� �� D`X�T k���

 �� *,���� �Q�n  � *,��� �� D3Q� ��3�� 1�*G> H_�� 

�> H�� .*,,-  

    
(c4�)  (F)  

  
(�)  

 H2�3 - Y�  � Oab4 i.j� p�� �1 �1 �*� 1�/� ���  �` .) �*T H3`G  � (����� E�) 1�*G> H_��  ��a?�]16[ (c4�) ����� �� (

25 (F) �45  (�) �60 D7�1  

 �1 1�*G> H_��  O�� �1 D- ��51 u._.> =

C3�  ����� �� ��� �1 D- 	�� E� *� �*��0> �c`�U>

C3�  C3� �5�U3�V ^j� D3T�� ��a3> �� *,  ���

�> D���- �> ���- a3� �5�U3�V �.V s�� � 1.�  .1.�

 \�.  D- �*T H3`G  O�� �1�` . .X �	?�V W�

Oab4 i.j� D- *� �*��0> D� C3� �� �*>; 	�1  ���

�- D� s�� Y�  ���� H341  D��0> �=o.- ��3�� ���

*,��� ]16[.  

2 -3- .�/ �� 9�- +�:;� 0��<�� ����  

 ����� �.8,> D��3eB   C�_ � ���?� �� Y� 

Y�  ��-�
 C3� ��,3�S�  D,>�1 ���  	��R D� �1 ���

 � �*� 1�/� C3� D,��� ��3eB  ��Y�  E� �� =  �� ��

C3� ��,3�S� C�_� V ���R ������ 1�.>� .	�� D�?

	39R.> Y�  c`�U> ��� C3� �1 ��  H2� �-�
 ���4 

 .	�� �*� �1�1 ��0�H3`G  p��  �1 D�?�V W�.X ��� �

 Y�  s��4  �; ��� �5/0  �*� D�?�V �8� �1 ��>

�*> �.8,> D� .	�� p�� �1 Y�  ����  	
�� �� y� ��a?�

 ���4� �� �1����� �� �8� 1�.> Y�  ��*>Null p�� �1  ��a?�

 �*� 1�/� .	��  

  
 H2�4 - Y�  c`�U> 	39R.> �-�
 C3� �1 ��  

3 -  =,�:� ���� " >1  

3 -1-  ������?@- .�/ A�- �� 9�-  
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	��R E� �1� �3eB   D`X�? �33b  � Y�  1.7�

��  �1 �; 1�/� C3�  .	�� D�?�V ���R ������ 1�.>

 ��*7 �1 D- �.j����1  �� C3� �V*,Q�o *1�V ��3�

 ��*n>10  �  ��2���.`3-30 .`3- Y�2jX� D��� � ��2���

 ��20  � 28  .	�� D�?� �33b  D7�1 H2� �15 �1�n> �

��,3�S� C�_  D`X�? �� c`�U> �V*,Q�o \��� �1

.	�� �1�1 ��0� C3� ��  �� Y�  E�?�V  �	4�T E� �1

 D��� ��*n> �V*,Q�o � �*� D���1 ��5� 	��e Y�2jX�

	�� �*� D�?�V �8� �1 �3b�> ��.,� D�. 

  
 H2�5 - ��,3�S� C�_ ��*n> �� �V*,Q�o �e� (��  �1 Y� )  

 H2� k��� �����5 �> ��0�  D- ���>� *�1

Q�o ^4�[> �V*,10 ���.`3-2� ��Q� D� � ���  �.V

�- � =o.- �5�U3�V 	�� s���  �� ��03� D`X�?4 

C3� DQ4 �� Y�  ���>� �3eB  ��,3�S� C�_ �33b  �� �

�.U�� �V*,Q�o D- ���>� D- 	�� �4�T �1 E� .	��1 *

1�*T 25  D`X�? �1 �*� 1�/� Y�  	�� ��2���.`3-8 

 C3� ��,3�S� C�_ �� a3� ���>�3eB  ��PV ��*n> � 	��

;�> ���- �� �   .*�1  

�*9� p�V �1 �� � ��V*,Q�o ��*n> E���1 ��5� 	��e

 �*� D�?�V �8� �1 �3b�> ��.,� D� Y�2jX� D��� ��*n>

D� �� ��,3�S� C�_ �1�n> ��.�� �  �	��  .1��; 	�1

 H2�6�  \��� �1 ��,3�S� C�_ �1�n>Y�2jX� D��� 

 C3� ��  �� Y�  E�?�V D`X�? �� c`�U> �� �1�1 ��0�

.	��  ��0� k����> *�1 �>�D- ��  ^4�[> �V*,Q�o

 �� ��03�25 .`3-�V �.V � 	�� ��2���3 ��Q�� �5�U

	�� s3���  D`X�? �  Y�  1�/�10  C3� DQ4 �� ���>

�> a3�   ��,3�S� C�_ ���- �� *��. �3eB �4� *��� ��PV

 �� �3� Y�  D`X�? ��a?� ��10 ��>� �.j����  �1 D-

2�	�� }U0> H� �_ ��*n> D� ��,3�S� C�_ C

.	�� �*� =1a� Y�  ��*� 	4�T �1 C3� ��,3�S�  

  
 H2�6- ��,3�S� C�_ ��*n> �� Y�2jX� D��� �e�  �1 Y� )

(��   

D`X�? �1 Y�  1�/� D- 	�� �,9> ��*� E�   ��03�

 ��10 ��  �1 ���>� �3eB  C3� ��,3�S� C�_ �� �

	��1 *��.U� .��v� �; ���  D- �.j���� 	�� }U0>

 Y�  1�/��> C3� �1 ��,3�S� C�_ ���- l���  1.�

C3� �1 ���- E� D- Y�2jX� D��� �� ���  c`�U> ���

 �  � C3� ��  �1 Y�  D- �>�5,� � 1��1 �� ����2 *���

 D`X�?10 �> �� ��  DQ4 �� ���>  ��,3�S� C�_ *�1

 1�*T80  ��*� 	4�T ��,3�S� C�_ *X�1 Y� 

�>  �1 ���2 *��� E� .*���C3� ���?�  C�_ �� ���

Y�2jX� D��� �> �� c`�U> ��� ��.   p*� H341 D��3eB  

 W��33b D��� .	���1 �5�U3�V �.V s�� �� Y�2jX�   

3 -2-  ������?@- .�/ �5��� �� 9�-  

D`T�> E� �1�  �1 Y�  D- ���>� C3� 	39_�

	��R �> 1�/� C3� D,>�1 c`�U> ���  1�.> 11�V

D�?�V ���R ����� � .	��H2 7  C3� �5�U3�V �.���-

 	�� �*� 1�/� C3� D,>�1 �1 Y�  D- ���>� �� ��0�

�> *�1 . �1 ����� E� k��� H2�8�  C�_ �1�n>

 �V*,Q�o ���� W��33b  D� D7.  �� C3� ��,3�S� ��

�> }U0> *,-. �> ��0� k���  �1 Y�  1.7� D- *�1

 E��03� �C3� �Z�� p.� =�3eB   C�_ ���- �� ��

.1��1 ��,3�S�   
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(c4�)  (F)  

� H2 -7 Y�  �� �5�U3�V �.���- (c4�) �1 C3� �Z�� p.� = (F) � C3� \��  

��v� H2� �� D- �|G� H��R D�2� �; �� 8  H��R

 �V*,Q�o D- ���>� D- 	�� E� �1.� ���U���25 

	�� ��2���.`3-� C3� \�� �1 Y�  1�/�� �3eB  �� �

 �V*,Q�o D- ���>� �4� 1��*� ��,3�S� C�_ ���-

 D� C3�10 �> ���- ��2���.`3-  �1 Y�  1�/� *��

�> ��,3�S� C�_ ���- CQ� a3� C3� \�� .11�V  

  
 H2�8 -  �1 Y�  �e�	39R.> c`�U> ��� D,>�1 C3�  

3 -3-  ������?@- .�/ �45B �� 9�-  

 ����� D� 	��R E� �1�3eB   D/,� �1 Y�  1�/�

�> D�
�1�� C3� H2� �1 .1.� ��� 9  �10�  ����.���-

�*> �1 �*� 1�/�  1�/� D,��� �1 Y�  D- �>�5,� ����

 � 	�� �*� �1�1 ��0� 	�� �*� �1 H2�11  �1�n>

 �V*,Q�o \��� �1 �� ��,3�S� C�_ Y�2jX� D��� �

 �� Y�  E�?�V D`X�? �� c`�U>D/,�  C3� �*��0>

�> 1.��> ��0� k��� .  ��*n> ��a?� �� D- *�1

 �V*,Q�oY�2jX� D��� ��  ��a?� ��,3�S� C�_

�>  .*��D�2� *,o�� �� D- �� 	�� E� �1.� D7.  ��*� *

�� D-9_� �v
 Y�  \��� �1 �C3� ��  �1 Y�  	3

 \��� �1 ��,3�S� C��_ �v�
� �C3� D/,� �1

H��R W����> �	�3� D7.   ��  �1 Y�  	39_� �,9

C3�� ����G�  *��.
 ���03� ��*���� D� �/,> � �1.� � 

.*�  

 H2� �1 D- �.j����9  Y�  1�/� 	�� }U0>

 ���- �� D,��� �� E�?�V D`X�? ��*� � C3� D,��� �1

 ��,3�S� C�_ 	�� �e�> �� Y�  E�?�V D`X�? �� �4�

C3� D,����  ��*� 	4�T � D34�� �1�n> D� ��,3�S� C�_

�> =1a� Y�  .11�V  

  
 H2�9 - ���- D/,� �1 Y�  �� C3� �1 ���� ���  �*> ����

 �����5   

  
H2� 10 - �*� 1�/� Y�   D`X�? �18 C3� D/,� �� ���> 

 ����� �*> ����4  
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 H2�11 -  C�_ ��*n> �� Y�2jX� D��� � �V*,Q�o �e�

(D/,� �1 Y� ) ��,3�S�  

 �V*,Q�o �� C3� �1 D�.�� ��.,� D�30 

 Y�2jX� D��� � ��2���.`3-20 D7�1�  Y�  D- �>�5,�

�> 1�/� C3� D,��� �1  C�_ 11�V ����� C3� ��,3�S�

17/1 �>  D`X�? �1 Y�  D- ���>� �4� 1.� ���> ��!o

�> 1�/� D,��� ��  C�_ D� ��,3�S� C�_ 11�V

 Y�  ��*� 	4�T ��,3�S�28/1  =1a��> 1.� .  

4- �4�:� ���   

 ����� E� �1 ����� D��3eB   C�_ �� Y� 

C3� �1 ��,3�S�  E� ���� .	�� �*� D�
�1�� �-�
 ���

�.8,>� C3� �V�� �� ���  D��� �8� �� W����> ���

�?�V ���R ����� 1�.> �V*,Q�o � Y�2jX�D  HG> �

 � �1.�� �33b  C3� D/,� � D,>�1 ���  �1 a3� Y� 

�3eB  k��� �� �1�*9  .	�� �*� fR�� ������ 1�.> �; W�

�D �> Hx i�� D� �*>; 	�1 :*���   

1- �.V �V*,3�o D��� �33b  �� s3�� �5�U3�V  � 

�> 1.�.  � C3� ��  �1 Y�  1�/� E����,�

C3� �1 �; HG> W��33b  �V*,Q�o �� ���  ���

 .1.� *��.
 W����> c`�U> 

2- �1 �1 Y�  1�/�> W�[U0> �33b  �� C3� D,

^4�[>� �> 1�/� � ����> ���?�  Y�  1�/� .*,-

 ���- l��� C3� D,>�1 �Z�� p.� = �1

 C�_ ^4�[> W�[U0> �>��  �1 ��,3�S�

�>  C3� D,>�1 \�� �1 Y�  1�/� �4� 11�V

C3� �1 \n?  �� ���- �V*,Q�o �� ���15 

 ���- CQ� ��2���.`3-15  C�_ �1 �*X�1

�> ��,3�S� 1.� . 

3-  Y�  D- ���>� \n? C3� D,��� �1 Y�  1�/�

�> 1�/� �; D� =1a� HX�.? � � D,��� �1  11�V

���- ��  �� � 1.� *��.
 �e.> ��,3�S� C�_

 D`X�? 1�/�6 w3� D,��� �� Y�  ���>  D�.V

�3eB .U� 1�/� ��,3�S� C�_ �� ��� .*� * 

4-  O�� D- 1�1 ��0� ����� E� �/,���Q��� k���
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6- Aramid- Fiber Reinforced Polymers Rebars 
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1- Mechanistic-Empirical Pavement Design Guide 
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2- Cone Penetration Test 
4

3- Standard Penetration Test 
5

4- Piezocone Penetration Test 
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5- George and Uddin 
7

6- Herath  
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8- Gene Expression Programing 
10

9- Firefly Algorithm 
11

10- Multilayer Perceptron Neural Network   
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11- Evolutionary Polynomial Regression  
13

12- Genetic Algorithm 
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17- Root Mean Square Error 
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18- Coefficient of Determination 
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h18d� ����1����  [0,1]  [0,1] [0,1] [0,1] [0,1] 

7) ��5- �� 0�2@�� � 	F0 �� :�)1 �8� ��� �S)+!7�� ��)1 �+8�  

�0�0 E�-1_ ��� 

�)1 ��  COD  AVG  RMSE  SSE  R2 

	�����  ��;-��|8:  9779/0  05/0  68/2  22/7  9779/0  

��3;�� XD84�  9781/0  049/0  63/2  91/6  9788/0  

	��2� ��;-��|8:  9813/0  043/0  47/2  10/6  9813/0  

����  9808/0  045/0  50/2  29/6  9808/0  

	�����   9778/0  051/0  69/2  23/7  9779/0  

�0�0 �-1�_ ���  

	�����  ��;-��|8:  9727/0  047/0  65/2  08/6  9729/0  

��3;�� XD84�  9730/0  047/0  45/2  01/6  9733/0  

	��2� ��;-��|8:  9700/0  044/0  55/2  5/6  9711/0  

����  9700/0  049/0  58/2  68/6  9714/0  

	�����   9778/0  051/0  69/2  269/7  97570/0  

�0�0 A, ��  

	�����  ��;-��|8:  9778/0  080/0  62/2  25/7  9768/0  

��3;�� XD84�  9785/0  049/0  57/2  02/7  9776/0  

	��2� ��;-��|8:  9814/0  043/0  49/2  09/6  979/0  

����  9809/0  044/0  53/2  24/6  9785/0  

	�����   9778/0  051/0  69/2  26/7  9757/0  

  

�0 A2�  3 ����- �� ��)1 �� :  <4�-  ����0�0 

 �)� ��h1 ��< �8G S)+!7�� ��)1� ���)�� S8��  � �)�

S)+!7�� ��)1� �8� �8+�  �)� ���0�0 d��� �� �

�-1�_ � E�-1_ �0��_ �)� 	��.  

�0�)Z1  ��W
20  �0�h1 G8+`�� � )5�0R2  �

RMSE  <7-  �� ?8�<�  	F0  ��/� �)1 ���0�0  �)� 

.	�� �8� <, ���� �)1 �0 	F0 ��  � <� ��-+�  G��!�

)� p�H��� �)1�1 uH/1 �  ��)h1 <, 0-�R2  T8 �  <�

 �����0�0 ���  �� ����� �-1�_ � E�-1_9808/0 � 

9714/0 ��)h1 � RMSE 8� �� ����� T8 �  <� ?50/2  �

58/2  ��/� �� �)1 p-@W1 	F0 �0�h1 G� <, 	��

1� )+�0.  
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�0�0 E�-1_ ��� �0�0 �-1�_ ���  

    
:8;-��|�� 	�����  i��  (U;�)  

    
)p (�48XD ����3; i��   

    
:8;-��|�� 	��2� i��  (�)  

    
���� i��  (Y)  

    
	�����  i��  (�)  

 A2�3 - �8� �S)+!7�� ��)1 g��� <��h1 �+8� ���)�� � �)�  �)� ��8S��d��� U@�H1 i��-   
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5-3- +,� ����.�  � ��;- ��� <�=5>�  

<� �-b+1 �8� ��W
 ��,�)C G884  �� �+8� �� :

�)1  <4�-  ����0�0  �)��)F ������N � )5�0 ]@W1

�0�0 z-�.1 ���� ���W
 �Z1 �-1�_ � E�-1_ ��� <X�

�S�)F �����N o��S-��8� .)0 �0 ���W
 )5�0 ]@W1

A2�  4  ��/��0�0  �)� �)F .	�� ���� �W
 )5�0 ]@W1

W��� �� �0�0 ��< )24 <X��Z1 ()0�S:  

)24(  | |−=
M P

i i
i M

i

Mr Mr
AEP

Mr  

<, <W��� G� �0 �Mr i
M �)h1���)�� �  ��)1 �)� ��8S

�S)+!7��� Mr i
P  ��)h1�8� �8+� �)� )+!7�� ��)1 �S

� AEPi �)F0�0 ���� �W
 )5�0 ]@W1� i o��1 )+���.  

���� <�-S <, �1 <bCv1  ��,�)C 0-��)F ��)h1 ]@W1

�  � :8;-�|�� 	��2� �)1 ���� �W
 )5�0 	����

 �� ����� :8;-��|��4/22 �� ����� �48XD ����3; �)1 �

2/25 ���� ��)1  �� ����� ����6/19  �)1 ���� �	�����  

 �� �����0/28 .	�� )5�0  

    
 (U;�):8;-��|�� 	�����    (p)�48XD ����3;  

    
 (�):8;-��|�� 	��2�   (Y)����  

  
 (�)	�����   

 A2�4 - �)1 <� <7-  �� �W
 )5�0 ]@W1�)F ������N o��S-��8� U@�H1 ���  
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�1 G����+� , )0 ��-  ��,�)C �� ���� �)1 <

 ��W
6/19 ���-  )5�0�8� �  �� �S)+!7�� ��)1 �+8�

�)1 ��� �� <��h1 �0 � 0��0  ��21� ����, ��W
 �� ��

�8� +8��1 ����N �� �S)+!7�� ��)1 � .)+,  

6 -  �.�) �- ��@ ���� 9)($ ��� A.���

��� �4  

<� �-b+1  �-8��S� E�� ����-  ������

<@�7)+a � A5�C g��� ��@1�2  �� ��G  ���� E��

�8� �8+ � g��� �� <��0?� ���� K�
 �S)+!7�� ��)1

 ����)1 �� <4�-  ��0�0  �)�  <��h1 <+81� G� �0

 .)0�S 

� ����)+a i�-  �)1 g��� �� �-b+1 G��8w�1 �

 <4�-  �)1�0�0  �)� �� E�� d���<1���� -�� �x ��8� �

)GEP ���-3;� T8,�  d����� �)� �0�0 <4�-  �)1 � (

T� o�, p�  )FA(  �X>� <2X�� J)+a ����|��� <

)MLP( �0�����  �)� 	�� ]25 �26  �41[�)1 G� .  ��

�)� �N�41 <1)h1 �H� �0  �0 <2+� <� <7-  �� .)��

hZ 8] ������2�� � -8; � ����2�� � Y�0����)5 �  A2�

 =�5 Y�-5 <� �S)+!7�� ��)1 <X��Z1 	!7 <;0�41

<� YJ0�41 G� �� �0-� �)� �N�41 �8� �-b+1  �+8�

0 <�-�.1 ���� �S)+!7�� ��)1�0�  �-1�_ � E�-1_ ���

)0�S �0����� .  

 ��)7 �06 G884  T�k �0�h1 )R2(  �R7 �

) ��W
 Y�4��1 G83��81RMSE�)1 �� A5�C (  ���

 �)1 ���1�� i�- GEP �)1 �FA-MLP  �EPR  ��/�

	�� �)� �0�0 .  

bCv1 <, <�-3�����1 < �-  �)1 �0-� �0�0 <4

�� �)�E�� d��� EPR  T�k ��)h1 G��/8� ����0

�0�0 <�-�.1 I->
 �0 G884   G8+`�� � E�-1_ ���

��W
 G���, ����0 RMSE  <�-�.1 I->
 �0

�0�0 �1 �-1�_ ���  �)1 	F0 .)���FA-MLP  	F0 ��

 �� �	�� <��h1 A��F ]8hZ  G� �0 �)� �0�0 <4�-  �)1

�0�8� 0-7� G� �Z1 ���� <� E�� G� <� e-��1 Y�X�

��!� A8;0 ��J-D ��-+>1 �X>� <2X� E�� �� ��8S  � 

�)8`8� ��8�� <;0�41 A2� � �0-� �   Y�X��Z1 ���� �

.	�8� T��+1 ���0  

 ��)76- ��h1< �)1 ���0�0 <4�-  U@�H1 �  �)�  

��hhZ1  E��  
R2  RMSE  

E�-1_  �-1�_  E�-1_  �-1�_  

 ����2�� � -8;]26[  �- ��1�� i 9800/0 9699/0 80/2 75/2 

 ����2�� � Y�0����)5]25[ GEP 9616/0 9513/0 55/3 32/3 

 ����2�� � �����F]41[ FA-MLP 9801/0 9801/0 29/2 68/2 

�k�C ]8hZ  EPR 9808/0 9714/0 50/2 58/2 

  

7- +�)�AC D��E$  

� �0G �, <+1�0 E�� �� �<4;�W18d-+ )20
21CAM( 

���� 4 88G �0��� <78	 �� �� :��1������� 0���� 

���� �8� �8+�  ��)1 �S)+!7��K�
 �� <��0?� � ��

                                                 
21

20- Cosine Amplitude Method 

�� �0����� ���C u
�� <7�08	 �0�����  .	�� �)� 

���C u
�� <7�08	 1 ��� ��-  j�-  ;0�41< )25( 

0�, <X��Z1:  

)25(  
1

2 2

1 1

.

.

=

= =

=


 

n

ij jj
i n n

ij jj j

x y
R

x y
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<;0�41 G� �0 �xij w�18� i o�� �� Ah��1���  �0�0 <Wh�j � 

yj w�18� ��� �� <������  �0�0 <Wh�j 1 ��/�� )�0  ��)

<7-  <� xij .( ��)h1Ri 0?�:  <�1 ��/� )+�0�  	8���

 �0 �0��� ��1���� ��/8�0��_�� 	�� �7��
 ��1�����0 � 

;�C� <, Ri �� ����� ^v�� ��5 3��X�� y��H��� ��21�� 

� �� ��8G 1� 0��.  

 A2�5 �� <7�0�8	 w�18���� 0���� �� �� d���

���g 0�h1 �� A5�C� ���)�� �8� � �)� ��8S �+8�   �)�

 ��)1�S)+!7�� 1 ��/�� )�0. ����  �)��/1 <, �-D

1� 0-�� <7�0 ���8	 ����1����� qc � γd �fs  ����� ^�X�h 

	��  �w �, ���8	 � G ��� ��1����� �8� �8+� ��)1 

 �S)+!7��K�
 ����0?� � �-1�_ g��� �� �0����� �� <

 e��H1 f-��.	�� +`��8G  \v�
�Ri �8G 0�h1� 

�8� �+8�  ���)�� � �)�  �)� ��8S ��)1�S)+!7�� ���� 

����1����� qc �γd �fs � w  �  <�8T  �� �����05/0� 11/0 �

01/0 � 04/0 )5�0 J�� 	F0 <, 	�� E�� �EPR �� 

���� �8� �8+�  ��)1 �S)+!7��K�
 ��<��0?� �  ��/�

1� )�0.  

  
 A2�5 -  E�� d����� ���8w�1 �� :�� 	8���CAM  

8- G.�5��	�1 D��E$  

0�)Z1	 ��� ��1�� ?� �<+ �� +`�� �8G 

����0� !.  <� 0�)Z18Y�? <� T��+1 �-D @,�  i��-1

@5�� �1�_ Y�4;�W1 �0��3/� .)+��� � �08��/  �0��-1

����� [r 8� w�1 ��8� � �� �0����7��
 ��1���� �� �

)+a 	
�� o?@��1G ��1� <, 	�� <�-��  ���S � ��

�1 )+���. 2� �?1 ���� �)1 ��� ��)1 �� �0����� ��� 

<4�-  <�N� ���� ��1���� Y�4;�W1: ��� ���� [r 8�  ��

0��� ��1����� 7��
 ��� .	�� �)1   

���� � �0 �)� �,f ^vXF <, �-DG ����� 

����1����� ���0 �qc �γd �fs  � w  <4;�W1 G� �0 .)+���

 <+8!� �)1 �� �0����� ��EPR �8[r  ��+2����  G8�

 �����1����qc � γd�+2���� �  �����1���� G8�qc � fs �

�+2����  �����1���� G8�qc � w�+2���� �  G8�

�����1���� fs � γd�+2���� � �����1���� G8� w � γd  �

�+2���� �����1���� G8� w � fs �� ���  ��)1

 �S)+!7��K�
 �� <��0?� ������� .	�� �)�   

���� �G � �b�0�-1 ��1���� ��-b+18G  ��)h1 AF�)C

w  �_ ��)h1 ��,�)C �88� )� �0�0 �� ��  ����� ����1����

0�h1 ���  ��)1 }|� � )�)� <�N�S �b� �0 j�-�1

�S)+!7�� w  <� <7-  ��88� �� �b�0�-1 ��1����� �)1 d��

EPR 4 88G )0�S �0 :��1���� A8@Z  <� e-��1 g��� .

A2� 6  ��/��0�0  �)� .	��  

���� �-D �1 <bCv1 <,  �+2���� �0-�qc � fs 

 ��/�1� )�0  ��?N� ���� ��1���� �0 G� ��?N� <,

 �S)+!7�� ��)11� 0-� �+2���� .qc � γd ��/� )+�0 B

 0�� �8[r qc � ��)1 ��?N� �0 � �S)+!7�[r 8�  ���,γd 

 .	�� �_ ��?N� �0 �+2����fs � γd  ��/�1� )�0  <,

 ��1���� �0�� ��?N�fs � γd  �� �S)+!7�� ��)1 ��?N�

 �+2���� G8+`�� .	��0 )+��-
 �� �0w � γd 

��/� )+�0 B[r 8�  ��?N� 0��w  ��)1 ���, �0

 K)�� ��?N� � �S)+!7��γd  ��)1 ��?N� �0

+!7��.	�� �S)  

9- I�5> ����  

 <;�h1 G� �05  �-8��S� E�� �� �0����� �� ��)1

<@�7)+a �) �@1�2  �EPR 	!7 (�8� �8+ ��)1 �

 <4�-  ��� ���� K�
 �S)+!7���0�0  �)�  ���� .	��

 ��3�� �� �-b+1 G��0�0 � A1�� �124 �-��<  �/�1�_

����0��  �)�  .	��0���� ���� �< �)1 ��  	1��h1 A1��
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) e��H1 K-�qc) ���)7 �,�2W5� 	1��h1 �(fs )5�0 �() 	�-D�w) :/
 �;�3a � (γd.	�� �0-� (  

    
 ��)1 �� ���)7 �,�2W5� 	1��h1 � e��H1 K-� 	1��h1 �8[r  (U;�)

�S)+!7��  

 ��)1 �� K�
 :/
 �;�3a � e��H1 K-� 	1��h1 �8[r  (p)

�S)+!7��  

    
 ��)1 �� K�
 :/
 �;�3a � ���)7 �,�2W5� 	1��h1 �8[r  (�)

�S)+!7��  

)1 �� 	�-D� )5�0 � K�
 :/
 �;�3a �8[r  (Y)�S)+!7�� ��  

 A2�6- �:��1���� A8@Z  <� e-��1 g��  

 }|��)1 �� <4�-  ��0�0  �)� ��d���  � 	F0

 ���� �@
�0 i��  �� �)1 � �)� <��h1 �3)2 �� �S0��

<� ��-+� 0�S p�H��� <+8!� �)11 ��)1 G� .)��) 

 �� ��� ���� K�
 �S)+!7����d���  �-8��S� T�k

)R2 ���� (�0�0 �� A, � �-1�_ �E�-1_ ��0�0 ��  T8 �  <�

 �����9808/0 �9714/0  �9785/0 �8� �8+ �1� )+, .  

 <4�-  �)1�0�0  �)� �� ���� �@
�0 i��  d���

�8� ��21� ]@W1 ��W
 )5�0 �� �S)+!7�� ��)1 �+8� 

 �� ���,20 �1 ����N �� )5�0 )��� .  

 	8���C A8@Z o�.��  �)� �)1 G� ��� ���  ��/�

<7�0 <, 0�0 ���8	 ����1����� qc � γd �fs ����� ^�X�h   �

w �, ���8	 � G ��� ��1����� �8� �8+� ��)1 

 �S)+!7��K�
 �� �-1�_ g��� �� �0����� �� <��0?� �

 e��H1 f-��.	��   G8+`�� �)1 :��1���� A8@Z

 �3��8� �<+8!�[r 8�  �����1���� 0��qc  �fs  ��?N� �0

.	�� �S)+!7�� ��)1  
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4- British pendulum tester 
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5- Dynamic friction tester 
7

6- Locked Wheel Friction Test 
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M)�  L��9 R/�   x363� 73�.�SiO2 �3�6. 73�.� CaO  �+) �j�A�  

1  )�B) �G3OP �>�* L��9(L�/B  3/22 %  4/56 %  3/21 %  

2  (L�/BX3 ) L��>� �>�* L��9  7/21 %  4/58 %  9/19 %  

3  )�B) �G3OP x363� L��9(L�/B  3/86 %  52/4 %  18/9 %  

4  (L�/BX3 ) L��>� ��363� L��9  5/79 %  74/7 %  78/12 %  

5  sA� �)/�  93/1 %  3/83 % 77/14 %  

��7D 2- 1�[Q-9 �>3��>9 ���3� )�/9 �)����� �) i�P ��� o/6Q9 W�� �>�6U  

M)� ���3� R/�  
 ��9�� 	e6U

)%(  

 L3?�� c�3B ��9�

)min(  

 ��!� c�3B ��9�

)min( 

 ���3� �9��

)cm2/gr(  

 ���3� �?�+J

)gr/m3( 

2 425-1 ��03?)  8/23  155  210  3385  08/3  
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��7D 3- ���q �/9�* 	9��29 ��-K� 1:9 �3���  3� 425 -1 )�/9 �)����� �) i�P ��� o/6Q9  

M)� ���3� R/�  
 1:9 �� �7� L�
�� �OG>9 L�/�� ���-K 	9��29)Kg/cm2(  

2 ����  7 ����  28 ����  

1  �3 425-1 ��03?)  217  5/375  470  

  

L9�)� �)� ��i�P �� =  L� LD/  �� o/6Q9 ���

L3j/  � 1�9�X?� )��7����� ���C192  ASTM L3!   �� �

o/6Q9 �08 L� LD/   ���78�� �) W.40  ���� ���3?

L�/�� 7�7� �)�9* ��3B ]27[.  

  
I>� 2 - L��9 �9�� ��79 M6�Q9 ���  

 ��7D4 XDi�P 1�3  �� �)����� )�/9 o/6Q9 ���

�9 ��-� 7�) .��7D W� �)� Si  ���363� ��-A9 �AG9 L�

Ca  ���3�6. ��-A9 �AG9 L�N  � �G3OP L��9 �AG9 L�

C ���9 ��/A� L� .	�� ��/. � L��>� L��9 �AG9 L�� 

 i�PCa50NSi50C AG9 L��  o:�
�50  L��9 7j�)

�6.�9/3 �G3OP L� ����� 50 7j�) L��9 ��363� 

L��>�  �  7� �G� M6�Q9 V?�[9 o:�
� �) .	��

L��) �A4A9 i�P �7A� 78 �  o/6Q9 M6�Q9 ��� �� ��>9�

L��) �g� �  7A��� nOFA9 �� �W�� )�>6�� �) �7A  )��� ��

I>� .)/-� 3 L��) �A4A9 7A� )�/9 �+A� V?�[9 �

�� �) �)�����i�P �� = �9 ���� �� o/6Q9 ���  .7�)

���A4A9 �� = L��) ��� o/6Q9 ����� �� �7A� L��)  �7A�

 ��7D �� ���A�9)4�7� ���H+9�� ( .7�� L9�)� �) L�/�� �

��OG>9 L��/���  L� ��/-A9 � ���� )�0� ���� S3 �  �	K

�� ���� �-�
 � ���-K 	9��29i�P �� =  o/6Q9 ���

.7� L�
��  

L�/�� ��� ��  ����� �� �7� L�
��i�P �� =  ���

o/6Q9� 	K�� � .7� L�
�� ���L  	K�� R/� L� �6. �/P

:7)�B )�0� W�� ��� �� I} ���T L�  

1- �2� 	��) 	K�� R/� �) ) ���T �� L. :���7�� �)�

���7�� L� �X6K ��/   ���3×3  �4×4  ����3����

 �)�. �.���9 7A��K W38 W�� � L��� W3�

L�/�� ��/  W�K� ��K �g� �� � ��  �) �X6K ���

 �� ���� �z��� � ����� ��� 	4  W�� VF�

 )�0� �)�. ��O� W38 �) �A�� o/6Q9 c�G ��

�9 .7�/�  

��7D 4- i�P �)����� )�/9 o/6Q9 ���  

�i�P ���� 

R/� � xAD �e� �� �)����� )�/9 L��9  
�� W� I9

�9�)�� � �)/Q�  

 ���3� ��3�

)Kg/m3(  L��) ����� �7A� L��
)�� L��9  ��

�G3OP  

 �>�* L��9

L��>�  

 ��7G9 L��9

�G3OP  

 ��/. L��9

L��>�  

Si100N - -  100 %  -  100 %  320  E 01  

Ca100N 100 % -  -  -  100 %  320  E 02  

Ca50NSi50N 50 % -  50 %  -  100 %  320  E 03  

Si100C - -  -  100 %  100 %  320  E 04  

Ca100C - 100 %  -  -  100 %  320  E 05  

Ca50CSi50C - 50 %  -  50 %  100 %  320  E 06  

Ca50NSi50C 50 % -  -  50 %  100 %  320  E 07  

Ca50CsI50N - 50 %  50 %  -  100 %  320  E 08  
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I>� 3 - L��) �+A� V?�[9 �7A� i�P �) o/6Q9 ���  

2- L��) 	K�� R/� L�  �� L��7+A� W�Q� �� L. :���-�

���7�� L� W�� ���  ���19/1-38/2 �38/2-75/4 

 �75/4  �?�5/9 �� L��� W���HB � ����3639 

 W�� VF� �) �W�� �)�. �.���9 � �!�* ���

�9 �7��-� L��7+A� W� .7�/�  7A��K W38 �) ��

 W�� L� �)�. �.���9�9 LK�N� .7�/�  

3- @�� 	K�� R/� �)  �� 7G� L. :(���7����3�) �-.

L�/�� �.��   1�/j L� ��3� @�� �73-. �� ��

L�/�� ��� �� L�!D �) � L�!D =  L36Q  � ��

	��) W3� �� L��)X� L��) �9 )�0� �� .7�/�  

L�/�� �.��  �� ��L3j/  � 1�9�X?� @���  ���

 ����� )��7�����ASTM C1170 X39 ��� ��Vebe  

ZQ-9 ����� 	4   .7� 5�0�� �)�O9�� )��7����� �) �7�

L9�)� �)� 	K�� L�/�� L�/�� VF� �� �7� )�0� ���  ���

 �) �>�6U W�� I>�4 .	�� �7� �)�) ����  

  
I>� 4 - L�/�� ��� �� �7� )�0� 	K�� R�/�� ��  

I�� �� 7G�  ��9) �) C* LfN/8 �) ���*23 

3���� LD�) 179 L� )��+28  �0A� �/eA9 L� ����

 )��7����� �� n��F9 �B7�Xl? 	9��29ASTM E303 �

L�/��  ��� ��9�* �� 7G� � IOT C/P�9 p��� �) ��

 )��7����� �� n��F9 L.ASTM C944 L�/�� ��� ��  ��

 �7� 5�0���L ���7�� L63��  ��3B6  ��7��� �/O� LO �9

� )�/9 W�� VF� ��� �� ��36+�� �� .	K�B ���T �����

 ��/A� 	4  �)7� ��36+�� ��7��� �/9�*11
12BPN 

�9 u��Q���  VF� �B7�Xl? 	9��29 ��X39 �+��3� L. )/�

                                                 
12

11- British Pendulum Number 
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�9 ��+-�9�* p349 �) L�/�� = ��9�* )�/9 7��� 

]28[ . I>�5 - M?�  W38 ��36+�� ��7��� ��+��)

�9 ��-� �� ��9�*  L. ��� �/9�* @����� .7�)

L3O�  179 ���� W3+A� =3K��  �/O� � 	.�8 ���

 5��� = �	�� ������ ��� �� ��� �) L� =)X�T I>�

sA� ���8 L. �9 @��9 ���  ����� = 	4  7���98 

 179 ���� �A /3�LO��49  �7�  �)�G9)400  (c)�B ��)

�9 ����� �A�� L�/�� L� )/�.  

 L68�9 L� �) ��� ��729 W�400  � ���)�) 

R/�09 1200 �9 ����� L�/�� ��� �� ��) .)/�  I>�5- 

C �9 ��-� �� ��� ��+��) � @��9 5��� �/[   .7�)

9 tD��9 ����� W� �) ���� ��� �/3� W� �� ��6�Q

�)/�� �)����� W�� �-�� 	9��29 ������ 7�� ]29- 31[.  

 I>� �)6 L��) VF� �� �>�6U W�� L�/��  ���-�

.	�� �7� �)�) ��-� ��� �� 7G� � IOT  

    
(M?�)  (C)  

 I>�5 - (C) � ��36+�� ��7��� ��+��) (M?�)  5��� ����� L� ��� ��+��)T I>�  

    
(M?�)  (C)  

 I>�6- ��� �� 7G� (C) � IOT (M?�) 	��) ���-� L��) 	K�� �� �>�6U W�� L�/��  

4- 96�/4 ��: ; � <���;  

4-1 - =/( �>�4�> '��?,"@  

	9��29 ���-K � �-�
 i�P ��� o/6Q9 M6�Q9 

@�����  ���)��7�����ASTM C39 � ASTM C78 �) 

 I>�7 ��-� �7� �)�) 	9��29 .7�� ���-K 28 ���� 

L�/�� ��� ��7A63� )��7����� �7� L3!  �) =�� � �

i�P ��� o/6Q9 W� n324  W3+��39 L� L�/�� M6�Q9 

	�� .�/F���� L. �)  I>�7 ZQ-9 �	�� i�P 6Q9 o/

Si100C L. �� L��9 ��363� L��>� �) �*  �)�����
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�7� 	�� W��-3� 	9��29 -K��� �� ��-� )�) .�) 

I��29� i�P /6Q9oCa100N  L. �� L��9 �>�* L��>� 

�) �* �7� �)����� 	�� W���. ��729 	9��29 ���-K 

�� ��-� )�) .�� L��29 �Pi ��� M6�Q9 ZQ-9 	�� L. 

	9��29 ���-K L�/�� ��� �7� L�
�� �� L��9 L��>� 

��-3� �� L�/�� �� ��7� L�
�� �� L��9 �G3OP 	�� � 

W� 7��� �) L��9 �>�* 7� �7��-9 X3� ��363� � .  

�� I>� 7 �9 ��/  L03�� 	K�B L. �� o/6Q9 �) 

L��9 M6�Q9 ��363� � �>�* �� ��� 	9��29 ���-K 

��XK� �9 7�� .W� ��729 ��XK� ��3�� ��-3� �� ��729 

	9��29 ���-K 	�� L. p�/  5�7.�� �� R�/�� L��9 

�7� Ij�8 	��. L�>� I9r  I��T 7��� �) 1��33l  

	9��29 ���-K L�/�� ��� ���8 L��9 �O3.�  �) L��29 

�� L�/�� ��� ���8 L��9 	�7> ��-� )�) L. �� S3.�  

7AJ R/� L��9 �� ��� 	9��29 ���-K ���. L� 7j�) 

�+��>� V?�[9 L����� .	�� 7��� �) 1��33l  	9��29 

�-�
 L�/�� ��� ���7�� ��3B �7� 	O�� L� 7��� 1��33l  

	9��29 1���  ���-K ��/�49 �7��-9 �7-� L. �) 

L��29 �� t��A9 M6�Q9 W� ���K� I��T �3��A3� �)/� � �� 

L�K� ��� W3-3� 	2��F9 .)��)  

    
(M?�)  (C)  

 I>�7 -  	9��29���-K (M?�)  ��-�
 (C) i�P �) �>�6U W�� o/6Q9 M6�Q9 ���  

4-2 - �� ��
4AB1 C���56�� 7� 
D( � <  

����� �/eA9 L� �L9�)� �)  ��9�/ �3gr   i�P 	K��

 �� ��� �� 7G� � IOT �B7�Xl? 	9��29 �)�29 �� o/6Q9

�����)/��  ���)�� I>�8  I3?) L� .7� �)�����

�)�) �B7A.��� w�
 ��e� �7��-9 57� � ��9�* ���

i�P I��29 �) ��7��� )7� �)�29 w/[
 �)  M6�Q9 ���

Q9 	!D L� �6. 7) = �)��* ����K �/eA9 L� � o/6

�)�) W3� ��!� L��29 .7� �)����� � /O>A� ��)/�� �� �� 

 q��� �� L. �/F����I>� ��� 8-  � M?�8 - C  ZQ-9

 W3� �B7�Xl? 	9��29 q��� �) �)�� �B7A.��� 	��

i�P  ��� �� 7G� � IOT 	?�8 �) �) o/6Q9 M6�Q9 ���

�9 �7��-9 .)/�  5��  W3� �) m��-9 ����� L�>� �GFT

I>� ���. ��7� L|��� ��� L�/�� �B7�Xl? 	9��29 �)  ��

L�/�� �B7�Xl? 	9��29 �� L��29 �) ��� �� 7G�  ���

�9 �7��-9 ��� �� IOT  I>� �7��-9 �� .)/�8 - M?� 

�9 � �L��>� V?�[9 �� �)����� L. 	K�B L03�� ��/ L  ���

��3�6. L��>� V?�[9  ��-3� 	K� {��� �(�>�*)

�9 ��� �� 7G� �B7�Xl? 	9��29  �) ��7��� )7� .)/�

i�P �� 5�7>f3�  IT�78 ��729 �� o/6Q9 ���42  ���.

 � 	�3�W����A� �9 	K�� 5��  L. )/�� ��)� ��/   ���

IT�78 �eA9 W� �� �7� )�0� W3* �e� )�/9 ���  �� L9��

�9 ���) .7A���  

 I>� �)8 - C W�  �) .	�� 1����9 ��. R/N/9

i�P �� �)����� tT��  L��>� x363� ���8 o/6Q9 ���

 {��� L. �7� W�� ���
�� M3G�  {��� �G3OP �3�6. �

L�/�� R/� W� �) ��� �� 7G� �B7�Xl? 	9��29 	K�  ��

 	K�� R/� W� 	3��9 L>A� I3?) L� I. �) �?� .	�� �7�

� �3�
 �� L��) �7� �7A. L� �63
 ��X39 � ���3
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L��) ��D �+�K���K  q��� 	�� L����� �7� �7A. ����9 �)�� �B7A.��� ����) �B7�Xl? 	9��29 .7A���  

    
(M?�)  

    
(C)  

  
(�)  

 I>�8 - ) �B7�Xl? 	9��29 �)�29BPN( i�P ����� �)  �) o/6Q9 M6�Q9 ��� (M?�)�2� 	K�� �) ���7��(C) � L��) 	K�� L� -����  �

 (�) �-.��3� 	K�� �)��� �� 7G� � IOT p��� �)  

 I>� �) L. �B7�Xl? 	9��29 q��� w/[
 �)8- 

� �9 �7��-9 �	�� �7� �)�) ��-�  	9��29 q��� )/�

�eA9 ��O�� �-.��3� 	K�� �) �B7�Xl? 	K�� L32� �� �   ��

� � 	��L �9 �e� = �-.��3� 	K�� �) 7�� LK�P�  �.

5��)  W�  S3.�  �o/6Q950-50  � �G3OP x363� L��9

 7G� �B7�Xl? 	9��29 77� 	K� I3?) L� ��G3OP �3�6.

.7��� ��� �� �) �-.��3� 	K�� �) �eA9 W� ��LK�P� 

�. 5��) L�
�� S3.�  �o/6Q9 W�   �3�6. �� �7�

�9 L��>� .7���  

4-2-1 .��� ���� <���; �E  

324  q��� ����� � I364  L���� �) c�� L� n

 .)��) )/D� �)�� ���X9 ���)/�� �� �)����� �� � ��3.

 ��!� m�) ����)/�� I364  c�� ���X9 W���!9 �� �>

�9 q��� 7��� � p��� ��  ���)/�� I364  c�� �) .7���

 7��� �+�/+J �� �A�} ��!� �/[  = ��)/�� �� �)����� ��

�� ����� W3� )/D/9 � M6�Q9 ���L 9 )/D��  W� � 7*

L03�� L� �9� 	8�� � ��!� ��3B �9 =�. �   W3Af�� .7A.

 q��� ���A. �) ��X�� =�. ���)/�� I364  c��
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�9 �9 ��)/�� L� �?��D� ��+� = �� .7A.  ��O��� ��/ 

 �� 	�� �F
 )/D� I3?) L� )��/9 ��-3� �) L. �?���8�

)/D� W� �� �?� .)�) Z3Q- �  ���)/�� I364  c��

)����� �� �> .	�� �� �O�G9 ����  W� S�G9 W� 

�9 q��� �)/� ��3. �c�� 7���~ L� L�/B  L��29 L. ��

��� ��39 n3T) 1�/j L� M6�Q9 q��� W3� ��.  .7���

 7A��9 7���) �)�� � Y���8� LOAD L. �G�T� ����� �)

�)�)  q��� W3� �)��/9 ��-3� �) ����+-�9�* ���

 � �K:�
��9 �-J L�  VF� �)�. ZQ-9 .)�/


�/9�* �� �)����� �� E:�
� W� ���)�AG9  I3OT �� ���

��>9� x����� �/9�*  �/9�* �� �)����� ���� .	�� �H�

5�� �� n324  W� �) �x�����  ��XK�MINITAB  �)�����

 �) L� x����� X3?��* n324  W� �) 	�� �.} I��T .7�

= 1�/j K�P�) � L�P .7� 5�0�� LK  

����� X3?��* �� �)����� �� � �:2��� �LK�P�) x

�� �+�����c�� �� 5�7.  �4F� 	K�� )�0� M6�Q9 ���

� ��� )�/9 �) o/6Q9 i�P M6�Q9 R�/� �����3G9 �� =

 L� 	O�� k:2��9 (��� �� 7G� � IOT ��7��� )7�) E7�

�9 �730A� X3� �� �� LF��� �) W3Af�� � ��  .)/�

 ��+����� � �:2��� �* L� LD/  �� L. ���3G9�3gr  

 57� � I��2�9�3gr  �9 ZQ-9 I��2�9  �� �� )/�P-

value �9 ��-�  ��729 .7A�)P  �� ���.05/0  X3?��* �)

= x����� ��-� LK�P )� W� �7A� �� �> IT�78 L. 	�

	K�� � o/6Q9 i�P R�/��  ��K L32� �� �7� )�0� ���

.)��) ��) x����� X3?��* �) ��729 W 1�/j W7� LK�P

 �� L� 	O�� o/6Q9 i�P � 	K�� �3l�9 �) L. )��) �AG9

�9 � L���7� �6��2�9 �g� �� 5�7.�� ��/   )�/9 L��B�7D

 .)�) ���T �����  

 �/9�* 5�0�� p��� ���A. �/eA9 L� L9�)� �)

m��!J �A4A9 ����� �� �x����� -) m��!JQ-Q plot (

)�29�)�) �)/� ��9�� ��7���3T�� �   ��rW� �� .7� 73  ��

 	��T W� �) .	�� ��39 x����� X3?��* 5�0�� ��>9�

 � IOT �B7�Xl? 	9��29 ��3G9 ���� x����� X3?��* q���

	K�� ����3l�9 ����� �) ��� �� 7G� o/6Q9 i�P �  �)

��7D 5 .	�� �7� �.} �� q��� @��� ���7D W�

c��  ��� i�P M6�Q9 R�/�� � �4F� 	K�� )�0� M6�Q9

���� �o/6Q9 L���7� �-A.  W� � 7���) M3GN �63
 � �

 ���� LK�P�) x����� X3?��* kY/j� L. 	�� �AG9 W7�

�)�) I364  �Y ���� � �)/O� 5�� ����� �� =  �� ���

�9 = X3?��* �� k:2��9 	��� .)�. I364  LK�P  

 ��7D5- �* q����) x����� X3?�) ��7��� �B7�Xl? )7� E7� ��3G9 w/[
 �) LK�PBPN(  

��� �� 7G�  ��� �� IOT  

P F 
 R/�09 p�/�9

1�G��9 

 R/�09

1�G��9 

 LD�)

�)��* 
��9���� P F 

 R/�09 p�/�9

1�G��9 

 R/�09

1�G��9 

 LD�)

�)��* 
��9���� 

��j 05/30 975/247 82/1735  7 	K�� �� ��j 79/57 025/471 2/3297  7 	K�� �� 

191/0 49/1 333/12 33/86 7  
i�P  ���

o/6Q9 
081/0 96/1 943/15  6/111 7  

i�P  ���

o/6Q9 

- - 252/8 33/404 49 �F
 - - 150/8 4/399 49 �F
 

- - - 49/2226 63 R/�09 - - - 1/3808 63 R/�09 

  

W3Af�� �� �)����� �� �/9�*  ���9*T-student � 

��K ��j )H0(� ����  q��� �B7�Xl? L�/�09 

L�/�� ��� IOT � 7G� �� ��� ZQ-9  ��729 L. 7�

 I>� �) L. �/F���� L�/�09 �) E:�
�9  ZQ-9

 	��88/7 �9 78��  �� ��-3� L. 7���T-value  VF� �)

 ��F
5 ��729 L� %44/6 	��� W� �� ���  )� ��j ��K

�9  ����) ���9* �e� �� �)�) L�/�09 �) W� � )/�


��9 ���)�AG9 E:�  �3�2  �� .7A���88/7  W3+��39 ��

�)�) ) ��� �� IOT �B7�Xl? 	9��29 ���82 	K� ��729 (

L�/�� �B7�Xl? 	9��29  	?�8 L� 	O�� ��� �� 7G� ���
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I>� 9 - ���)�AG9 VF� ���9* �����  	9��29 ��729 �)

��� �� 7G� � IOT �B7�Xl?  

4-3 - ��FG; ��
4AB1 C��� �( +,�- %�&  

L9�)� �)� 	K�� �B7�Xl? 	9��29 R/�09 �)�29  ���

�) �4F� M6�Q9 �)�29 I��29 i�P o/6Q9  1����9

 I>� �) ��� �� 7G� � IOT ����10  �7� �)�) ��-�

����� p2K ���� �/4� W� �� E7� .	�� �3gr   i�P

.	�� �B7�Xl? 	9��29 �� V?�[9 o/6Q9  

L�/�� W3� �>3K��B L��29 5�29 �)  M6�Q9 ���

L�/�� W3� ZQ-9 7��� = L. 	�� ZQ-9  i�P ���

	K�� L�� R/�09 �) o/6Q9  @��� W� �� .7� �7��-9 ��

� 7��� W� ��� �� 7G� �� � IOT ��L  L��-9 �/P

�� .7� �7��-97��� W� @���� L�/��  �� �7� L�
�� ���

) �G3OP x363�Si100N S3.�  � (50 -50  �3�6.

) �G3OP x363� � L��>�Ca50CSi50N(  ����)

�9 �B7�Xl? 	9��29 W��-3�  .7A���  

  
 I>�10 - L�/�� ��� �� 7G� � IOT �B7�Xl? 	9��29 L��29 i�P ����� �) �>�6U W�� ��� o/6Q9 M6�Q9 ���  

����) S3.�  W3Af�� 100  ��3�6. L��9 7j�)

 S3.�  � �G3OP50 -50  x363� � �G3OP �3�6.

 W���. ����) ��� �� 7G� � IOT 	?�8 �) �) L��>�

 .	�� �B7�Xl? 	9��29 x����9* 7G� �� q��� W� �

��O��� � ����� )�/9�9 ���T �0A� ��3B.7  

4-3-1 %�& 96�/4 ���� <���;  �( +,�- H�/- ��E

�
4AB1 C����  

 W3� L. � ��33l  ���)�AG9 	�� 5�Y ��� 57T �)

LAXB  ���8 	9��29 �)�29 �� LF��� �) o/6Q9 i�P L��B

�9 �7��-9 ��� �� 7G� � IOT �B7�Xl?  ����� )/�

= x����� X3?��* �� �/eA9 W� ���� .)/�  �� L. LK�P

i�P W� W3+��39 �)�29 L��29 L��  �7� �A� �� �� ��

��� 	�� ��� = �� �!A  x����� X3?��* =�. �� .7� �)��

���B 5��  W3+��39 W3� E:�
� �/9�* �9 ��9�* ��  )/�

 x����� X3?��* �) .7�� ��XK� �F
 ����8� L>A� ��7�

=  �3� L. 	�� W� (L3?�� ��K) ��j ��K LK�P

���B W3+��39 W3� �K:�
�  )��7� )/D� ��9�* )�/9 ���

��29 ��K � L. 	�� W� I��39  ���B �) IT�78 W3+��39

��)�AG9 E:�
� ��j ��K L. ��?�8 �) .)��) )/D� �

)H0 (�9 �)/� L�K�H� ���B W3+��39 W3� L. ��H�  ��

�9 ���� L� I364  � )��7� )/D� �K:�
� 7��~  �) �9�

)/� )� ��j ��K L. ��?�8�  �K:�
� �GFT��39 ���B  ��
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7�� � )��) )/D�  �� �)����� �� �9� W� L. �3��3� �� E:�
�

�/9�* �/9�*) �63�>  ��� (�./  7A��9 �O32G  ����  L.

�9 ����� ��7� L9�)� �) )/�� �9 ��39  @��� W� �� .7���

= x����� X3?��* q���  ��7D �) LK�P6  �7� �)�) ��-�

.	��  

 ��7D �) �7� L|��� q��� @��� ��6  �)�29 �/J

P-Value  �� ��B�X�05/0 �9  7A��� ��j ��K W����A�

�7� )�  �33l  �� �B7�Xl? 	9��29 M6�Q9 q��� �

i�P ��� ��)�AG9 o/6Q9 M6�Q9 ���  �AG9 W7� ~7A���

 q��� �) ���)�AG9 E:�
� �3� o/6Q9 i�P �33l  �� L.

 E:�
� �B� �N�K .)�) 7��/Q� v� �B7�Xl? 	9��29

G� 5�B �) )/� ��)�AG9 7�9 i�F9 ��/� W�  1���  L. 7�

�AG9 ���B�) 5�7. W3� W3+��39 �9 ��)  W3�� �) �7���

c�� �����  L��29 ���� ��/A�9 ��� �)�29 W3� W3+��39

���B L. )��) )/D� �� .	�� �./  �/9�* �!�* �� �>  

 ��7D6-  X3?��*ANOVA = �P 1��33l  ����� �) �B7�Xl? 	9��29 q��� W3� LK�P��� �� 7G� � IOT o/6Q9 i  

��� �� 7G�  ��� �� IOT  

P F 

W3+��39  R/�09

1�G��9  �3eA 

�7� 

 R/�09

1�G��9  �3eA 

�7� 

 LD�)

�)��* 
��9���� P F 

W3+��39  R/�09

1�G��9  �3eA 

�7� 

 R/�09

1�G��9 

�7� �3eA  

 LD�)

�)��* 
��9���� 

941/0 32/0 33/12 33/86 7  
i�P  ���

o/6Q9 
973/0 24/0 94/15  6/111 7  

i�P  ���

o/6Q9 

- - 22/38 15/2140 56 �F
 - - 01/66 5/3696 56 �F
 

- - - 49/2226 63 R/�09 - - - 1/3808 63 R/�09 

  

 L. L�/+���� ��7D �)7 �9 Le8:9  W� )/�

�O32G  �/9�*� i�P T 	?�8 �) o/6Q9 M6�Q9 ��� � IO

I
�) �+�� �� ��� �� 7G� L��) ��  5�� L�A  �)�) ���T

�/9�* W� 7) �� :�� � 	���  W3� ���)�AG9 1��� 

 )/D� o/6Q9 i�P �) �33l  �� �B7�Xl? 	9��29 �)�29

 x����� �/9�* �) L�K� W� �� �73r  tT�� �) L. )��7�

 .	��  

 L68�9 �) ����)/�� �>3K��B I364  �) L. �/F����

!A  L� �G3OP x363� �� �)����� 7� ����� IOT �� � ��

29 W��-3� �>�* L��>� V?�[9 {��� �� �B7�Xl? 	9��

.7�  �?�X� �7� S �9 �� 7G� S6F9 W� X3� �/9�* W� �)

 i�P �� �� ���A�9 �B7�Xl? 	9��29 M6�Q9 �)�29

.	�� �7��-9 I��T �o/6Q9  

 ��7D7- i�P ����� �) �B7�Xl? 	9��29 w/[
 �) �./  �O32G  �/9�* q��� 6�Q9 ������ �� 7G� � IOT o/6Q9 M  

��� �� 7G�  ��� �� IOT  

���B �7A� p�/�9 )�7G  i�P o/6Q9 ��� ���B �7A� p�/�9 )�7G  i�P o/6Q9 ��� 

A 53/75 8 Si100N A 14/84 8 Ca50CSi50N 

A 08/75 8 Ca50CSi50N A 78/82 8 Si100N 

A 93/73 8 Ca50NSi50C A 73/81 8 Ca50NSi50N 

A 50/73  8 Ca100C A 17/81  8 Ca100C 

A 28/73  8 Ca50NSi50N A 11/81  8 Si100C 

A 80/72  8 Si100C A 45/80  8 Ca100N 

A 75/72  8 Ca50CSi50C A 44/80  8 Ca50CSi50C 

A 78/71  8 Ca100N A 81/79  8 Ca50NSi50C 
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4-4 - ��FG; ��
4AB1 C��� �( CI�� CJ�(  

 I>� �) �7� �7��-9 q��� @��� ��11 �9  ��/ 

�2� 	K�� L. 	K�B L03��  ���7��4×4  �� ����3����

�2� 	K�� ����� �) ����. �B7�Xl? 	9��29  ���7��3×3 

 	K�� tT�� �) .	�� ��)�/
�� ����3����4×4  ����3����

 	K�� �� L��29 �) VF� 78�� �) ����. 	K�� �.��  ��

�2�  ���7��3×3 �9 ��)�/
�� ����3���� W� �� �7���  ��

 	4  ���. �� ��7��� 	.�8�3gr  �9 ���T  W3Af�� .7�)

L��) 	K�� L. )�) ��-� q���  �X� VF� L� �) ���-�

 W� �� .	�� �!��-9 �O�2  q��� ����) 	��) � p�/�9

� )/D�L �9 �e� L��) �� �)����� 7��  ���7�� L� X� ���

19/1 -38/2  ���3639�3gr   	9��29 ��XK� �� ����.

Xl? L9�)� �) .)��) �+) 	K�� �) �� L��29 �) �B7�

�9 �7��-9 =) �-.��3� 	K�� L. )/� �) � LK�P (LK�P

�� ���7AJ 1���  c�� L32� L� 	O�� �?� 7���7� ��  ���

 �B7�Xl? 	9��29 �� �>�6U W�� ��� �� 	K�� )�0�

� Y��Le8:9 @��� W� �� .7���)�/
�� � �9  L. )/�

�3� 	K�� )�0� 	.�8 	!D �� )/�� � 	!D �) ��

 �) ��/�49 1���  =3K��  ���DW39r   	9��29

L�K� � ��7��� .)��7� �B7�Xl?  � IOT 	?�8 �) �) �/K ���

�9 L��-9 �O�2  ��� 7G� .7A���  

  
 I>�11 - 	K�� ����� �) ��� �� 7G� � IOT �B7�Xl? 	9��29 ����� M6�Q9 ���  

4-4 -1- �� ���� <���; CJ�( K�,4� �(��( �� ��
4AB1 C�

CI��  

L. �)��/9 �� �> �7��9 �/�l9 1�2324  S6U� �) �

�)�) ���9* ����� L� ��� �9 �79* 	�) 7��� �6. �/P L� .

 L����� �3l�9 �) L��29 L� 	O�� 7��/Q� �+-���� ��B��

L03�� �9 �7��� ��3B  L� LD/  �� L03�� W� 	���

�)�)  )�/9 ���9* ���	4j  ����� � L�K�B ���T �0A�

= x����� �/9�* q��� @��� W� �� .)/�  �) LK�P

 ��7D8 �9 �)�) ���� .)/�  

= x����� X3?��* q��� @��� ��  )�A��� �� � LK�P

 ��729 L�P �e� �� q��� ���� �� 7G� � IOT 	?�8 �) �) �

 .	�� �O��A9 ���)�AG9 ����) 	K�� R/� �33l W����A� 

�9  �� L. )��) )/D� 	K�� = IT�78 L. )/�� ��)� ��/ 

.)��) �B7�Xl? )7� ��X39 �) ���)�AG9 E:�
� L32�  

 ��7D �) �./  �/9�* q��� �� �)����� ��9 

L��) )�/9 �) ���-3� 1��:P� 	K�� �7A� 9 ��� � L��-

�)� 	K�� �7A�  L|��� �B7�Xl? )7� �eA9 �� M6�Q9 ���

.	�� �7� /+�����9 Le8:9 L. L�  �/9�* W� )/�

�O32G � ���B L��) L� L� �� �� �9 �3�2  .7A. ���B A 

	K�� I9�� = �-.��3� ���  	.�8 	!D �) LK�P

 �) �-.��3� � �* �� )/�� � =3K�� ���B �LK�PB  I9��

	K�� �2� ���  ���7��3×3  �4×4 	K�� � ����3����  ���
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L��) �X� � p�/�9 ���7�� �� ���-� ���B � �C  I9��

	K�� L� ��� L��) L��B  	K�� ����� L� ���-�4×4 

�2� .	�� ���7�� ���B A 	K�� I9��  �-.��3� ���

=   	.�8 	!D �) LK�P � �* �� )/�� � =3K��

�) �-.��3� ���B �LK�PB 	K�� I9�� �2� ���  ���7��

3×3  �4×4 	K�� � ����3���� L��) ���  ���7�� �� ���-�

� p�/�9  ���B � ��X�C 	K�� I9�� L� ���  L��B

L��)  	K�� ����� L� ���-�4×4 �2� .	�� ���7��  

 ��7D8-  X3?��*ANOVA = 	K�� 1��33l  ����� �) �B7�Xl? 	9��29 q��� W3� LK�P ��� �� 7G� � IOT M6�Q9 ���  

��� �� 7G�  ��� �� IOT  

P F 

W3+��39  R/�09

1�G��9  �3eA 

�7� 

 R/�09

��91�G  �3eA 

�7� 

 LD�)

�)��* 
��9���� P F 

W3+��39  R/�09

1�G��9  �3eA 

�7� 

 R/�09

1�G��9 

�7� �3eA  

 LD�)

�)��* 
��9���� 

��j 62/51 025/471 2/3297 7  
i�P  ���

o/6Q9 
��j 30/28 975/247  8/1735 7  �� 	K�� 

- - 124/9 0/511 56 �F
 - - 762/8 7/490 56 �F
 

- - - 1/3808 63 R/�09 - - - 5/2226 63 R/�09 

 ��7D9- 	K�� ����� �) �B7�Xl? 	9��29 w/[
 �) �./  �O32G  �/9�* q��� ��� �� 7G� � IOT M6�Q9 ���  

��� �� 7G�  ��� �� IOT  

���B �7A� p�/�9 )�7G  	K�� �� ���B �7A� p�/�9 )�7G  	K�� �� 

   A 70/91 8 �2� �) ���7��LK�P    A 375/80 8 �2� ��= ���7 LK�P (���/9) 

  A 100/90 8 �2� = ���7�� LK�P (���/9)   A 125/80 8 �2� �) ���7��LK�P 

  A 825/89 8 �2� = ���7�� ()/��) LK�P   A 725/79 8 �2� = ���7�� ()/��) LK�P 

 B  75/78  8 �2�  ���7��3×3  B  775/72  8 �2�  ���7��3×3 

C B  07/76  8 L��)  ���-�38/2-75/4 C B  625/69  8 �2�  ���7��4×4 

C B  00/76  8 �2�  ���7��4×4 C B  42/69  8 L��)  ���-�75/4-5/9 

C B  60/75  8 L��)  ���-�75/4-5/9 C B  850/68  8 L��)  ���-�38/2-75/4 

C   57/73  8 L��)  ���-�19/1-38/2 C   73/67  8 L��)  ���-�19/1-38/2 

  

L��) I
�) �) ��� � �AG9 1��  ���) �� ����� W3�

 L��) �� �� )/D�)��7��  W3+��39 �9�L��) ��  �� L� 	O��

�AG9 1���  )��) ���).  )7� �)�29 W3� M6�Q9 q���

 S3 �  �?� 	�� L��-9 �O�2  ��� �� 7G� � IOT ��7���

	K��  .	�� �7� 1����9 	K�� 5��) �eA9 �� M6�Q9 ���

�L �9 �e� 	K�� 7�� �) ���L�  �) ���-3� 	K� �� ���-�

�)/� ��)�/
�� ��� 7A��K  ���. {��� W� L. 7��

W� �� � 	�� �7� �!�* �) �4F� ���/����  {��� ��

�� .	�� �7� �!�* �) �B7�Xl? )7� ���. W� @��� 

	K�� ��� M6�Q9 7G� �� ��� 	!D �� W��-3� ��729 

	9��29 �B7�Xl? L� �S3 �  	K�� ��-.��3� �2� ���7�� 

� L��) ���-� 	K�� W3� �) .	�� L��) M6�Q9 ���  ����-�

 ��. �.�>Fj� 	9��29 �� ��� �� 7G� � IOT X� 	K��

�9 ��)�/
�� � .7���L �9 �e� L��) I. 7��  �3�
 �) ��

�)/�� }/�� ���3�  �B7�Xl? 	9��29 )�0� �) :�� � 7��

�gh9 ��� L��) 	K�� .7A���  �� IOT 	��) ���-� � ���

	K�� �+) W3� �) �� ��/�49 �33l  ��� �� 7G�  ��

��� ��-�  I>� �) L. �/F���� �?� 7�)6  7� �)�) ��-�

L��) �9/�� �7� �7A. W�� VF� �� �7� �7��-� ���  .7��

Y���8� �7A. L��) �7�  �77D 	K�� )/
 W�� VF� ��� ��

	O�9 ��) ��A9 	?�8 L� (�79*��) � �� ((�+�K���K) )�0

 � �)/�� )�0� ���/���� ��/� L� )/
 L. 7��� �)/��



�739� � ��OAT ����)*  127  
  

 

����� 	
���� ��� ������ ���   ����� ����� ���1� � ������  � ��!1400 

 �B7�Xl? 	9��29�gr�9 77D 	K�� ��  	K�� .7��� (��A9)

L��)  �77� 	K� ��J) ��� �� 7G� � IOT p�/�9 ���-�

L��) �7� �7A. �� L. 	�� �AG9 ��7� W� .	�� �7�  � ��

���8 )/D� 57� L��) I49 �) n3�� ���  ��7� �7A. ���

 �� 7G� � IOT �B7�Xl? 	9��29 77� ���. �� �63?)

.7��� ���  

 w/[
 �) L��HB 1�G?�F9 ����� ���3gr   i�P

 W� L03�� �� �!�* L��29 � �B7�Xl? 	9��29 �� o/6Q9

 57� L� n324 �3gr   	9��29 �� o/6Q9 i�P ��)�AG9

 n324  W� �) L. 	��) LD/  7�� ��B7�Xl?�3gr  

Q9 i�P ��9X���� 	��) 	K�� � o/6 �/9 �� ������ )

�* �� .	�� L�K�B ���T L. �0�3gr   �� S ��9 L� 	��) 	K��

�3gr   	�� �7� ��-3� �B7�Xl? 	9��29 �� o/6Q9 i�P

L� L�/B  �� �� ���� �B7�Xl? 	9��29 1��33l  :�� L.

i�P I��29 �) M6�Q9 o/6Q9 i�P  	��) 	K�� ���

�)/� X3J�� 1����9� ����A�W �/9�*  57� ���9* ���

 �� ���� L.) �B7�Xl? 	9��29 q��� 	���8�3gr   ��9�/ 

 �) �� o/6Q9 i�P 1��33l  L� (	�� �)/� I9�� �) ��

i�P �� ���� )�� 1��33l  �� L��29  	K�� 1����9 ���

�)�) Z3Q-  @/�49�� �	��) � L. 7��L �9 �e� � �� 7�

~7��� 1����9 ���739 	3GT�� 78 �?� L03�� W� IT�

��-� �9 L�>� W� �7A�)  	9��29 ��XK� ���� L. 7���

 L� 	O�� �4F� 	K�� )�0� I9�� ������� = �B7�Xl?

 o/6Q9 i�P I9���gh9.	�� �   

5 - �3�/4 ����  

L�� I>-9 tK� �/eA9 L�  LA39� �) �>�6U W�� ���

/  �g� n324  W� �) �B7�Xl? 	9��29� o/6Q9 i�P ��9

 � M6�Q9	K��  �� 7G� � IOT 	?�8 �) 1����9 	��) ���

��� )�/9 ��� q��� .	K�B ���T ��� �� i�� L�

�9 :7���  

-  )�78 �) ���10  �B7�Xl? 	9��29 �� 7j�)

L�/�� �9 ���. �� 7� L�
�� ���  �?� 7�)

 IT�78 �)�29 �� ��7��� )7� ��X39 ��Af��

W3* p�/  �7� L3j/  L9��  M6�Q9 ���

)42BPN≥(  .	�� ��-3�  

-  �33l  )�) ��-� ���9* LG?�F9 q��� W3Af��

i�P  �o/6Q9 M6�Q9 ����3gr   �� ��/�49

� �?� .)��7� �B7�Xl? 	9��29L  �|XD �63
 �/P

�9 L�/�� L. )/�� �7��-9 ��/   �7� L�
�� ���

�G3OP x363� �� )Si100N S3.�  � (50 -50 

�G3OP x363� � L��>� �3�6. 

)Ca50CSi50N( i�P �+) W3� ��  o/6Q9 ���

�9 �B7�Xl? 	9��29 W��-3� ����) .7A���  

- 1�G?�F9 ���9* ��-�  L� �B7�Xl? 	9��29 L. )�)

� 	�� L����� :9�. 	K�� R/�L L�/B  	K�� L. ��

L��) � W��-3� �-.��3�  	9��29 W���. ���-�

�9 ��-� ��� �� 7G� � IOT �� �B7�Xl?  .7�)  

- � LD/  ��� q��� LL  	9��29 ���� �79* 	�)

�9 ��B7�Xl? A� ��/  L. 	K�B L03�� L�/+

 �� 7G� � IOT 	?�8 �) �� ���� �B7�Xl? 	9��29

	K�� L� 	O�� �-�� �/9�*  �7� �-.��3� ���

�9 ��-� �� )�� 	3���8 7A�) L� L�/B ��  L.

 �� ��7��� )7� ��729 W��-3� �-.��3� 	K��

.	�� ���)  

-  	K���2�  ���7��3×3  	K�� L� 	O�� ����3����

4×4  �� 	K�� ��-3� �.��  L� LD/  �� ����3����

 �B7�Xl? 	9��29 ��>�6U W�� VF� ���

.)��) ��� �� 7G� � IOT ���-3�  

  

MN��   

[1] Islamic Republic of Iran Vice presidency for strategic planning and supervision. (2009). Guideline For 
Design and Construction of Rolled Compacted Concrete Pavements, No. 354, http://tec.mporg.ir. 



128  �>�6U W�� L�� ��Xl? 	9��29 �� 	��) 	K�� � o/6Q9 i�P R�/�� �3gr  �����  

 

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1400 

[2] Harrington, D., Abdo, F., Adaska, W., Hazaree, C. V., Ceylan, H., & Bektas, F. (2010). Guide for roller-
compacted concrete pavements. InTrans Project Reports. 102. https://lib.dr.iastate.edu/intrans_reports/102. 
[3] Heinrichs, K. W., Liu, M. J., Darter, M. I., Carpenter, S. H., & Ioannides, A. M. (1989). Rigid pavement 
analysis and design (No. FHWA-RD-88-068). United States. Federal Highway Administration. 
[4] Kim, S. M., Won, M. C., & Frank McCullough, B. (2002). “Dynamic stress response of concrete pavements 
to moving tandem-axle loads”, Transportation Research Record, 1809(1), 32-41. 
[5] Lu, Q., & Steven, B. (2006). Friction Testing of Pavement Preservation Treatments: Literature Review. UC 
Davis: University of California Pavement Research Center. Retrieved from 
https://escholarship.org/uc/item/3jn462tc 
[6] Zamani Abyaneh, M. R., Mousavi, S. M., Naderi, S., & Javidan, M. M. (2012). “Comparison of concrete and 
asphalt pavements”, 1st National Conference of Concrete in City Kerman, https://civilica.com/doc/164628. 
[7] Nanni, A., Ludwig, D., & Shoenberger, J. (1996). “Roller compacted concrete for highway pavements”, 
Concrete International, 18(5), 33-38. 
[8] Ahammed, M. A., & Tighe, S. L. (2008). “Pavement surface mixture, texture, and skid resistance: A 
factorial analysis”, In Airfield and Highway Pavements: Efficient Pavements Supporting Transportation's 
Future, 370-384. 
[9] Hasan Pour, Sh., & Jannatiyan, M. R. (2016). “Presentation of methods to increase skid resistance and 
flexural strength of roller compacted concrete pavements in road and airport”, International Conference on 
Modern Research Results in Sciences, Engineering & Technology, Mashhad, https://civilica.com/doc/519753. 
[10] Shekarchi Zadeh, M., Chini, M., & Aslanian, Z. (2013). “A review based on the design and characteristics 
of roller compacted concrete pavement”, In 5th National Conference of Concrete, 
https://civilica.com/doc/240855. 
[11] Jofré, C. (2019). “Roller Compacted Concrete: Making Concrete Pavements Available to the Whole 
Pavement Building Industry”, European Concrete Paving Association (EUPAVE), 16. 
[12] Khayat, K. H., & Farzadnia, N. (2020). Field Implementation of Compacted Concrete Pavement (No. cmr 
20-004). Missouri. Department of Transportation. Construction and Materials Division. 
[13] Niknam, A. R. (2014). “The application of roller compacted concrete pavement in road construction”, 
Cement Technology Magazine, No. 77, 57-64. 
[14] Rasmussen, R. O., Wiegand, P. D., Fick, G. J., & Harrington, D. S. (2012). How to reduce tire-pavement 
noise: better practices for constructing and texturing concrete pavement surfaces. No. DTFH61-06-H-00011 
Work Plan 7; TPF-5 (139). United States. Federal Highway Administration. 
[15] Zollinger, D. (2016). Roller-Compacted Concrete Pavement, FHWA-HIF-16-003. 1200 New Jersey 
Avenue, SE Washington, DC, United States, 20590. 
[16] Ameri, M., Afandizade, Sh., & Mirabi Moghadam, M. H. (2008). “Investigating the methods of measuring 
the skid resistance of the road surface and how to evaluate it at the road”, 4th National Congress on Civil 
Engineering, https://civilica.com/doc/37699. 
[17] Taylor, P. C., & Voigt, G. F. (2007). Integrated materials and construction practices for concrete 
pavement: A state-of-the-practice manual (No. FHWA HIF-07-004). United States. Federal Highway 
Administration. Office of Pavement Technology. 
[18] Gonzalez, M. (2014). Nanotechnology Applied in the Design of the Next Generation of Canadian Concrete 
Pavement Surfaces. UWSpace. http://hdl.handle.net/10012/8944. 
[19] Dumitru, I., Song, T., Bornstein, B., & Sirivivatnanon, V. (2015). “Constraints in Using Manufactured 
Sands in Concrete Pavements in Australia”, Journal of Civil Engineering and Architecture, 9, 1318-1324. 
[20] Samani, S. G., Senior, S., & MacDonald, C. A. (2016). “Development of a Mortar Abrasion Test for Fine 
Aggregates and Wear Resistance of Concrete Pavements-Paper”, In TAC 2016: Efficient Transportation-
Managing the Demand-2016 Conference and Exhibition of the Transportation Association of Canada. 
[21] Papenfus, N. (2003). “Applying concrete technology to abrasion resistance”, In Proceedings of the 7th 
International Conference on Concrete Block Paving, Sun City, South Africa. 
[22] Frolova, O., & Salaiová, B. (2017). “Analysis of road cover roughness on control road section with crumb 
tire rubber”, Procedia engineering, 190, 589-596. 
[23] Tavakoli, D., Dehkordi, R. S., Divandari, H., & de Brito, J. (2020). “Properties of roller-compacted 
concrete pavement containing waste aggregates and nano SiO2”, Construction and Building Materials, 249, 
118747. 
[24] Komaragiri, S., Amirkhanian, A., & Bhasin, A. (2020). “Friction and Texture Retention of Concrete 
Pavements”, Transportation Research Record, 2674(6), 457-465. 
[25] Hall, J. W., Smith, K. L., & Littleton, P. C. (2009). Texturing of concrete pavements (Vol. 634). 
Transportation Research Board. 
[26] ASTM C136/C136M-14. (2014). Standard test method for sieve analysis of fine and coarse aggregates. 
Annual Book of ASTM Standards. 



�739� � ��OAT ����)*  129  
  

 

����� 	
���� ��� ������ ���   ����� ����� ���1� � ������  � ��!1400 

[27] Test, C. C., Content, A., Rooms, M., & Concrete, P. (2002). ASTM C 192M-02. Standard Practice for 
Making and Curing Concrete Test Specimens in the. Concrete, 4, 1-8. 
[28] Qian, Z. D., Liu, Y., Liu, C. B., & Zheng, D. (2016). “Design and skid resistance evaluation of skeleton-
dense epoxy asphalt mixture for steel bridge deck pavement”, Construction and Building Materials, 114, 851-
863. 
[29] Zaetang, Y., Sata, V., Wongsa, A., & Chindaprasirt, P. (2016). “Properties of pervious concrete containing 
recycled concrete block aggregate and recycled concrete aggregate”, Construction and Building Materials, 111, 
15-21. 
[30] Pyo, S., Abate, S. Y., & Kim, H. K. (2018). “Abrasion resistance of ultra high performance concrete 
incorporating coarser aggregate”, Construction and Building Materials, 165, 11-16. 
[31] Abdel-Hafez, A. E., Hussein, A. A., & Bruneau, S. (2021). “Evaluating the ASTM C944 Rotating Cutters 
Method for Determining the Abrasion Resistance of Concrete”, Journal of Testing and Evaluation, 49(6). 



 



�����     ���	
���� ������ ��� ����� ����� ��� �1 ������  � ��!� �1400 )131-151(  
  

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1400 

  

  

�� �����	�
�  

 ))�*+!, �*-)).��/� ����))+0 � �

��1.��/ ���*���,.���� ���3��� �  

	�� ����-4�56 : 
arch3d.ir@gmail.com 

��� ����������  

�*-.��/ ������ ��1.��/  ��8+9

.���� �:��� �:��� �����5�;�  

	�� ����-4�56:  
smr.hasani@stu.nit.ac.ir 

  

  

2  

1 - �����  

:9�< =��*, � >�*+��, ?4@4� �� ���  � ?��AB

�,�C >�84�D,��1.� 3E  �53� �C5F A�� ���� �/;� ��� 

G�� �� ?H I3�,C J���5G ?,�� ��� *K�� <��L�  ��M� �

*�� �� 	E  �� *������ 4���<� ?4@4� �� :9�<�  N5* 

,� *++H ]1-6[�� .* ���� ?H /;� ?M;  ��� G�� I3�, 

                                                 
 * ;��*+� �;Q�,  

 	0��/ :R�� 23/06/1400 ��1���� �26/07/1400 V�A� �02/08/1400. 

( ���5X/ ?��+� DOI): 10.22091/cer.2021.7364.1296 

�/��  ��!M ����� �/J����� C5G ?,�� ��� *K��  �

C ?Y��� �� :ZK5G ?,�� ��� ���4 �� *M* �*� [�*<� *��.  ?�

/ >��Z���1 !�  � >���\,5>�* ���4 ��  �/ /;M;,

C5G ?,�� ��� *M* <��L �/� ���� ��� +��� *K��  �/

	�� �*.� ?�0�B �]�.  ID� /;Z!� � �\ �� �;]+, ?�

��� /�-3��� ��� *K��  ��]��� /�;, /�-3�� ID� ?�

C5G ?,�� ��� *M�* 8  	�^� ?3�� �/55G  � _8` a�\�

��4 ���0�� �� / ?3�� �/ � ������1 � >�;9 �/5��  ?�

b��\, ���� a�\�  ?Y��� �_8`6 ��� b��\, :< ���� 

c�\,� ���`� ,� � �� .*���B�� ��� 6 ��� :< 

b��\, ���� , F��+,�  ��; ?� 3��K5	 ��d  ���M� ���C �

���� ���	 
�� ���� ��	 FRP ��	 � ���������� �����  

���-  �������  !"#  

  
�C5F  A��� ���4 ���0� �  �� �� F��+,  >e�f �5� - �;�� �/ ���� ��� +��� �� ?H J���

C5G ?,�� ��� ���4 >�]<g, ��*� � ?��AB �� <��L� �*�  �*�� ?� ?M;  �����h  �� :9�<

�,�C��1. ?4@4� � ��� ���� /�-3�� ID� /;Z!� � �\ �� �;]+, ?� .	�� �*� >�Zi� ?��AB ��� 

*K�� � ?�ID C ��]��� /�;, /�-3��5G ?,�� ��� *M�* 	�^� ?3�� �/� 8 55G  � _8` a�\�

���4 ���0� �� / ?3�� �/ � ������1 � >�;9 �/5�� b��\, ?� ����  ?Y��� �_8` a�\�6 ���  :<

b��\, ���� c�\,� ���`� ,� *����� .  �G �� � �/G \E 5�j iN 5� 4� �� �/�����5k� ;\ 	 �*� 

3�5��� �/ b��\, ���� ��� /�;, ;c� ID� �/ >e�f ���� ���� �� , ���K� B5/�� �/ .G  �?4�\,

4*,� 3E 53� Z� �;]+, ?�5? ���� l ���0�5D
�� b��\, >e�f � ���� m�� �� �*� ��� FRP 

�� �*� ?Y���l ���0� ��;HA, �*, �/ .	5�D
� �;E, �+0 �/ �� �/����� �� >e�f � ?��� �/� 

Z� n�;,5? ���� ,� /;�9;f
 .5>� ��� - 55o :-�� ]�5� ���+0 �/� �;E,� 8�� �  ?D��� ��

39� �+ � ..H�- o 55:-�� ���� , ��f � ?��� �/� *���� �� .G ��� ����-, J���5�� 

���0�� ���� �� � >e�f ���� �� �/�h �,�C��1.�� 39� �+  p����� ..H�- o 55:-�� ���� 

����  >e�f �G�� I3�, ����!, ��� ���; �,�C _3�^,� 4;L�  5� �\, .	�� �*� ?Y���?� ���h 

/*� �*, �� :9�<� ��� �h �,�C �� �*� V��@B�>�. 3��K5	 � �*,5/�!+.� � �/5� �5+� 

l ���0�5D
�� b��\, >e�f � ���� m�� �� �*� ��� FRP  �� N5* 	�� �/�H.  

����� 	� !�":   G�� >e�f � I3�,m�� � ��� FRP3E  � )5: l5� )D
��  b��)\,  ��)��  ���)4 ��� 

Z�5? ����.  

�$�� %�&' (��)*  

))�*+!, �*-)).��/� ����))+0 � �

��1.��/ ���*���,.���� ���3��� �  

:65����-4� 	��  
m.nematzadeh@umz.ac.ir 

��� $+�,��  

))�*+!, �*-)).��/� ����))+0 � �

��1.��/ ���*���,.���� ���3��� �  

 :65����-4� 	��  
cnabhrlu@gmail.com 



132  Z�5? ���� m�� >��i� ��� FRP ��� l ���0�5�D
�   >e�f �5� - G�� �;�� I3�,  

 

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1400 

�H @�?+  /;Z!� �;]+, ?� �C �/;� �iq, � �- � :��K � �/;�

�\, ;c� ���0�� �� ./;�� ����� �*� b�G ��� � �/G 

\E 5�j iN 5� 4� �� �/�����5k� ;\ 	 3� �*�5���  �/

b��\, ���� ;c� ID� �/ >e�f �� ��� /�;,��� ���� �� 

, ���K� B5/�  .  

���� �;]+, ?��  ���� r�ZK�8�, � >e�f � ���0�

 �*� b��\, ��1
3FRP8  �55G 9;f
5>� l5D
�� �G 

��` >e�f ��� ,� � .*���G �L �� k*�j  V�� ?�

��� �� �/����� ��� V�� ./;� *��;
 J���/ :��Kh 

�,�C>�. �� ?�0�B >�;9� , �*� b��\, >e�f ��  .*���

� ?s�B�G K/ V��5j ��K �: , /������  ?D\� �� �,� *���

+t�� � ��,� �d��+, u�f�
� �]�5G � /�*8 /�  >e�f �

l rg,�H ���� �/5�H/����� 	�� �� �/����� b�/ V�� .

b�� ����@0�� �@M�� /�*E, ,� � 	K/ .*���G  rg,�H V��

+-  ?� ?�����56 �*, ���� 	�� ��� ?H� �*+!, �vH�5G 

��5�* , ID� ?�Z��+� +-  ��56 �*, ����  ��;�/

,� +t�� .*���5�G �G  �Z��E, ��,� �]� ?D\� �� V��� 

� /�*8  �/� ��� �/ >e�f �l �5�/����H� 	�� V�� .

�*, �� �/����� b;� ��� 3E 53� /*� �� ,� *���� .G 

/����H V��� � G ��� V��� ��/5��� 9;f
 ?�5>� 

�� �*� b��\, >e�f � FRP �/;� ��� ?H� �*+!, �vH�5G 

�/ .	�� �/����� :��K �G \E 5j 4*,� 3E 53� ���� 

�5� �5+�  �� �*� b��\, >e�f � ���0�FRP +t�� �5G 

8 55G 9;f
5>� l5D
�� <�;��  �� �*� b��\,FRP 

, ?Y����  /����H :��K ���� � ;c� w;D� �/ ?H /;�

,� .*���  

���G ����-�� ��  e�f �� +��� 0�H�� ��!, ��� 

4;L �; �,�C�  5� ��� �; �,�C ��*� ��  �� ��f � ?��� �/

�,�C� ��� .*�/�Hh �,�C �� :9�<�� iN 5� m�� ��� 

FRP ��� �@0�� �^� �	,��\,� x��� nAM �� 

4��+H ?�;�� ?� 	Z�� �*� b��\, >e�f �� N  ��5* 
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1- Fiber Reinforced Polymer  

,� +H* ]6[1H� .5��; ��y,�� �5G42 M��
 >e�f ��  ��!, ��

���; �,�C�  5� �
 >�;9 ?� 180  	�-� *, �� ?M�/

���� m�� p�;  �� ?��� �/ ��� FRP b��\, ���� 

��� .*�/�Hh  �*��.,3��K �*�5	 m�� ��� FRP  �/

���
 ��\���� �!��� ?� ��f � ?��� ��� m�� ��� FRP  5� 

N  ��5* ,� *++H ]7[0;��, .� gL � /���� �ZL� 4*,� 

�@M�� ��� /�*E,� 3E 5: l5�D
� G�� >e�f �  ?,�C

;\ 	 e �� �*�? ��� FRP .*�/�H ?Y��� ���.  �*, �/

��!, V@o4 >��i� /;
� �135,/e;0 ���/� <�� �/5? 

� �� ��f �5@ �0�B �]� �/� ? ���� N 5*  �/;
 �*, 	E9

���h  �� �� �C6 �,�C ��H��1.� �\,?� *�/�H ]8[. 

*�E,� �< � �/��5G �/��� 3E 53� /*�� �� ���  >e�f �

M��
�  5�-  �;��G�� I3�, ;\ 	 �*�   �� �/����� ��

FRP ����� �i� 	E � ?
�s �� � ����� �� � *�/�/ b�X�h 

�,�C��1.�  @5��\,?� � �/ .*�/;��G ?84�D,� 3E 5: 

/*�� �� ��� 11   >e�f � ?�;��5�- � �;��5����  ��*�

;\ 	 ;\  �	  �� �*�FRP ��C �� �� ��� ;\ �� 

��AB��� �i� 	E  >����,� ?
�s ��  .	�� ?�0�B >�;9

���� /�;, >��;`;,� � �vH�*< :,��5��� �^�� 4��5?  �

x��� =g!���� ��� .	�� �/;�h 3E  �� :9�<5: /*�� 

� �/G ��� *+���� ?84�D,h �,�C��1.� /�/ ��.�  ?H

;\ 	  >e�f �G�� I3�, M��
 ��;� p�; � FRP 

6 ��� ��� F��+, :<� �@0�� x��� =g!��� �	,��\,� 

9;f
 �5>� �^�� �G ����� �i� 	E  >e�f �� ���4 �� 

�	� ]9[. ���1.���� �,�C.� ���� �����  /�-3��

���4 �� !�5?+ V�� �/ ��� ;\ 	   >e�f �5�  �;�� �

G�� ���� �� I3�,� � �/ .*�/;��G �,�C��  ��f � �/

 5�- +�� �;��� \, �/ I3�,5J� 6  	E  �b;�

��AB���� ?
�s �� �;E, ��� � J;-8,� ��� 	��i� 

Z�5? ���� 	0�B ���K ?4@4�.  ���G /�*8  �4  �� ?�;��

� {�;�� �� >e�f �5��� ��� FRP ;\ 	 *��  �2  ?�;��

�5@ 8, ��;+� ?�5�� �C �� |� .*�*� �/�����5F /B*� �5@ 

                                                 
4

2- Akguzel and Pampanin 
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4  �� ?�;��FRP �8 5� �,�C �����/ �� ��� .*�*�h 

�,�C� m�� �� �/����� ?H /�/ ��.� ��� FH�,5

3 

:-� A���  =g!��� �x���� e�f �> �*� 	;\   �  ��

� *</�� , /;Z!�� *.^� ]10[. ���1/ ��\\E, 

\E 5 �\� �� �� ��� ���H� �;y,�H	 ��� FRP M��
� 

���
 	4�< ���+H � ���� /�-3�� /;Z!� �/�  ��f � �/

 5�-  �;��G�� I3�, ��*9�/ ��� �3�^,�  ���+  ��� 

�51��;� �5G 3E  >�;9 ?� � *9 �  ��95: l5D
��  �

��@M� V�� ?� ��� � *�/�/ b�X�� /�*E,h � �*� :9�<� 

��� ��h �,�C��1.� ���� /�-3�� .*�/�/ 	\��D, �� �� �]� 

>e�< ����
� �; d :-� ��.H ��+  A����  kg �

x���� �^� �� ����� /�B*��� .h /�/ ��.�  V�� ?H

FRP �/����� /�;,� ,� ���4 /�-3�� *��;  ��  �� >e�f �

 �/���p 8` �;��5_   ��5� ;K� o  ��55�  ?� �C ���0�

:-� 	4�< A��� � e;4 ?3�M ��� .�
�  5�� �@0�� 

*�/ ]11[ .�5*+,��� ����-�� � iN 5� b��\, ���� 

+�� >e�f �� m�� �� �/����� �� ��� FRP �� ���  /�-3��

���4 �� n�K ��� +��� ���� 	E �  ?� �!�C .*�/�/ ���K

��/ �;]+,5��� e /�*8  ?�? ��� FRP � /�;,5�� ���� 

:f�, ��\��� ��g�56 +t�� �5G 9;f
5>� l5�
D� 

 �  ?� ��*� b��\, ��f �5F �@M� �*, ��� /�*E,�  �

����/;�� kg�
�� �1+4- / �� *8� � :ZK >e�f � ����

b��\, ���� �L �� ?Hj �@M� �*,� /�*E,� 8 55G  �*�

 .*�/�H �/����� �/;�+t��G5 4 �� �/����� ��56+ ��� 

l5D
��� ����/;�� kg�
�� �1+4- ����/ >e�f � :ZK � 

*8� �� b��\, ���� b�� ?�  ��@0�SAP2000� ��  �����

��� .*�/�Hh ���. ���4 /�-3�� ID� /;Z!� �*+�/ ��  n�K

;\ 	 4��+H n�K ?� 	Z�� �*�� ,� � *��� iN 5� �G 

b��\, V�� ���� :-� /;Z!� �/ A��� �` �F  ���0�

� n�K5@ N 5* ,� /;� ]12  �13[. 

                                                 
5

3- Glass-Carbon 

� �/G 4*, �?4�\,� 3E 53� Z� �;]+, ?�5? ���� 

l ���0�5�D
� b��\, >e�f � ���� m�� �� �*� ��� FRP 

l ���0� ��;HA, �*, �/ .	�� �*� ?Y���5�D
�  ?��� �/

�;E, �+0 �/ �� �/����� �� >e�f �� n�;,� Z�5? ���� 

,� //�B. 9;f
5>� ���- 55o :-�� ]�5� �+0 �/��� 

�;E,� 8�� � 39� �+  ?D��� ��� ..H� - 55o :-�� 

���� ,� � �� .*���G  ���J����� ��-,5�� ���0�� 

��� �� �/����� �� � >e�f �h �,�C��1.�� D����� ���� 

�f � >eG�� I3�, b��\, �� *8� � :ZK ���� m�� �� ��� 

FRP � .	�� �*� ?Y���+t�5�G ���4 /�-3�� �� n�K ��� 

G�� I3�, *� b��\,�  ��FRP ����� 	�� �*/�B.  

2- - .�/-� .���
– 	�0�  

 �/:-� 1l �*, �5�D
�   ��f �5� - �;�� 

b��\, ���� m�� �� �*� ��� FRP  ?HJ����� ��/�- 

 :9��,��g�56 ��B�? ,�  �/�/ ��.� �*���	�� �*� .

, ?]<g, ?H �;D����� /�B �/  �/5��;�� � ��  �+0 �/ ���

.
�s� Z� �;]+, ?�5? ���� l ���0�5�D
� <�;�� 

b��\, ����  �*.� � �*�Z 5?8 .	�� �*�  

  
 :-�1 - � �*,5/�!+.� Z� �;]+, ?�5? ���� l ���0�5�D
� 

 �� �*� b��\, >e�f �FRP .  

J����� �� �*,�� ����-�� � �0�  ��f � ?��� �/

�5@ �;E, �+0 �/� +, ?�Z� �;]5? ���� ��� ���0��  �

��-,5�� �51��;� - V@o4 ����; �,�C 4;L�  5� 

	�� �*� �/�/ u�f�
� ]14[?� . 3E  b�X�� �;]+,5: 

l5�D
�� 8 55G 9;f
5>� �1+4 ?D��� - ����/ � ���- 
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55o ��+0 ��-,��� ���` �;HA,� ,� �1+4 ?D��� .*���- 

����/ �/ ����+0 .
�s�  5� �;�� � �L �� ��j 3E 5: 

�1+4- �+E�� :��K ?Z��E, 	�� �^� �/ ?H 5 �. I 

,� ./;�  

���� +0���� �;E,�  ?D��� ���f � ?��� �/ n�;,

�;E, ���� o  � n�;,55�]� :-�5�  �CJ�����  �*,

���� ����-�� � �0 � >�;9 ?�� , ?Z��E, :��K� *��� 

]14[:   
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2
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Vc  �Vb ?� �5  � �;�� ���� ���5� F5 � � α  	Z��

 � �;�� {�� �� ?� �5  {�� ��γ :-��55o   ?��� �/ ����

�, ��f � ��,���� ��� .*+��� :-� �/ ��1�  �*� _�8 

	��. J����� ��5� �/�8  �/ �M��
 � �3
�/ ��� ��f �

�5 - ���5� ��;�� >�;9 ?� �;�� � �5  ����  p���� ��

, ?Z��E, :��K� :*���  

)3(  ( )
b

b jh
b b
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L

β ξ
ξ β

=
−  

)4(  
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c

L h
V V
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:�C �/ ?H  

)5(  ,
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b
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h
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)6(  
0.5

c b

b c

L L

L h
ξ =

+  

�p���� G� �/ hc ;�� dD\, j���� Lb ��5  ���4� �;L 

Lc ��;�� ���4� �;L Mb,i � �� �/ �1+4� ��f  Vb  ���5�

�, �5  ���4� �/ ����  ��,���� .*+���βb  �+E+, F5�

�1+4-�5  �..H ���5�  ��f � �� �/ (�5  �1+4 ����)

�,  �� �/����� �� ?H *����1+4 @54��C-\, �+E��dD  *��� ��

 ���, G558  //�B: 

1- �1+4 ?Z��E, - β ) �5 �1+4 *��� ?��.,- (�+E��  

2-  ���*\, }�0�� �����1+4 ��  ��5 βi  

3-  ������ ��β=βi  ��5  �1+4Mi �J�����  b�B1  :��K

�, G558  .*���  

4-  ?Z��E,��5  �/�8, �1+4  Mb>�;9 ?� :�� ?D���  

)7(  b
b b b jh

b

M V L V
β ξ

ξ β
= × =

−
 

5-  �/� �;9 H? b�B �/ �*� G558  ����1+4  ���

?�  ���!s  �/����� �� �*+��� 6/@�βi 

 ��f � >�59;f
�E, :��K�, ?Z� .*���  �5l �/

G� ��*\, �>�;9 ���� ���� �**M�  �/ �5  �1+4

 b�B�/  }�0�, �/;�  �4*, ?Y��� 	!M ?� �,�

5B;3M � �/����H G558  �/ ���-  *��� �� ��

��*\, βi ������ G� �/� �� ����� 0.9d  �0.85d 

�b��\, �� *8� � :ZK >e�f � ���  �� ����FRP 

	�� �*� }�0 r�Z�\  ?H ���� �� ������ �1+4  �5 

�, �5  �53�  �1+4 �� j��D,  ?�-� G� ?� .*���

, :K�*< e;�8, �?D\� G� �/ ?H /;� ?M;  ��*\

�, ~� �1+4 ����� �, ?H *�/  	,��\, *��; 

 	!M �/ �X��� �;� ?� �� �*, �� :9�<

 .*�/ m;� ��+5�L�  

 ������4�< ?H m��  ���FRP 4;L >�;9 ?� �� �

+��� �*� �/����� �5  ��� � �*� /�X� �..H ���5� �*

m�� G� ���4 ���AB��� G5< �/ ��  ��J�����  ��*\,

�� � �;�� �^� ��^� �5�\  �c�� G� ��5, ��f � ?�

�, ?X5�� �/ ./;��  ?� ��f � �� �/ �5  �1+4 ��5, 	Z��

�..H ���5� �, ��@0� ��f � ?��� ?� �4����  ?H *��

 ?� ?84�D, G� �/ �Z�\  �;L0.95d .	�� �*� }�0  

3 - &-��2  %�"���
+�� .�/-� 

) ?D��� �� j��D,3G558  �;]+, ?� �(  >�59;f


�+0 ?� �\0� ���� 	,��\, ���f � ?��� �/ ��;E, ���

���� *�� �/��� ��,���� ��;+� ./;� �J����� >�84�D, � ��

�X�C,���� �� ��;E, �+  ?H�/ ����` �����  ���0�

�, >e�f � G� �� �*���  ������ G� �/ ���J����� 

���;, ���/ ��;Q  Vjh  �+  ID� �� �8��  ��;+� ?�



8����� �;4��!� ��/�� 	� �+�< � �0  135  
  

 

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1400  

?��� ��� ��;E, �� >�;9 ?� ��f � G558  	�� �*� 

]15 - 18[:  

)8(  ,
,

1 v
jh t tot j c

t tot

f
V p b h

p

 
= + 
 
   

 ��C �/ ?Hfv ?��� ?� /��� ��;E, �+  ���f � Pt,t  �+ 

/ �..H �39� ���� ��;E, �+  	3� ?� ��f � ?��� �

 ������� �+  � �;�� ��;E, ���5� vjh ��,  .*���

J�����  h�����\\E,��� ��f � �i;, }�� � G51��5, �� ��

�, �5  � �;�� }�� ;� ?�0�B �]� �/ *��; / ]19[.  

3 -1- �33� ��4� 5- �� 20+ 6$�  

��@5, ��^� G� �/  �39� �+  �/ G�� �!�

�/ �..H  .*� *��;
 G558  ��f � ?���J����� 

p�;  ?�0�B >�;9 >�84�D, G5\\E, �
�� �Pt,t  �;L ?�

?]<g, :��K  ?� ?����� �� �..H ����; �,�C ��!, {;�

 �5 �, *��� ]14-18  �20-23[�/ .  �j5\E  G�J����� 

1�� ��� �;5��B� :53E  �*� ����0 �/�/ ��?� ?M;  �� 

?�;��  ���1.�,�C ��� �/ ���� 	�-� *, �� ��f �

 ���f � ?��� ?5<��pt,c  :	�� �*� /�!+.5� �� >�;9 ?�  

)9(  
'c

tc
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X f
p

λ
=

 
:�C �/ ?H  

)10(  bX aω=  

)11(  

2 3 4

1
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'

1
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= × × ×     −     

   
+ ×    
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c

c c b
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b yb
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�@5� ?D��� G� �/ c'  ��;�� dD\, ��;� �1��5�Lj  �1��5�

 �;0*, ���!, �;L?5<�� �/ �*� ?���  ���f �fyb 

��.�  � �5  �4;L ����; �,�C �53�  �+  �*+�/ρb  @5�

�, �5  �4;L �; �,�C 	Z�� �1��5�  �5�\  �� ?H *���

����; �,�C 	<��,  :9�< dD\, 	<��, �� �5  �..H

�, ./;�   

 ��*M �/1 �;5��B� :53E  �� :9�< F��` �

	�� �*� �/�/ ��.�. � ?� b�e	�� �H�  F�`λsetup 

  �1��5�N�+  ��� ��,�C {;� �5i  :9�< �..H �39�

�, ��1.�,�C �� �5l �;L ?� ?H *���*\, �� �5\��, V�� ��

�*� G558  ���1.�,�C �5   	��.  

 ��*M1- ��`F 3E  �� :9�<5: ��B�5�;  

��!, {;� a  b  P1 P2 P3  P4 P5  P6  

90 :
�/ ?� ?M�/  069/1  060/1  073/0  ��9 719/0-  189/0-  444/1  354/0  

90 ���
 ?� ?M�/  28/13 330/2  725/0- ��9 075/0- ��9 750/1- 435/0- 

180 ?M�/  413/1 549/2 ��9 ��9 478/0- ��9 955/0- 151/0 

�5\��, ��!,  957/4 907/5 ��9 486/0 614/0- ��9 469/0- ��9 

  

�G5+t��  F�`λsetup   �1��5�N ��,�C {;� �5i

39� �+  ��� �� :9�< �..H ��, ��1.�,�C  ?H *���

�5l �;L ?�*\, �� �5\��, G558  ���1.�,�C �5  V�� ��

�*� 	�� .�5  >e�f � -  �;��G�� I3�,  �/ ?� e;�8,

�, ��,�C >�;9 *�;�>e�f � : �5 -  {;� �;��6  ��

 ��!��� �/ �/) �5  ���4� ��!��� �/ @H���, ����

���; �� ?5<�� ?� :f�, �����B ?5-  �?�  �/ �3f�, ���

�, ?�0�B �]� �5  >e�f � � (/;�-  {;� �;���/  ���� ��

 ?� :f�, G5�� �;�� ��!���) �;�� ��!��� �/ @H���,

5  ��!��� � ?��� ?5<�� ?�0�B �]� �/ �3f�, >�;9 ?� �

�,  .(/;�  

?84�D, �� j��D, /�*E, ��@M� 0�B >�;9?� �

�5l >�59;f
�5  ��f � �D
- �;� {;� �� �8��  �

�5  ��f � ��,�C - �, �;��  .*���G����+�  ���� h���

�5  >e�f �-  {;� �;��6 �18/1  ��f � ������5  - 

�;��  �/ {;��, *��� ]23[�� . G�  ������ G� �/ ���
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�5  >e�f � h��� -  {;� �;���/  �39� �+  b�  �/

 �� ����� �Z�` �� �..H18/1 ��� ?� :*Z  >e�f � h

�5 - �*� 6 {;� �;�� 	�� �H� ?� b�e .*��  ?X5�� ?H

pt,max ) ?D��� �� :9�<9 ���� ID� �/ �/����� k*� �� �(

 j��D  :54/ ?�:-��55o   >e�f � �� ���� ID� �/ ��f �

 {;� ���1.�,�C�/ F�` �� *�� λsetup  �� �����18/1 

./;� �5�\  :-� 2 	53��K ?��\, ?� �- � �*, ?� �

�*, ��� � �/�!+.5�  �+  �vH�*< b�  �/ �� �39�

�, �\0� ���� 	,��\, � �..H ./��/��  

��*\, IoA �, ��;E, ���5� �
�� ����� ?H *��� 

 ��(Ag×f'c)/N �, *����, �*��., ?H �;D���� .  �/;�

�� �*, �/ �>��55o  F�` � G51��5, �/�\, J���

:ZK ��f � �/�!+.5� b��\, ��  ��� ?� 	Z�� ����

�*, � 	,��\, � �..H �39� �+  ��� �/ G�� �\0� ���

��f � ?���� j5K/ 	
�;+- � �   ?H �	�� �*� G558  � 

 N*5�, �;HA, �*, ?� �- � 	53��K �*++H .*��� 

  

 �39� �+  	K/ ����� (_4�)�..H  

    

n) ��f � ?��� �/ G�� �\0� ���� 	,��\, 	K/ ����� (  

 :-�2 - �\,?� 3��K ID�5	 � �*, ?� �- �5/�!+.� �� �� �*, ��  

3 -2-  6$�FRP �4� 5- ��� 33��  

3-2-1- 7�" 
�89-  ��:FRP .�/-� %�"��� �"� 

��^� G� �/  �4*, �/�!+.5�:-� j��D, 3  ?�

 >��i� G�0�B �]� �/ 	!MFRP  >e�f � 	50�� ���

�5 -  �;��G�� I3�,  ?Y��� �*� b��\,�, //�B . G� �/

�*, 	!M }�0 G*+s ������  >e�f � ��5��-, ����

 �� �*� b��\,FRP :	�� �*� ?�0�B �]� �/  

1- 9� �+  /�-�� ?84�D, �� j��D, �..H �3

�3����6

4�  �8K�� ���0� ?� 6/@� ��5�� ����0�

�, �� I3�, �+�� >e�f � *�/ ?Y��� *��;  ]15[.  

2- ��;Q  J����� ��*5,  ������.0m�� �  ���

b��\, 	;\  k�54� �4;L ����  �� ���53� �*�

?��� ����� �� �� βi  �� �(�5 ) �\0� �;E, ?� 	Z��

�, �..H ���5� :�E   ��*\, �/ ��!� *+��; 

                                                 
6

4- Priestley  
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*+��� ?���/ ��f � ?��� �..H �39� �+  

]24[.  

3- ?��� �/ =�  ?��� ������ G� �/  ����� ��f �

�� atan( )θ = b ch h  .	�� �*� ?�0�B �]� �/

 �� ����� �..H �39� �+  ?��� G����+�θ -90 

, }�0� .//�B  

4- ���H G5+t�� �+  � �� �/ �� �/ �4;L ��� 

 	
�;+- :-� ?� ��f � ?��� ?5<�� �/ 	!M

�, d�;  ./;� 	�!� �/� �/�� ��  ��c0 ����

Q�,m�� �!� ��;HA, >�5`�0 6�H ?� ?3  ���

 k�54�	;\   �..H �39� �+  �/ ���53� �*�

 ./;� *��;
 G558  :��KJ�����  >�84�D,

b�!3�;�7

5 � ;5H;4/8

6 ����-�� ��+  �  �39�

 �!� �..HFRP  ���f � ?��� ��� �*� Ff�

� _�8  :��K �� >�;9 ?�, *��� ]25  �26[:  

)12( 
, ,

2 2

f eq f f e
tf

j c b

A E
p

b h h

ε
=

+ 

:�C �/ ?H 

( ), , sinf e f i iA A θ β= + )13(  

) ?D���13 ��9) �5  	!M �/ m�� k�54� ���� �(

 � (?M�/) �;�� 	!M �/90 �, ����� (?M�/ :�� *���  

, sin 0θ β= = o

f e s l f bA n n t h
  

)14(  

, cos 0θ β= = o

f e s l f cA n n t h )15( 

m�� ���� �/ k�54� �� ���?�!M  ��9) �5  	!M �/)

) �;�� 	!M �/ � (?M�/90 ?M�/��!s � ((?�!M  �/)

 	!M45  	!M �/ � (?M�/ ��9) �5  	!M �/ �?M�/

�) �;�90 m�� �/�8, 	<��, �((?M�/ 	;\  k�54� ��� 

 G558  �� >�;9 ?� ���53� �*��,  /;�]26[:  

Z�0��/ ���?�!M:  

                                                 
7

5- Bousselham  
8

6- Del Vecchio 

)16( ( )2
, cos 1 tanf e s l f cA n n t h θ θ= + 

�Z�0��!s ���?�!M:  

)17( ( )2
, cos 1 tan 2tanf e s l f cA n n t h θ θ θ= + + 

e�f � �� ?H � 	;\  k�54� _3�^, >�!M  �*�

�53�b��\, �� �*� ���� m�� �!� �*�� ��� �, ?� *��; 

�Z�0 d�;  {;�X, :-� ?Z��E, ��/;� ]25[ .�/  ?X5��

 ?D��� �/����� ��)17(�  �!�FRP  �39� �..H �+  �/

�*� G558   �..H �39� �+  ?� �C �/;�� ?0�`� �� �

 �/ �..H �39� �+  �vH�*< �G�� �!� ?��� ?5<��

�, ?Z��E, :��K ��f � ) ?D��� p�;  r�ZK�8�, � *���8 (

 *��;
 ��f � ?��� �/ �\0� ���� 	,��\, ?� :*Z  :��K

./;�  

 
 :-�3 - 3E  �*,53� b��\, ��f � ���� � �*�5/�!+.�  ?�

 ��� >�;956  

3-2-2 - &-��2 7�" �� 
8;� 5'
� �:� FRP 

m�� �iq, ���H ?Z��E, ���� �4;L ���  k�54�

	;\  �/�/ ��1�� ����53� �*�  >e�f � ?�;�� :,�� ��

�5 - b��\, ���1.�,�C I3�, �+�� �;��  �� �*� ����

m�� 	;\  k�54� ��� d�M ���53� �*�  �/ ?H �*� ���C

 ��*M2� ?�;�� ����
 *, .	�� ?]<g, :��K  ���

 � ��f � ?��� ?5<�� �/ 	�-� :-� ?� �*� ��,�C

 ?� 	�-� k�54� G5� �B*��*M �**� /�*
� :54/

 ���53� �*� 	;\ �, G�� � .*���  
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 ��*M2- ���h ?�;�� �� :9�<  ��� �,�C��1.� b��\, >e�f � ����  �� �*�FRP  
Joint Lable f 'c rN Vb

exp vjh
exp ptf

exp ef,e
exp 

]27[  

T_FL1 5/13  20/0  3/73  28/2  30/0  0040/0  

T_FL1 5/13  20/0  5/62  95/1  21/0  0028/0  

T_FS1 7/17  20/0  0/106  30/3  93/0  0123/0  

T_FS1 7/17  20/0  4/85  66/2  58/0  0076/0  

T_FS2 4/16  20/0  3/123  84/3  51/1  0099/0  

T_FS2 4/16  20/0  6/94  95/2  90/0  0059/0  

]28[  
T_FRP 8/14  20/0  5/100  13/3  97/0  0127/0  

T_FRP 8/14  20/0  6/77  42/2  53/0  0070/0  

]29[ T-S1RR 9/31  19/0  0/143  40/5  87/0  0035/0  

]30[  
T-R1 5/43  14/0  0/110  16/4  73/0  0045/0  

T-R2 5/39  15/0  5/114  33/4  98/0  0042/0  

]31[  

4 0/20  00/0  0/187  52/1  32/0  0005/0  

8 0/20  00/0  0/187  52/1  32/0  0005/0  

9 0/20  00/0  0/216  76/1  55/0  0008/0  

12 0/34  00/0  0/217  76/1  67/0  0010/0  

13 0/34  00/0  0/204  66/1  56/0  0008/0  

14 0/34  00/0  0/229  86/1  76/0  0011/0  

]5[  

ANT-S63 4/19  06/0  2/40  28/2  06/0  0001/0  

ANT-S33L 0/21  05/0  6/44  53/2  26/0  0007/0  

ANT-F11 2/18  06/0  8/42  42/2  22/0  0009/0  

ANT-F22 8/21  05/0  0/50  84/2  55/0  0011/0  

ANT-F21 6/21  05/0  1/51  90/2  61/0  0014/0  

ANT-F12 6/23  05/0  5/44  52/2  20/0  0006/0  

ANT-F22A 2/22  13/0  4/57  25/3  55/0  0011/0  

ANT-F22W 4/23  05/0  8/55  17/3  84/0  0017/0  

ANT-F22in 8/16  07/0  9/41  38/2  22/0  0004/0  

ANT-GL 6/15  07/0  1/44  50/2  37/0  0015/0  

ANT-S-F22 2/15  08/0  1/44  50/2  38/0  0008/0  

T-F33 8/20  06/0  5/44  52/2  26/0  0007/0  

T-F22S2 6/17  07/0  1/40  27/2  09/0  0004/0  

]6[ 

U.S.2-RC2U1 0/25  31/0  1/130  81/3  80/0  0026/0  

U.S.3-RC3U3 0/25  31/0  2/131  84/3  82/0  0011/0  

U.S.4-RC3U3 0/25  16/0  5/135  97/3  61/1  0022/0  

U.S.2-RC2U1 0/25  31/0  3/85  50/2  55/0  0018/0  

U.S.3-RC3U3 0/25  31/0  2/99  90/2  82/0  0011/0  

U.S.4-RC3U3 0/25  16/0  5/88  59/2  08/1  0015/0  

]32[  

JA2RF 2/54  04/0  2/86  86/3  89/0  0013/0  

JB2RFb 3/55  04/0  0/120  37/5  35/2  0027/0  

JC2RF 9/56  04/0  4/119  35/5  31/2  0027/0  

]33[  LBCJ-CS1 3/27  15/0  6/69  45/3  02/0  0002/0  
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, ���Hqm�� �/ �i  >�;9 ?� ��;\  �4;L ���

�, G558  :��K �� :*���  

2 2
exp exp

,
,

j c b
f e tf

f eq f

b h h
p

A E
ε

+
=  )18( 

, ���H ��*\, ��;HA, ?D��� 6�H ?�q/ �i �

m�� :��K ��;\  ��� �, ?Z��E, .*���  

 �� :9�< h��� ��;HA, k*� j\E  �;]+, ?�

?�;��  �,�C ���b��\, >e�f � ���1. �*� ���� �/ 

 ��*M2.	�� �*� ?Y��� � :53E  6�H ?� G5+t�� 

 ��;5��B�m�� �/ �iq, ���H �� :-� ?� �4;L ���

�, /�!+.5� :/;�  

)19( 
0.228 2.128 0.141 0.243

, 0.0002
'

b yb fy fyb fx fx
f e

c b c c

f Eh E
W D

f b E E

ρ ρ ρε
− −

       
= × ×        

       
 

  

 ?D��� �/)19(�  ��*\,W  �����185/1 �m�� ����  ?H ���

 �]� �/ *+��� �*� �-5��-, ��!, �;�� � �5  �<�;� �/

G� �5l �/ � *� *��;
 ?�0�B  >�;9 �� ����� ��*\, G�1 

�, }�0 ./;� �G5+t��  ��*\,D  �� �����923/0  ����

 F5�C >e�f � ?��� �	�� �*/ G� �5l �/ >�;9  �����

1 �B �]� �/.*� *��;
 ?�0 :-� 4�  �*, �� :9�< h���

b��\, I3�, �+�� >e�f � ���1.�,�C � �353E   ����

m�� �� �*� �, ���K ?��\, /�;, �� ��;\  ���  �� .*�/

?� ?X5�� ?-+� ?� ?M;   ���H ��*\, G5�^  �� �*,C 	�/

,q �/ �i 	!M �/;� ��+5�L�	���  �39� �+  h��� �,�

� �..H  	,��\, :9�< h��� ?� ��f � ?��� �/ ����

C ���, 6/@� ��1.�,�  �C ��
�;+- � 	K/ ?H *���

 �353E  �*, 	E9 � �/;� �- � :��K �*+�/ ��.�

.5��5l >�59;f
 G558  �/ �/�!+ >e�f � �/ �D


b��\, I3�, �+��  �� �*� ����FRP �, .*���  

4- �4� 5- �=+��� 33��-  .�/-� 	��"�

� �&+ " >?@A"��� ) )���  

b�X�� >�84�D, J����� p�;  ?�0�B  ���0� �G5\\E, �
��

���� >e�f � �D
�5l G�� ��� �I3�,  ?� :��K :-�

<g,?]  �/ �5  �4;L ����; �,�C ��!, �1�;1s d��  ��

 ��f � ?����,  *���]14 -18  �20-23[.  

  

(_4�) (n) 

 :-�4 - �\,?� ���h  �� :9�< (_4�)3E  �*,53� �5/�!+.�  � (n)?�;�� ��� �,�C��1.� ���� +�� >e�f �� ;\  I3�,	 �� �*� 

m�� ��� 3�5���  

��, G� 	3 *���  ?� �5  ����; �,�C F��+, �
 ?H

 :-�90  ?��� �/ �*� ��!, � G5�� 	�� ?� � ?M�/

��g� ��f � ?5-  /�X� ��  :5-.  ���� F��+, ���B ��!,

� :��\�, ��.0 >����� 	�-� ��5��-, {;� �n�;, �

� ��f ��, �^., @5� � .*���  

:-� �/ 5?D��� � � G558  �;]+, ?� �� �+  ?D��

�..H �39� - 	4�< �/ >e�f � �
�s  _3�^, ���
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 .	�� �*� ?Y��� ��5  �4;L ����; �,�C ��!,Pt,max  �1��5�

 �vH�*<�, >e�f � ?��� �/ �.H �39� �+   .*���  

J����� 9�< h������1.�,�C >�84�D, �� :�  �/

�; �,�C ��!, >�;9 �
 >�;9 ?� �5  �4;L ��� 90  ?M�/

��f � ?��� :
�/ 	�� ?�:-� �� |� �  G5��^� ��5B

 ?� ��f � ?��� ���� 	,��\, �?��� �/ ��DK =� 

*5�� *��;^� 	,��\, �vH�*< 	^� ���0� �  /*X, �B*�

?�;�� �/ �, �*��., �*� ��,�C ���   �/;� �39� �+  �

 /;
 ��*\, �vH�*< ?� ��f � ?��� ?5<�� �/ �..H

Pt,max *��� ]32  �34[.  

 

 

  

(_4�)  �
90 <�� �/ ?M�/5? ��f � ?��� :
�/ 	�� ?� 

  
 

  

(n)  �
180 <�� �/ ?M�/5? ��f � ?��� 

   

(�)  6  �
90 <�� �/ ?M�/5? ��f � ?��� :
�/ 	�� ?� 

 

  

  

(>)  �
90 <�� �/ ?M�/5? ��f � ?��� ���5� 	�� ?� 

�..H �39� �+  ?D���- �
�s  ��!, {;�  	�-� ��5��-,  

 :-�5 - 9;f
5>� l5�D
� �; �,�C �� >e�f � ��� 4;L� _3�^, ��-�� ?� �*� ��!,  

�*��., :54/ 	^� ���0�   G� ����;  /*X, �B*�

?5-  � ��B /�X� �/ ��!, {;� �;]+, ?� �iq, ���B  :5-. 

���.0 n�;, >����� ��5��-, �,  *8� ��^� ��@5, .*���

��� �� Kdeg  �� ����� �>e�f � G� ����40  �� ��-����1,

  θj ×10-3 

0.2 pt,max 

1 

40 (MPa / Rad) 

10 

pt,max 

θj >25 

 

( ),max0.7 ,0.0015tp   

( ),max0.95 ,0.005tp   
( ),max,0.01tp   

( ),max0.2 ,t jp θ

0.025jθ ≥   
jθ   

degK   

1   

tp   

( ),maxNote ,t jp θ→   

 θj ×10-3  

0.2 pt,max 

1 

40 (MPa / Rad) 

10 

pt,max 

θj >25 

 ( ),max0.85 ,0.015tp   

( ),max,0.0001tp   

( ),max0.3 ,0.03tp

jθ   

tp   

( ),maxNote ,t jp θ→   

 θj ×10-3 

0.2 pt,max 

1 

40 (MPa / Rad) 

10 

pt,max 

θj >25 

 

( ),max
0.7 ,0.0015

t
p   

( ),max,t jp θ   

( ),max0.2 ,t jp θ

jθ   

deg,1K   

1  

tp   

( ),maxNote ,t jp θ→   

1  
( ),max0.6 ,t jp θ   

deg,2K   

  θj ×10-3  

0.2 pt,max 

1 

40 (MPa / Rad) 

10 

pt,max 

θj >25 

 

( ),max0.95 ,0.015tp   ( ),max,0.005tp   

( ),max0.7 ,0.04tp

jθ   

tp   

( ),maxNote ,t jp θ→   
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� ��/���, /�!+.5 ���1.�,�C h��� ./;� �, ��.�  *�/
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�- 0��� ��-B�� 4�6�� |��
 � P
�0 �0 ��.���6h<? 06� 

�l�F n<@L  �0 ��/E 1� 4?� 4�6�� �� ���,�-  4? 	�� ��

 0�+F n�� ��5/0  .	�� �+� 	��0�� 1<-� ���-
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 � P
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P
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 � P
�0 ��/E .06�  �� 4�6��

9�F 0+� �0 n�:��/E � �0��� ����<� �� 4? s,�

�- 4��� 4�6�� |��
 � P
�0 ���+�� +�6� �- ��<D  .06�

 = n�: �� ��-�G �6: �0 ���9�F 1� 4� j6��- �0�0

�- ��� � 	H_ �Df��0  P
�0 ��/E �+<�� �� q� .06�

 �l�F n<@L  �0) ~+� ��B<- 4� 4�6�� |��
 �10 

�- �(��.���6h<? � P
�0 ��/E ��6  4� .0�0 ��BE� �� 4�6�

 ���E� � �9�Q<�D �6L� �� ���\D��� 	��� 4.,� P<20
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�0 ��/E 	���
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 ����9�F m�6  4�6��4��5 �<a ��5���+�� ����   ��<D

�- .06�  

 
 P.�9 -  0�]� ���� ��-� �� �5��
 � �h
�0 �����/E �<<� 

�2�
6  4��6��� 4�6�� �0 �/?  

����� �� 4? �h
�0 ����9�F  ���1 �2  �3  ��/�

�- �0�0  4��� �� � 4�E�D ���J 06
 �@- �0 +�6�120 

 �45�04��5 ��5  ���+�� �� 4�6�� �� ih�Q- 	!5 4�

�-  ����9�F .+��<D4 �5  �6 4��5 ��5  �5��
 �6p�

���+�� �� 4�6��  4�6�� |��
 ����@- �0 � �0�? ��<D

4� ���9�F ��<D���J �6L� .+,��� �@��- 4�6D  	�� ��

9�F 4? �� ���. ���  � ����� �0 z`-�? �h
�0 ����

��-�G �-��  �0 .+���0 ���J �h
�0 ����9�F  ��

 ����9�F1 �2  �3  ����9�F P��@- �0 x< �  4�4 �5 

 �6 4�E�D ���J  �0����� �9�F 	�5 4� �� P<20 1� 4� .+��

�- P.��<<�  ��6�� 4? 06�  ���/<� �������� �0 �� ��

���+��  ��<D ���? PJ�+F 4� �� �2���F� ����p
 � �0�?

P.��<<�  4H��L- ���� .0�0  ���7� � ����- ���MB5 �

4�6�� 0�+L- ��<�� �  4? f�� ��<�
 e
�� �� ��� ���

 �?���- 4,<!� 	�6:� +8�0 ���+� +�� �0�@- P<20 4� �

 ����9�F �� +�� ��//? �9�Q<�D ���? A+�� ��<��

��� f�� ��<�� 	J0 �� .06�� �0�� ���� �<a ����9�F

4� �G .+,��� n<J0 ��<�� ����� 1� �0 4�E� ��?  ��

 ��B<-4��5 ��5 �h<- k��B� 	J0 �� ��  (���.<-) ��-

���+�� �- ��<D ���+�� 	!5 .+,,?  ��<D4��5 ��5  m�6 

�- ���9�F �G P��@- �0 	���  R�L�8 �� �� �BhE ~+�

0 j6�H- R�L<l6  .0�? �0����� 0�6- ����9�F 4,<-� �

.	�� �+� �0��G �+7� �Q� �0 �0�����  

2 -3- ��63/78 9�:� �.�'+3�; �1�:  

 ����9�F �� �0��������+�� D<� �P.��<<�   �0

�-�G� �� �� �. ���9/�-�G �.<,. 6MN �1?� �� �

 �� .	�� A�
 ���E� P<hL  ���� �0�0 	��0�� �0 �!-

 ��-�G I6� 4� 456 k�]�� �+�  � (�.<-�,0 � �.< ����)

 � ���? up� 1<,c��P.��<<�  �� ��0�6-<��  ����

 R����- �G 	<���F � �9�F I6� �A�
 ���E� 	
�,�

 .06� +��6
4� ��6,�  ���? up� 4.,� 4� 456  �� 4�6��

 �//? �9�Q<�DA�
 ��  �� �0����� �	�� �? ��<��

���� �<a ����9�F �6c�� �f�� 	J0 �� ����9�F �

 �������+�� D<� �4��5 ��5  ��<�� A�
 �0 �0�0 r�

 ���9�F 1� .0��0 	<���~`
��  s�� ����9�F ���

 �6c�� �	�� d��  �0 4�6�� up� �� 4?LVDT ���

�� � d��  ��+� ��� �_� kB<��.- d���4��5 ��5  ��

-� +,],� ���� �<a ����9�F �� �l�F n<@L  �0 .

 �0 �f�� ��<�� 	J0 4? ���!  ��9/��0 A�
 ��9/�-�G

���+�� D<� �P.��<<�  ��  �//? ���E� ����� ���� +���0

) 	�� �+� �0����� A�
 P.�10.(  

 
 P.�10 -  �9�F �� ����4��5 ��5 �<a�+� �0����� ����   

 +,��� n<J0 ��<�� 4{�D� ���� �<a ����9�F

 �� u<L8 �0����� ���� �-��G �� �-  �6<���H<2�? 	���

 n<J0�G ��  P-�6� � 4�E�\� R�68_^ <��\D�  ��

���0�.h�� 4� 	J0  �6<���H<2�? k+� .00�D ����,�

 4? u<L8�0 ��<4]  }��� �	�� P-�6� 1� 4� 456  k+�

�-  s��� �9�F 4? 06�.+��� 4M��� �L<L8��  
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2 -3-1- �&�.�3#����  3/78�9�: �1�: �.�'+3�;  

 ��9��0 �� ���9�F �0�? ��H<2�? ������� � 4? �

 �0����� 	�� ��-��.<- = �� P./�--� 00�D  �0 4?

 P.�11  4L�8 = ��9��0 1� �0 .	�� �+� �0�0 ��/�

P��@- �0 (~+� 4L�8) �BhE�  �� �� 4? 4�E�D ���J �9�F

�h<- �<� 4L�8 1� �4h8�E �<�,  o<� �+��
�{ ��0  ��-

��54 �- �5  ���� q,5 �� +�� ~+� �BhE 4L�8 .06�

 ���J ���9�F P��@- �0 �h8� ��-�G �0 4? +��� �BhE

�- �- �0����� �-6<,<-62G x�{ �� �],� �0 .0�<D  .06�

�9�F P��@- �0 k6<,<-62G O�� 1�  ���J-� D<0� 1� �0 .

4h8�E �� ���<�   �9�F �� �-6<,<-62G 4L�8 eQ/-

�- 0�]� 1<7- N��2� =  �0 �+� ��H<2�? +,G�E �0 .+,?

 �9�F 4� �6<���H<2�? ��9��0 n�: �� k6h7- 4h8�E

���+�� 4p@� �0 1� 4� j6��- N��2� � �+� �E�7-  ��<D

�-  � 06�4� �1  � <x +H- �� ��� � x<�N��2� ��06�� �- 

�<<� 4� ��.- k�� 4� � �+-G 	�0 �- �E�7- ��BE� .06�  

 
 P.�11 -  ����9�F �6<���H<2�? ��9��04��5 ��5 ���� �<a  

2 -3-2 - <���+ 3/78 �&� �8�&,  

� ��+��� �F�6� �0 ���� �<a ����9�F  ��!���

 �G �0 4? +,��� �@:�,- ����0 ��//],� ����

���+��  �F�6� �n:�,- 1� z�F`p8� .+���+� �@<J0 ��<D

�6? �- �+<-��  ���� .+�6�=  =  �� ���9�F �����- +

�0�D 1<<7  �6? �F�6� 1� ���9�F ���@��� ��-� �0 �  +

�G 4h8�E 4? 06� 	J0 ���+�� up� �� ��  4<F�� �0 ��<D

? ��+@- 4� 456  k+� .06/� CJ�� ��!��� � ��+��� �6

�- �9�F �� �0 �6? �F�6�  	M��J k+� 4� �],- +��6 

4��5 ��5  +<26  4]<�� �0 � ��-�G k�]�� �6: �0

�0�0 .06� mha ���  �6? �F�6�7 <<1 �+� �� ���� �� =

 ��+5 �0 n<@L  1� �0 �0����� 0�6- ����9�F2  �+-G

.	��  

 ��+52- �F �6<���H<2�? R�3Q/-�0����� 0�6- ����9 
�9�F �����  ) �+� ��H<2�? ����mm(  ) ��!��� �6? +Fmm(  ) ��+��� �6? +Fmm(  

1  ��8-6  5/7  5/1  

2  ��8-6  5/7  5/1  

3  ��8-4  6  2  

4  ��8-5  7  2  

5  ��8-5  7  2  

6  ��8-4  6  2  

  

2 -3-3- 3/78 3=� ���9 �� �&�.�3#���� ��&9 �>* �.�39  � 0�.h�� �6L� ��+� ��H<2�? �� q�� �� =

 ��H<2�? �0�+L- �� � ��0 � �+� ��H<2�? ���� �0 ���9�F

0�6- ���� P.�) 	�� 4�E�D ���J �12 1� 4� ��? 1� .(
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.	�� ������ 0�6-  
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�- z�H�@  � +���+� �H��,- 0�.h��  qF 	�D ��6 
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 ����9�F �0 �-�2 �3  �6  P.�)12- v �K �| 4c��,{ (

 ��B<-P.��<<�  +��� �+� ��H<2�? ���� �� ��/<�� �-  ��6 

 �0�+L- �� |��
 �0 �,L,- x<� m�6  �0�0 �`8� ��

�6<���H<2�? �0�0 1� ��  �?g P��J .06�� �0����� B<� ��

 ���9�F R����- ���E� 1� 4? 	��P��J 456   .	��

 �0 ���� �<a ����9�F ���E� x��,- 	
�,� 1����,�

�G �� u<L8 �0����� �0�0 	E��0 � ��  �� x��,- ���

.	�� ��0�6
�� ��B�� 	<���  

    
 �9�F(i2�) �����1   ����� �9�F (K)2  

    
 ����� �9�F (v)3   ����� �9�F (R)4  

    
 ����� �9�F (w)5   ����� �9�F (|)6  

 P.�12 -  ����9�F �6<���H<2�?4��5 ��5  ����� ���� �<a1  � 6 �0����� 0�6-  

2 -3-4-  39 @�6 �(�A �.� 6 3=��&�.�3#����   4L�8 �� ����9�F 4<2�� �6<���H<2�? �0

+� �0����� ~�8 �-6<,<-62G. 2�F�0� 4?  ���-�G �0
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���+�� �� 4�6�� �h
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 �],� ���� 4? +0�D }��� I6l6- 1� .+,��� K+L-

 4L�8 = �� �	��_ 4h8�E = �0 ~+� up� �,L�� �<_^ 

 �0�@- � 06� �0����� �7@- 4L�8 = �� �90 ��� � ~�8

���+�� 9�F m�6  �+� ��<D ��/� 4]<�� .00�D 4��@- �

4h8�E �0 �9�F 4? 0�0  ��0�@- �7@- �6p� �� 	��_ ��

�? �- ��/� �7J�� ��+@- �� �   ��+5) +,�02 1<�� .(

���+�� �0�@- 4��@- 	!5 �0 �],�  �9�F �+� ��<D

 �04h8�E � ���.  B<� K+L- � ~�8 ~+� up� �� 	��_ �

h8�E �0 �9�F 4? 0�0 ��/� 4]<�� � +�4  �� 	��_ ��

 ��/� �7J�� �0�@- �� ���/<� �0�@- K+L- �6p�

�-  ��+5) +�03.(  

 +� �+��/- 1<,c�� � ~�8) ~+� up� k�E 4?

 (�06� �,L,-���0<4]  z�0+]- �\2 .	�� ��\D�_� ��<��

 P.�) �7@- ~+� up� m�6  �6<���H<2�?13- (i2�

 ����9�F ����1 �2  �3  � (4�6�� P
�0 ����9�F)

 P.�) K+L- ~+� up�13- ����9�F ���� (K4 �5 

 �6 .+� k�]�� (4�6�� ���<� ����9�F)  

 ��+53-  �0�@- 4��@-���+�� D<� �,L,- � ~�8 �6p� �� �9�F �+� �CJ�� �+� 4h8�E �0 ���. ��  

K+L- ~+� up� 	2�F �0  �7@- ~+� up� 	2�F �0  
  

K+L- ~+� up�  ~�8 ~+� up�  �7@- ~+� up�  ~�8 ~+� up�  

099/3  86/2  6/1  7/2  
���+�� �0�@- ) �9�F m�6  �+� ��<Dmm(  

2/4  985/3  4/2  04/4  

  
(i2�)  (K)  

 P.�13 -  �BhE ~+� 4L�8 �� �0����� �� �6<���H<2�?� �7@- (i2�) )K+L- (K  

3- ���. �,&', � ����-.� ��&� B��C�  

3 -1- "� D�*  

 e
�� �� ��� A�
 I6� �0 �� ����� 1� �0

 ��<�
10  �24 1� .	�� �+� �0����� +8�0 A�
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�+� 4<!  ���� �,<{ A�
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��? �� A�
 .+��  ��� ���

 ��<�
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�� ��10  �24 k�� 4� +8�0  ���]  ���
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�,�  4� � 1�- �0 .+�6�

A�
 ���3�
� 	!5  ��<�
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�� �� ���10  �24  ��

k��  ���K10  �K24 �- ���\9-��  R�<863
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 ��� 4? ����� d��� ���0��+�ASTM 4�  	�0

�+-G  ��+5 �0 �+��4 4��0 �,L,- � A�
 �+,�  P.� �0 ��

14 �� .	�� �+-G4@H: d��� ) +��<�6 �+,�USCS �(
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 �� d�)

 A�
 � (0��K10  A�
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 �� d�)
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 ��+54- A�
 �.B<E R�3Q/- �0����� 0�6- ��� 
43Q/- 0��+�����  K10  K24 

4��0 ���+�� C�6  (���� ��6H� +8�0) ��  

˂0.075 mm ASTM D: 422-63 89 100 

�63Q- ��� ASTM D: 854-00 65/2  63/2 

���� � 0�+F 

(%) ��<�
 +F ASTM D: 4318-00 21 28 

(%) ����� +F ASTM D: 4318-00 31 52 

(%) ��<�
 e
�� ASTM D: 4318-00 10 24 

��?��  R�<863
  

�63Q- ���  =/
)kg/m3(  ASTM D: 698-12e2 1740 1550 

(%) 4,<!� 	�6:� +8�0 ASTM D: 698-12e2 6/15 5/23 

  
P.� 14 - 4��0 �,L,- A�
 �+,� �0����� 0�6- ���  

 ��+55- A�
 ��<�<� x<?�   ����0����� 0�6- 

��+<�?�  (%)K24   (%)K10   ��+<�?�  (%)K24   (%)K10   

L.O.I 9  6  CaO 2/1  5/1  

SiO2 64  75  MgO 4/0  4/0  

Al 2O3  24  15  Na2O  3/0  3/0  

Fe2O3  55/0  4/0  K2O  4/0  4/0  

TiO2  04/0  04/0  �6�26� B<{��  B<{��  

  

3 -2- �,&', �&(, ���.  

����� 1� �0 4�6�� P.� 4� ���  �2�
6  4��6���

 �h
�0 �pJ 4�10 � �5��
 �pJ �  I�� ��15 �����  ��-

4�6�� 1� 	
�� 	!5 .	�� �+� 4�
�� x2�J ���  �� ���

x2�J .	E�D ���J �0����� 0�6- � +� 4�
�� �6h�  q,5  

) 	�� �+� P<./  47pJ 4� �� 4�6�� �h
�0 P.�15 .(

 �0 �6h� 1<�� 4L�8 �0 1<�� =�`? ���60 R���]-

�G ��<D���J 	!5 ���<� �4�6��  ��4<H7   .	�� �+�

 x2�J R�7pJ ��!��� �0 ��<D���J 	!5 �h.� ���0 47pJ

 	�� = m�6  47pJ 1� .	�� �+� 4�
�� P
�0

�- 4��� �6h� 4��<- �0 4? �B?�-  x2�J R�7pJ 06�

��0 49� �9+. ��,? �0 4{���. R�68 4� �� P
�0 � 4�

 ��4��5 ��5 �G �- ��<D6h5 4�6�� 	
�� 1<F ��  .+,?

 P.� 4� 456 ��15� �5��
 x2�J  47pJ �0 �� 4�6��

�+� P<./   4? 4��� �� 4� 	�� 0+� �0 m�6 

�- 4�6�� 1<F 4.,� �6�,- 4� .+�6�  ���60 4� A�
 �����
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x2�J 4�6�� � +H�c� ��  �� �+�6/� x<�G ��{0 � x�Q  ��

up� ���  x2�J �h
�0 up� � P
�0 x2�J �5��


 4� nh: up� � �+� �+</? A��� nh: 4f = ����<�

�- 4�/aG 1a�� 4�6�� �?��  	!5 .06� B<�  4h<- = ��

 �� ���? ��? �pJ 4�5/2 ����� .+� �0����� ��-  

 
 P.�15 - x2�J ����� 0�6- ���4�6�� ���� �0 ���� 

A�
 �0�@- 4�6�� 	!5 ��<� 0�6-  d����� ����

 eQ/- ��+� 1<<7  =/
 �63Q- ��� � 4�6�� �]F

�- �� B<� ��0�BE� KG ��+@- .06� +8�0 ��+@- x�F

4,<!� 	�6:�  �� �0����� �� A�
 I6� �� ���� 4? ��

G�- 4H��L- �+� eQ/- �6�?��� ��-� 00�D �� KG .

4� x<?�  �� 4��/E� �� �0����� l� �+-G 	�0 � �+� 4E�

���-� �  �0�? j6hQ-  06� P8�F ��
�6,. j6hQ- 4?

�- 4-�0�  P.�) +��16- .(i2�  

 q��A�
 ���  x2�J �0 K6:�-�+� 4��� �0 s,� 

f4 3 �����  =/
 �?��  ��?�+F �  +�+� �?���- ���-

4� k�f  �pJ �� 4h<- m�6  4��D�+5 4f �� .+G 	�0

 0�+F5/2 �����  �6: 4� ���- �  +�+� �?���- 	
�6,.

4�6�� 	-�Ql ��.-� +F �0  4hF�- �� �0 .+��� ���. ��

[��
 �+7� 4f 1�Q� �� PHJ �  4f up� �0 ���

�- 0�]� �hHJ �+� �?���-  1<� k�f 	�� � P�J �  00�D

4f  4�6�� �	
�� k�� � �� q� .00�D 0�]� ��6
 4� ��

 �� �  �+��- �J�� x2�J �0 ��� =19�� ���6:� ��L2  � 

	J0 �� +7� ��� .+,? �+<� ���/<� k�]��� � �+��  �+���

x2�J x2�J q�� � P
�0 ��� ��+� ��� 4�6�� |��
 ��� 

 ���J ��-�G 0�6- ��� ���� �0 � �+� |��
 4�6��

�-  P.� .+��<D16-  �0�-G ��� �2�
6  4��6��� 4�6�� K

�- ��/� �� ��-�G .+�0  

  
(i2�)  (K)  

 P.�16- ) �� ��<D6h5 	!5 ��� A�
 4� KG �0�? ����� (i2�� 	�6:� 	
�6,. C�6  � �+� 4
6h? ) �2�
6  4��6��� 4�6�� (K

��-�G �0�-G ���  

3 -3- 01���2 ���,39 �6 

4.,� 4� 456  ��  4��6��� ��9��0 �l�F n<@L  �0

 4� ��<� �+��� �0 �	�� �+� 4�
�� � �F��: �2�
6 

	�� ��9��0 u<L8 0�.h�� ����� . �+��� ����� 1� �0

4�6��  4�
�� (��<�<� 0�6- �� �0����� ��) ��6,3- ���

 ={ � ���,? �!�G �� �0����� �� ��9��0 0�.h�� � �+�

 ����� 	!5 4� .+0�D��-�G s��� ��\����.   ���

 A�
 �//? 	-��@-K24  4<2�� 4H��5 4�� �,  	L 

10  1<,c�� .	E�D ���J ��-�G 0�6- ��� �0 ��.���6h<?

A�
 ��<�
 e
�� �_� ��!� A�0 ����  �� ��� ���
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4��@- ��!�G �//? 	-��@-  �//? 	-��@- s��� 1<� ��

A�
  ���K10  �K24 .	�� 4�E�\� k�]��  

3 -4 - ��/-.� �34�'$ E(A �.�39  

	L8 	!5  P��J ����� � ��9��0 0�.h�� �],�

 A�
 �� s��� �06� 0�����K24  R�<863
 �� 4�6�� �0

 .	E�D ���J ��-�G 0�6- � +� 4�
�� ���. z`-�?

�,  �,L,- -  P.� �0 4�6�� �0 ��-�G �� P8�F ���?

17 �- 4�F`- .	�� �+� �0�0 ��/�  s��� 4? 06� 4�

P�� �0 � �06� nHp,- �9+. �� ��6hp- P.��  s���

�+� ���.  �- ��/� 42��- 1� .+�� 4�6�� +�0 ����� 

 	�� u<L8 ��9��0 0�.h�� 1<,c�� � 19�� � x��,-

��-�G �� �+� P8�F s��� �  �\����.  � 0����� P��J ��

�,L,- 1� 4� ���<��0 �6L� .06� +,��6
 �,  ���- 

0� �0 ���?�+� �0�0 u<l6  4-� .+��  

  
 P.�17 - ��-�G s��� ��\����.  ����� ��  

4- F��(+ � G1�-,  

4-1 -  ��6���&',�9�: �1�:- ��H� ��	 E#=  I.&+

 ��63/78�9�: �1�:  

 P.�18  ��06��4��5 ��5-  �6p� ���� �� ��/E

 �� �+� 4�
�� �2�
6  4��6��� 4�6�� �5��
 � �h
�0

 A�
K10  ����9�F m�6  4?4��5 ��5  � ���� �<a

�+� 	H_ ���/E �9�F �- ��/� +��  ����9�F .+�01 �

2  �3 �+� CJ�� 4�6�� P
�0 �0  �0�@- � +��4��5 ��5  �0

�- �0�0 ���� 	H�- R�68 4� ��06�� 1�  .06� CJ�� �0

 �� 4�6�� up� �+� ��0 �,7- 4� �0�@- �06� 	H�-

 ����9�F .	�� �9�F4 �5  �6  ���J 4�6�� �� |��
 �0

 � 4�E�D4��5 ��5  ���+�� �� 4�6�� �5��
 �6p�

�-  ����9�F .+��<D4 �5  �6  ������ �0 x< �  4�

 ����9�F1 �2  �3 4�E�D ���J  �0�@- �06� ��,- .+��

m�6  �+� 	H_  =0B� �+,,? ��<� �5��
 ����9�F

�G 4� 4�6�� up� �+�  4� j6��- �����06�� .	�� ��

�� ����9�F �+� eQ/- y�� = �� �����  �6L- .+��

��06�� �M�J� �- ��/� �� 4�6�� P
�0 ��/E  ��/E .+�0

 ��-�G �6: �-��  �0 B<� 4�6�� ���<�10  ��.���6h<?

 P.� .	��18 �- ��/�  4? +�04��5 ��5  �+� 	H_ ���

 �� �H��,- O�Hp�� �5��
 � �h
�0 ����9�F m�6 

 4�F`- .	�� 4�6�� �,9�� P<20 4� 1� � +���0 �9+.

�-  0�+F �h
�0 ��/E �0 4�6�� �9�Q<�D 4? 06�31 

 up� �9�Q<�D ��-� �0 .	�� �0�0 r� ��.���6h<?

4�6�� �h
�0� 4��5 ��5  0�+F m�6�-37/0 �h<-  � ��-

 4�6�� �5��
 up�4��5 ��5  0�+F m�6�-36/0  ��

�0�? 4��]   .+��4��5 ��5  	H�� 4�6�� �h
�0 up� ��/<�

 4�6�� ��+5 �+� �0�/E P<20 4� �G �5��
 up� 4�

.	��  

  
 P.�18 -  �����06��4��5 ��5 - ��/E  ����6  � ����<� 4p@�

 A�
 ~+� �h
�0K10  

 P.�19  ��06��4��5 ��5-  �6p� ���� �� ��/E

 �� �+� 4�
�� �2�
6  4��6��� 4�6�� �5��
 � �h
�0

 A�
K24 �- ��/�  1� �0 ���9�F ��<D���J �6L� .+�0

 �0 4�6�� �9�Q<�D .	�� PHJ ��-�G �6c�� ��-�G

 �h
�0 ��/E35  �h
�0 up� .	�� �0�0 r� ��.���6h<?

 �9�Q<�D ��-� �0 4�6��4��5 ��5  0�+F m�6�-14/0 
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�h<-  4�6�� �5��
 up� � ��-4��5 ��5  m�6�-1/0 

�h<- �- ��/� �� ��-  .+�0�- �+��/- 06�  4�L2 �0 4?

 m�6�- �6: 4� 4�6�� ��+5 �9�Q<�D04/0 �h<-  ��-

.	�� �+� �0�/E  

  
 P.�19 - ����06��� ��/E- 4��5 ��5 ���� 6 � 4p@�<����  �

h
�0�  A�
 ~+�K24  

4-2 - 0 + ��6���&', -  �&(, � �HH� 0,3�

�/-J�7�  

 ���H- 	��J �0 �+� 4M��� m���� 4� 456  ��

 (���7� � ����-) ���? � �,  �0�@- ���9��0 =�6T 

4�6�� �� =�� ����  � ��/E �0�@- d����� ��4��5 ��5 

P.� �0 �+� �<��   20 4� �- 	�0 P.� �0 .+,G 20 - 

i2� �,  �����06��- 4�6�� (�//?) ����- ���?  ���

 A�
K10  �K24 �+� �0�0 ��/�  	�� 	�� �?g 4� k�f .

 � �06� �//? P<20 4� ��06�� 1� �0 �,  �0�@- 4?

 ���� 	H�- �06� �/�BE� P<20 4� B<� ���? �0�@-

�+� �0�0 �- 4�F`- .+��  A�
 4? 06�K10  	-��@-

 �//?30  �0 1� b	�� �0�0 ��/� 06
 �� �� ��.���6h<?

 A�
 4? 	�� �2�FK24  0�+F � 38  ��.���6h<?

�- �+��/- 1����,� .	�� �0�? 	-��@-  A�
 4? 06�

 ��/� 06
�� ����? 	-��@- ���? ��<�
 e
�� ����0

�-  06
 �� �06� �+,H�{ P<20 4� 4��0B� ��� A�
 .+�0

�- ��/� �//? 	-��@-  ��B<- 4c��,{ 1����,� .+,�0

4��0B� A�
 �D+,H�{  �//? 	-��@- +��� ��/<� ��

 A�
 �\2 .06� +��6
 ��/<� �GK24  �D+,H�{ ��B<- 4?

 A�
 4� 	H�� ���/<� �//? 	-��@- �0��0 ���/<�

K10 �- ��/� 06
 �� �- 4�F`- 1<,c�� .+�0  4? 06�

 ��<�
 e
�� ����0 A�
10 +F ���? �0 �+8�0 0�

6/0  ����0 A�
 �0 � �+� �9�Q<�D ��{0 +8�0

 ��<�
 e
��24  0�+F �9�Q<�D ���? �+8�0

18/0  A�
 1����,� .	�� +8�0K10 k�� ���E�  �� �� 

.	�� �0�0 ��/� 06
  

 �� 4�6�� ��+5 �0 �//? ���<� 0�]� �6�,- 4�

 06� �- ����� ���/E ���<� �G 4� 4�6�� |��
 � P
�0

 ~`�
� 4{�D� ����- ��L2 �� 4�6�� |��
 � P
�0 ��/E

�- ����� �//? �,  �G 4� +,?�  4� ���7� ��L2 �� �-�

�- ����� ���/E ���<� 4�6��  P.� .06�20 - K 

�,  �����06�� - 4�6�� ���7� ���? �- ��/� �� ��  .+�0

 �0�@- � �06� ���/E P<20 4� ��06�� 1� �0 �,  �0�@-

 �/��? P<20 4� B<� ���? ��,- (�+� �0�/E) �06�

�+� �0�0 ���� .+��   

    
(i2�)  (K)  

 P.�20 - (i2�) �//? ����- �,  �,L,--  (K) � ����- ���?,L,-�  �, ���7� //?�-  ���?���7� A�
 ����  ���K10  �

K24  
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�- 4�F`-  �0 ��//? �9�Q<�D ��-� �0 4? 06�

 4�6��K24  ���/E �, 18  4�6�� �0 � ��.���6h<?K10 

 ���/E �, 16 �- 0�]� ��.���6h<?  ���? .06�

 A�
 ���� ���7�K24  0�+F15/0  A�
 ���� � �+8�0

K10  0�+F05/0 	�� +8�0.  ��� 4�6�� �63 K24  q�

 P.� �0 �9�Q<�D ��21- �- 4�F`- i2�  .06�

�- �+��/- 4? �6p����  �,  �_� �0 4�6�� 1� �0 06�

A�  .	�� �+� 0�]� ������ A�  ��!{ �//?  ��

 z�0�+F�04� �+� CJ�� �� P��@- �0 �0  I6l6- 1� b+��

��/�  ���E� �06� 	
�6,. � 4�6�� 	
�� �,9�� �+,�0

 P.� .	�� 4�6�� ��� �� �0 �G21 - ��/� K  �+,�0

A�  47�6   ��� ���� �� R�68 4� �+� 0�]� �//?

�- 1� .	�� �M�J R�68 4� � 4�6�� I�� �� P? �0^ 42

�- ��/�  	
�6,. R�68 4� ��h
�0 ���/E �,  4? +�0

 Rf0�7- �� �0����� ��.-� � �+� C�6  4�6�� I�� �� �0

��.-� z`-�? ���? � �,  4H��L- ���� =�6T   � �\�

 �6p���� 1<,c�� .	�� n<J0�- �+��/- 4?  �06�

c<�4f 1<� ��- �0 A�  47�6  �0 ��<<�  4�69  ��

��� �+��/- �- 1� � 06�^ 4? 	�� �G �9��<� 42

4�6�� 4�6�� �_� � �06� K6hp- ����  s��� ��� �� ����

.	�� PJ�+F  

    
(i2�)  (K)  

 P.�21 - 4�6�� �9�Q<�D �6L�� � f�� ���� �� (i2�) )�M�J R�68 4� 4�6�� ��� �� �0 �//? �9�Q<�D 47�6  (K  

5 - �L�-, �3��  

1-  �� �2�
6  4��6��� �6h� = ����� 1� �0

���+�� 	<h��J �F��: A�
 �//? 	-��@- ��<D �

��!� 0�6- � 4�
�� .	E�D ���J ���0�� 

2- 	L8  �� ��-�G k�]�� �� ��9��0 0�.h�� �],�

4�6�� ���  .	E�D ���J ����� 0�6- 4��/- ���

��/� 4h8�F s���  s��� �06� �\����.  �+,�0

.	�� 

3- �,L,- �,  ��� - 4�6�� ���� �//? ���?  ���

 4��6��� �� 0656- m���� �� �0����� �� ���

�,L,- ��� .+� �<��  �<Ql ��+5 �2�
6   ���

 ���� �//? �2�
6  4��6��� ��-�G ���� O6E

.0�\� �- R�68 ��� 1<2�� 

4-  �� A�
 ��<�
 e
�� ��BE� ��10  4�24 

 �� �//? 	-��@- �+8�030  4�38  ��.���6h<?

 �� �9�Q<�D ���? � ��BE�6/0  � 18/0  +8�0

�- �+<� ���? .+,? 

5- A�  47�6  �6L� � 0�+7  4�6�� �0 �//? ��� � �

��/�  =�6T  Rf0�7- �� �0����� 	L8 �+,�0

�,L,- 4H��L- ���� �,  ���-  �//? ���?

.	�� 

�,����!  

 4��] �� d�,���? ��<h� d+,!- ��JG K�,5 ��

��� �0 4? ���!  ��9/��0 A�
 ��9/�-�G  ��9��0 ���+��

 ��<�����.�� �- ��� ���0�+J � �./  �+�06�� .06�  
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���� ����� �- �-@1; � ���3 7E* �����7� �2 -���* ���

���� �c
�- �����7� �� �* ����� �!�. ��  A��B CH -1�

A8��77<  OL1* � 	�� CF3+*  ���� �- ��=� ���

�*  --�M ~�f9 �3��Z �- 2�� � -1�]28[.  

P� �� �-����� ��C7 ���� Ni � 179 ��-2� ���7

6  C�

 �� ��Y��� � � . �� ���� ��_. ��7* �:H�2�� �����

�1�� -�8c�� J�B � ��  .2:�
�-�� �-@1; ���� 6 ���

C� �2* �- �!�.  ����H � �\^1* ����H ��2\�

�0g7�-  ��. OL1* C� CH 2�-�H �1F:* �� ���7  �P��L

�1�� CH �*�/:� \* �- ���� ����f� ��� k� ���B � .

 �2���07� ����
 ��i- ���� � �2� ����H ��i- �2:�;�M

 2-�M]29[z�� .8

7 ����8�� �  ��� �-2005 ����� C� �

�1�� �\^1* ����H ���/0�*�.  ����� �- �-@1; ���

 	*��E* [��77<  ����� �!�. C\9�]* j2� .2:�
�-�� � .

�1�� ��!�  �� ���� �2:��H ��_. � �-@1; ��� ��=;�

����� n��� .-1� �1�� 	*��E* �� [���3  CH -�- ��0� ��

�1�� ��!� ������  	*�D^ C� k�� 	P�� ��=;� �� ��

�* ���H �[���3 CL�- � 2:�� ]30[ . 179 ��� �-

2008��!� 	7c��B ����� C� � 2Y* �-����� � ���-�� �� -

����
�� � . � ��Y��� e��� �- �-@1; J�B �� ���  C�

 l�Y�� �� G� .	
�-�� �-�!:07� �-2� X�� 6�H

A7cf   [��_� ����� �- ���� CH 2-�M tD0* �-2\�* ���

O7�. v+*�H ��1HK*  �H 	*��E* A79- C� CH 	�� �K�

 . ����� �- ����2�2� A8��77<  ��i- �. ����� �� 

                                                 
7

6- Liew and Chen 
8

7- Yang 

]31[.  ��� �-2009���� � � ���3 S��� ����� C� �  ��

�*�H �-@1; J�B C� �� CEPZ�- ���1 ��� 	f  C���- �-

2� C�
�-�� � ���3��*�. N� .  �F� �� �/28 �� ��

�\* �- ��E� 	7\B1* � -�2\  .2:���- [���  [���3 k

[�E7Ef  A8��77<  CH -�- ��0�  �- �2� -�Y� ���

J�B  �- CH 	�� �Z�E� 	7\B1* � -�2\  �� �\��  ���

:�;�M ���B � ���3 ���KM��� k�\*2 ]32[ . ���/0����

���/- ����
�� �2���07� ����
 ����� C�  �-@1; ���

 -�- ��0� �!�. h7Ef  n��� .2:�
�-�� � . e��� 	f 

J�B CH  � ���H ���KM��� 	P�� �� �20� �2:���!* ���

��=� �7  s]E*  2��1
 ��7� �� �� @�� �/�D7�M ��*- �� 

 ���� �- �cH ����
 �. �_� �- CH 	��-2�;�7� ?�� � 

]33[�c�1� .9

8 ����8�� �  ��� �-2016  ���;� ����� C�

���9 ������ 	f  �-@1; ���� ��1- ?��  � . � ��

- C�1�� �� .2:�
�-�� -�\�� �� �-@1; ���� ��17/2  �-

7/3 J�B CH ��* -@1; �� �. j��Z� ���  �2� -�1� -��

?�� � 2�-1� �� �-����� �� ��1- �-@1; ���  �gM [�f�d

 ��0� n��� .2:�;�M ���B ��*�. -�1* �-1� �2� �2���1�

�* ��1- ����
 -1* �77<  x��� � . CH -�-  �_� �- .--�M

 A2P  �cH ����H C� ?�� �\^1* ����H �h�3

�*  -�23 =7� �. �P��L ������ 	7;�p � -1�35 ���H %

�* 2�� ]34[.  

1�10

9 ����8�� �  ��� �-2021 f  C� ����
 A7c

?�� �2���07�  h�3 ���KM��� 	f  �-@1; ���

 .2:�
�-�� ���� 22L � �P��f* �2* 2:����1  �!�.

?�� �2���07� ����
 ���;� � [���3 ��E��� A7cf   ���

	D� ����- �-@1; 2:�- Cb��� h�3 	f  �2::H ]35[. 

N7:g�� ��EEf* ��*�. ?�� ��� �� h�3 ���  ���

1� -�� �-@1; �2� -�[�E7Ef  n��� .2�-�- l�Y�� �� 

 � s��* sZ�E* �� �-����� [�1d �- CH -�- ��0�

 C� 	P�� �2� �-�1� -�� �����1- �- �9�
1  �c7]��*

                                                 
9

8- Hoehler 
10

9- Ryu 
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����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1400 

 2:��1
 �� @�� h�3 ����� �- 	*��E* ��91�\* sZ�E*

-	�� ]36[. C9�E* �- �/- ��  ��� �-2019�  �����

?�� �7  ��!� ���� 	*��E* ��� �- �-@1; � e��

2� C�
�-�� @�� ��*- � �91�\* .���/0����  �-2� n���

 �� �� -1
�3��Z e��1^ N7. �1 C*��2H�311

10  C��E*

�-�H E* �� ?�� �7  ��L �!� ���� �22L C]��� � 	*��

�*- 	7\^� �- �- ���� ����H2�-1�� Cb��� rc�D* � 

]37[.  

	�� N8�* C8:� A79- C� 	7\B�� �- B� �� G�1 m

	
���� ��cd� C9=9�   �7F� ��� ��M � �B�� [��7�|

�2� O7�. ��i- � . C� �Y:* O7�. N� �  �--�M ��1�

N����:�  �� Cc��E* ���� ���7� �2���7B�� 	7;�p �����

G� ���9 �cH �1Z C� � �2\� ����  ������ 	7;�p N77\ 

 .-��- �\*�L ����� C� ��7� ���7�]* C� CL1  �� [�\9�

���� � � . C:7*� �- C�;�M [�1d  A*�� �-@1; ���

�* CF3+* ��-@1; ���� ��1-  �H2�� [�E7Ef  CH --�M

 n��� � 	�� C�;�K� [�1d ���7� N� ���;� ��� ��

C�;� N7:g�� .	�� �2� Cb��� �-�2f*  �- ��H ���

����H �-@1; ���� �����1- �� ��P ��  �-@1; l��  J� 

 -1L�N� �� .-��-  ���7� ���;� ����� C� �C9�E* N� �- ���

����H �-@1; ���� ��1-  A��E* �- �-@1; l��  J� 

O7�. ��=7* � � .  N� �- .	�� �2� C�
�-�� �. ��K�

 ��-2� �2* -�8c�� �� ��:7�Z� �1`3 �� G� �h7Ef 

 �2��� >��� ���� ��1- ���7� �� -�2f* ���9� �2*

����H �-@1; J� �  ���KM��� �1/9� �� h�3 	f ISO-

834 �* �-�- ���B -1� ]38[ �-@1; ���� ��1- �G�� .

 ���KM��� �1/9� �� h��]*ATC-24  ���KM��� 	f 

C
�i �* ���B ��  --�M ����� �. -�8c�� � ���;� �  -�7M

]39[.  

2- /���0 1$�  

2 -1- 2�	 ���� ��'  

                                                 
11

10- Eurocode 3 

�2* C7P� ��� ^�3 C\9�]* �- �2� ������  h��]*

�* ����8�� � z�� e�1  �2� Cb��� �2* �� 2��� ]27[ .

 �� ����� ��1- �-@1; ?�� -�\��2  	*�D^ � ��*6 

�* ���7c7*  sZ�E* �� .2���H s]E* u]� C� A8�

300×300×16×16 ���9� ����  �2� �-����� ���* ���

� �-@1; u9�`* �7c�  �:  .	��C ���9� �- C�;� ��H  ���

�� ���* �� ���345  ��1- �-@1; ?�� �- � ��8����/*

 �� ����� ����235 �* ��8����/* �2* 2:.�; .2���  ����

 CD�� q1H��. -�2f* ���9� C*���� 6�H ��14/6  l�Y��

���9� � 	�� C�;�M C��1� ���  ��S4R ��M��!i  ��

�* ���� C�;� ���H ���/��� ���9� �2:�  � ���* ���

�-@1; ��1- ?�� 	�� �2� �-����� ]40[��+� .  �N� ��

A7cf  �- ���7� �]
�7a C�2:�  .	�� �2� ~�f9 ��

���9� C� =7� ��1- �-@1; ?��  27B �� �-����� �� ���* ���

tie .	�� �2� A`�*  

 ?�� ��a@ 	P�� �7F� ��c�D* �����*���� �7_| 

 h�3 ��*- � ��7� �- N7� ��1� k�� ���7� k�� ���1-

;� ������H �-@1; l��  ���� ��1- ���  X�� C� J� 

 ��2L �- .2�2� ����� -�2f* ���9�1=L � [�7

�2*  .	�� �2� Cb��� C9�E* N� �- C\9�]* -�1* �-2� ���

 j�3 ���2L C� CL1  ��IP  j�3 �- ��2��� ��Infill 

Plate  	*�D^ �/��7� �. �� 2\� -2� .	�� �2� C�;�M

.	�� �-@1; ��1- ?��  �/����� O7 �  C� �2\� -�2��

 h�3 ��*- � ��7� �- N7� ��1� k�� ���7� k��

�*  �O7 �  N2� .2���256  ���KM��� 	f  �-2� �2*

C
�i .2� �-�- ���B ��  

2 -2- !��3�  

���� �� �-����� �� �-@1; ���� ��1- ���;� ���9� C*

-��2�����/q1H��. -�2f* �* ���B C\9�]* -�1* -�7M 

]40[ � ��1- �-@1; ?�� �-�2f* ���9� �2* �- .

���9�  ���9� �� �-����� �� ���* ���S4R  ���9� 6 CH

C��1� ��!i ����M ���H ���/��� �� ��  �2* �	�� C�;�
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� �	7���3 =79��. l�Y�� �� N7:g�� .	�� �2� �cH ���2� �� ����� �*40  �-40 .	�� �2� Ad�3 ���7c7*  

 ��2L1- �� � �;�\*�2* ���K/* �-2� ���  

	*�D^ )mm(  ��7� k�� )mm( ��1� k�� )mm( �*- )oC(  

3 10 100 20 

IP  
4 30 150 458 

5 60 200 642 

6 100 250 917 

  

2 -3- ��3$� ��	� ��  

�2* l��  �- ���� 6i1H C79�� �c*�H�� 6 ��� �

. .	�� �2�N7 2H��1 C*��3 �* C7d1   �c*�H�� CH 2:H

f�d ����C ?�� ��  �� ���H 2�� ��005/0  � k��

005/0 2��� �-@1; A:� m�� �� ]41[ �-1�� ~�f9 ���� .

�2* C� C79�� �c*�H��  � 	;�M l�Y�� ����H A7cf  6 ���

 ����H A7cf  .2� ���D��� �. ��� ����H -1*

 �- ��7� �� � ��7� ��2� ?�� �� �-@1; ��1- 67��@�

 A8�1 �� �2� �-�- ��0�.	  

    
(r9�)  (J)  

 A8�1 -  �-@1; ���� �����1- ���� C79�� ��2:� �c*�H�� (r9�) � �� (J)��7� ��2�  

2 -4 - �,	 6+�,7 $ ���8"��9  

�^�3 C\9�]*� ���9 -�8c�� ������ �1F:* C�  ��

 �� .	�� C�;�M l�Y�� h�3 	f  �-@1; ���� ��1-

N� �2* ��� C7P� ��� �M �- �- �2� ���� A7cf  l

�*  � j2� ��*- C� �27�� �  [���3 ���� l�M �- .2�1�

 -��2����� q�����ISO-834 �* �-�- ��=;� -1� ]38[ .

 |�*- �:f:* 6 �� �-����� �� Oca� � . �7_ -  ��7� ��*�

�* --�M �:f:* � C]��� �� ��^�3 h7Ef  �- .ISO-834 

:	�� �2� �-�����  
(8 1)
10 0345 log tT T+= + )1( 

) C]��� �-1 �(T0  � C79�� ��*-T  C1��_ ��*-

 CL�- O�3��q17�c�  .	��t �3 CH ���*� � ���- h

�* �1Z �* �	�� CE7B- O�3�� � 20H  A8�) 2���2.(  

  
 A8�2 -  -��2����� �� h��]* � . ���KM��� �1/9�ISO-834 

]38[  
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A7cf  �	��_ ��*- 	f  �l�- l�M �- C
�i ���  ��

�* l�Y�� 1� �-@1; ��1- �1��:� N� �- �N����:� .2�

C
�i ���KM��� 	f   ��2:* ���KM��� �1/9� �� h��]* ��

 �-ATC-24 C�;�M ���B  ����� @�� ��*- �- �. ���;� �

�* -1� ]39[ ��2L �- �2� ����� ���KM��� �1/9� .2 

.	�� �2� �-�- ��0�  

N 17� X��-  G� �* ��������� ���� �1�;��

����*  .	�� �2� �-����� �]
�7a A7cf  �1Z �-

���9� N7� [@�` �  �F� �- Ocd [�1d C� ���* ���

�2� C�;�M  27B .2��tie  �-@1; ?�� N7� >��0* ��* �-

���9� � ��1- C7P� 	!L ���* ���  �!�. N7� X1L ����

 	�� �2� �-�����]40[���9� N7�� ��!��� .  �-1�� ���

�9�E��� ������ C� �-  �- CH 2�2� 27E* [�`�D* �1f*

 A8�3  �1f* ������ �- ��8*�77<  .	�� �2� �-�- ��0�

z ���9� ��!��� �@�� ���� 	!L �-1�� ���  �1F:*

 �2� 27E* ���1f* ���� A8��77<  �� 	\���* �-1��

 .	�� N7:g��	;� ��� � 	��� 	�� ��!��� C� ��0M��

�8*�77<  ���:H X�� �� �E;� ���9� �@��A7cf  �- �  ���

C
�i .	�� �2� ����� �]
�7a ��  

 ��2L2- C
�i ���KM��� �1/9� �� 

(��-��) 	��- C��� A87� �����  (��-��) 	��- C���  A87� �����  (��-��) 	��- C���  A87� ����� 

0025/0± 5 0075/0±  3 015/0±  1 

005/0± 6 01/0±  4 02/0±  2 

  
  

(r9�) �* �2* ���* e��� � �2� �2:�  (J) ��7� ����- ��1- �� ����� ����  

  
(�) ��7� ����- ��1- 	0� ����  

 A8�3 - -�2f* ���9� �2*  

2 -5- ��;(- <3�)	  	D� �2* �]
�7a �0P:L �M2�1�12

11  �2* ��

A8� [���
 �-�* �K�13

12 �:  C]��� ��7� ���� -  ���H

                                                 
12

11- Nonlinear kinematic hardening model 
13

12- Ductile material damage 
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 	�� �2� C�;�M �F� �- h7Ef  �- -@1;]40[���9� .  ���

 �7c�  �:  �� -@1; �� ���*345  ?�� � ��8����/*

�� -@1; �� ��1- �-@1;  �7c�  �: 235  ��8����/*

  A780�2 �1��1� O�^ � C�7�7��@� ��2* .	�� �

 �� ����� O7 �  C� h7Ef  �- -@1;200  � ��8����/7M3/0 

 A8��77<  �- �/:7�1� �_� .	�� �2� C�;�M �F� �-

�2* ���� 67��+� �\B�� ����  	f  u9�`* ���;� � 

C
�i ���KM���  ��	�� �2-�M k�; ��7\* �N� �� ��+� .

7* �1; �7c�  .	�� �2� �-����� -�1* �7c�  ���� =�

C� C����� u9�`* �87��8* [�`D0* �v�:�^  �� h��]* �*-

2H��1 -��2�����3  A8� �-4 	�� �2� �-�- ��0� 

]41[.  

    
)(r9� �:f:* �:  ���- ���H  J)( � ���3 	�2�  

    
)�( ��� ��*�M  )[( rc�D* ����*- �- � ���3 �1Z�77<   

 A8�4 - `D0*�-@1; u9�`* � ���3 [�  

3 - ���� 2�	 �=&����>�� 

 C� �� ��-2� -�2f* ���9� �2* �Y:���P��� ����

 �- �	�D� �2* �- .	�� �2� �-����� ���/0�*�. �2*

 ���KM��� 	f  ��7� r-� �- ����- �-@1; ?�� �� C�1��

C
�i �1� �* � �H��7� e�1  ��14

13 2� �-�- ���B ]42[ .

� �l�- �2* �- � CEPZ 6 �-@1; ���� ��1- 6 ���;

 	f  N7b�� �7c�  �:  ����- �-@1; ?�� �� C���- 6

C
�i ���KM��� z��L � Ni e�1  ��15

14  ����� -�1*

	;�M ���B ]43[ ��1- �� ���/0�*�. �2* -1P� A79- C� .

                                                 
14

13- Hitaka and Matsui 
15
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A/� 2 - �X��� 5�� �a ��- B=�=� 	�/� ���
��  ���PPP

�D-�9 h��� d��b- 5�� �* ��.1<  ����6� ���

�^ ��._- sW  �� �����61/0 �B �.-9 	�* 	�� �1, �

Ba � 5�� ��.1< �.1�  *�.; �* ��61  	6=��H .W�*

 *�.; ��GGF�- � B���* ��16�e�61  �� Bb��� �* .W�*

Ba � 5�� �.1� B���* �c� d@�D  ���6� ���  ..��

 5�� B� ����6� ��D; :6� :61K����;	  ���

����6 )P.R.1>.� �(  :6-Z  s��1- !�\86 ���1�� 

)P.R.4 � (�
�.I��@ ��aC�� �X��� 	<�� >�!� 

)P.R.6B� (  �� s6 � W  �� ����� ��.1<15/3 �60/3  �

88/3 5�� ��� B� 	a��  s�< �� ��._- :���< ��

]�W A��H � �*D�� �- �c�  �B��0- �*�/�� �� ..1���

B�@�  �* ��.1< �D-�9 ���11 D� ��*�1,- ?6� �2* ��D; �*

5�� �  �� ra �- ���< 	6��� BC�* �� �.� ]S; ���

�* ..�.� :66,  ��D; �� 	�!�� Ba � h��� U�����  �.1�

 �� ���.1<83  ��.� ����1� 5��36  	6��� �� 5��

 � ]S; ���<47 ..�.*�J ?67��9 �.���6H�� 5��  

4-3 - �EB?� ��AB���C :D	� <�( =��8>  2��� �#F� ��/

,- �	�<� ���#��� ��#  

 l
�� h���B�D�� 	��< ���.�� ��6J )KMO (

 ����12 �X��� �* 5�� �=W� ��D;  ���PPP  *�* ��0�

 B<KMO  �� �����581/0  ��� ��06� 5/0  �.� :66, 

	���- U��� :� �� .  B< 	�J ��D �*�* ��  A6=V  ����

.1��� s��1- �=-�� :61K�� . gb� ��._- B� BCD  ��

���*�1,- �9 �D-	��<  �� ���<) 	= ���05/0�- (  ��D 

 	@��*.� *� ��W ��@ B<�  m�a �� ���6k�- ��6- �

*��* *DC� ���*�1,-.  

 ��.C �*5  h����2��a�� n� �- �6k�- ��  �*

�
�u ��.� 	7�; ) B< �6k�- �� n����� �� ��a��

A-�� r�D  B� x��0- ��� �- {��; .19( � U�����

 I��=V  ���F���6A =W� B�7i- .	�� �.-9 ��D��  ���

 n� �- :� I��?J �� ���F��� �� AaH \�<����� �-�� 

�-  .1<B< -�� � �9 ����� �!1 �- .���>�* �D�� �* .� 

 .	�� �.-9 ���F��� �*�_- �2��a�� n� �- �����

��D; :6�  5�� �=W� ����- ��0�  �� �*�.,  B< .�*

�� �*�.; �  ���6k�-  Bb��� ��.���* ��D
 ) �2��a��

�� ��06� 1/0�( :����1� � h�����0�2��a�� �2 DH� -��6 

��D;  ���12B��J  5���*  ��b
 gb�05/0 .	�� 

 dae�- �.��0- B=W�; h��� ��D; B< *D�  5�� ���

) ���6�P.R��e �(;) �De.RB�-�� � ( ) ���SJI.F.R (

B�  \�<����� �� s6 � 593/0 �599/0  �639/0 * ����

 x����� :���<�- ..1���  
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��.C 5-  n� �-��^s 2��a��� -��6 ��D; �X��� �* 5�� ���� �=W� ���  ���PPP  

5�� �=W� ��D; B67�� ��._- \�<����� PR ER LR SCR  NER DE 

PR 000/1 593/0 000/1 181/0 38/0 253/0 198/0 295/0 

ER 000/1 649/0 181/0 000/1 418/0 282/0 522/0 204/0 

LR 000/1 690/0 038/0 418/0 000/1 263/0 354/0 205/0 

SCR 000/1 781/0 253/0 282/0 263/0 000/1 272/0 012/0 

NER 000/1 654/0 198/0 522/0 354/0 272/0 000/1 386/0 

DE 000/1 758/0 295/0 204/0 205/0 012/0 386/0 000/1 

IFR 000/1 639/0 087/0- 070/0 281/0 181/0 006/0 017/0 

DeR 000/1 599/0 160/0 217/0 215/0 309/0 389/0 175/0 

BCR 000/1 782/0 136/0 051/0 015/0- 257/0 122/0 155/0 

UR 000/1 736/0 038/0 041/0 065/0 025/0- 021/0 045/0 

IMR 000/1 736/0 000/0 135/0 025/0 146/0 092/0 052/0- 

OPMR 000/1 760/0 164/0 105/0 137/0- 070/0 043/0- 020/0- 

5�� �=W� ��D; B67�� ��._- \�<����� IFR DeR BCR UR IMR PPMR 

PR     087/0- 160/0 136/0 038/0 000/0 164/0 

ER     070/0 217/0 051/0 041/0 135/0 105/0 

LR     281/0 215/0 015/0- 065/0 025/0 137/0- 

SCR     181/0 309/0 257/0 025/0- 146/0 070/0 

NER     006/0 389/0 122/0 021/0 092/0 043/0- 

DE     017/0 175/0 155/0 045/0 052/0- 020/0- 

IFR     000/1 311/0 062/0 325/0 255/0 022/0 

DeR     311/0 000/1 404/0 144/0 246/0 060/0 

BCR     062/0 404/0 000/1 275/0 019/0 087/0- 

UR     325/0 144/0 275/0 000/1 500/0 268/0 

IMR     255/0 246/0 019/0 500/0 000/1 460/0 

OPMR     022/0 060/0 087/0- 268/0 460/0 000/1 

  

� �-n B�7i- �=W� ���� � Bb���:6 k�-���6  �

- lF0- �� B��!� A-�D�� .1< B< � ��: B� r����  ��D1�

������ =-��� *� -� ��SJ��� d=b- ��._- Bu�� .*D�� 

���06 � �.��  :6a-Z ��06� ���SJ�6q� B��!� A-�� ��� �

 	�� l
��]33[B-�*� �* .� B�7i- :66,  h���  ���

��D; >�f*� ���� (B�!��) �=W�  �* 5�� ���� �=W� ���

�X���  ���PPP  �* A< n����� g�0  ��1a-����.C 6 

	�� �.-9.  .	�� xD=� B� �� A/0�- ��.C :� xD=�

� �D�� B� A-�� ���s�u�� �  B67�� ��� �*�_- mD��-

_- B��*� .	�� �2��a�� n� �- ���  

 B< 	�� A< �D-�9 n����� �� ���._- ���� ��._-

 v�
 A-�� 5 r�D �*� :6�F  �-  A< n����� � *D�

 �� ����� �D-�9 �� ����100% .	�� �>�* �D�� �2��0� 

�- A< n����� �� A-�� �9 n����� �!� .W�* .���  B<

�D-�9 *�.,  �� A-�� �9 ��� ��._- �6�_  �� B� ��  	�*

�- .9 . dae h�����.C 6  � ��� �*�_-�B  ��.-9 	�*

B�7i-  �� ���._-���� �  �� ��J�?�1B� � B�7i- ��D1�  ���

�- ���F��� �=W� .�D� ���� ��� ��._- � h1� ��� A-��

B�  �� ����� s6 � 874/2 �889/1 �321/1 �264/1  �030/1 

 �� ��J�?� �1,1 �B .	�� �.-9 	�*  U��� :� ��
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�-  :6� �* B< 	@��* ��D 12 h1� �5�� ��D;  A-��

*�_- �� B��!�� ��� ��� ��06 0/1� :66a  	6=��H 

817/69� %��� �n�� ��  ��.1��� ���* . B��!� A-�D� :�

B�7i-)  \�DW B� (�=W� ��� A-��R1 :���7�* 5�� 

R2 : ��7�- :6-Z  5��R3 : 5��=��6 � ��R4 :

 �����C� 5��� R5 :�.� ���S2-�� ���-��� 5�� ..��  

 h���- n� �- �=-�� A6=V iB�7 AaH �� .,� �  ��

����* )n� �-  ��.C �* (�0
�u B�7i-7  .	�� �.-9

�*�* U����� ���.C :� ��� �2��a��  :6� ���

B�7i- ���F��� �=W� ���  �.�� A��H �=aH B=;�- �

	�� �.��0- B� BCD  �� . h��� �.��0- n� �- :�

�- *D�  B<��D; �
��  ���12B��J  5�� :6� :�

�DA-� ��� ����* �=-�� ����- `e�_�- .1��� .  

��.C 6- B�7i- ���F��� ��� =W� ��1a-�� �<�������D; \� �X��� �* 5�� �=W� ���  ���PPP  

B�7i- 
� ��� �*�_-B67� _-�*����� ���F��� ��  �=-��,��-� _-�* ��
�u ������  �=-��,��-� 

Total 
% of 

Variance 
Cumulative 

% 
Total 

% of 
Variance 

Cumulative 
% 

Total 
% of 

Variance 
Cumulative 

% 
1  874/2 949/23 949/23 874/2 949/23 949/23 296/2 130/19 13/19  

2 889/1 741/15 690/39 889/1 741/15 690/39 909/1 909/15 039/35 

3 321/1 012/11 702/50 321/1 012/11 702/50 756/1 706/14 746/49 

4 264/1 532/10 234/61 264/1 532/10 234/61 364/1 368/11 114/61 

5 030/1 583/8 817/69 030/1 583/8 817/69 044/1 703/8 817/69 

6 816/0 799/6 615/76 - - - - - - 

7 697/0 807/5 422/82 - - - - - - 

8 525/0 374/4 796/86 - - - - - - 

9 505/0 205/4 002/91 - - - - - - 

10 465/0 877/3 879/94 - - - - - - 

11 364/0 032/3 911/97 - - - - - - 

12 251/0 089/2 000/100 - - - - - - 

��.C 7-  n� �-��� - �=-��iB�7  ��� �=W� AaH n� �����* �� ��D; ���� �X��� �* 5�� ���� �=W� ���  ���PPP  

5�� �=W� ��D; 
 n� �-��� - �=-��iB�7  ����=W�  

����* �� AaH  n� ����* ��  

R1 R2 R3 R4 R5 R1 R2 R3 R4 R5 

PR 377/0 178/0 - 617/0 174/0 093/0 - 782/0 087/0 078/0 286/0 103/0 

ER 625/0 255/0 - 077/0 428/0 - 062/0- 236/0 832/0 146/0 151/0 058/0 

LR 537/0 283/0 - 419/0 - 374/0 - 076/0 739/0 149/0 323/0 306/0 322/0 

SCR 559/0 091/0 - 036/0- 090/0 671/0- 091/0 12/0 069/0 671/0 081/0 

NER 672/0 390/0 - 094/0 166/0- 123/0 017/0 037/0 087/0 874/0 123/0 

DE 424/0 350/0 - 274/0 094/0 610/0 385/0 136/0 196/0 268/0 661/0 

IFR 393/0 365/0 588/0 032/0 - 067/0 228/0 666/0 020/0 161/0 060/0 

DeR 677/0 055/0 147/0 - 328/0 097/0 - 097/0 265/0 667/0 226/0 125/0 

BCR 403/0 038/0 039/0 - 758/0 007/0 - 053/0 053/0 671/0 418/0 021/0 

UR 365/0 666/0 036/0- 115/0 379/0 442/0 135/0 506/0 273/0 094/0 

IMR 407/0 714/0 104/0 221/0 - 011/0 - 330/0 794/0 024/0 368/0 019/0 

PPMR 189/0 580/0 541/0 280/0 - 128/0 - 190/0 049/0 281/0 125/0 692/0 
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g^�� x�* ����  �� D27�B�7i- � �� ���U��  �
�u

���n<��22

20  ��� h��� U����� .	�� �.� :66, =-��� 

����* n� �-  ��.C)7�- �.��0- (  B< *D� �-�� 12 

 v�G�
� A��H 5�� �=W� ��D; B� h1� B��!� A-��

�- ��� ..1 �� ��J�?� �=-�� ���5/0 ��0�  m�a �� �.1�*

�- B�!�� A-�D� �� ���6k�- �6_��-  ..���u��B _- ��.

 �_� BeD��- A-�� �.��� ��06� s��^ :� d=b-�.H

*��* �c� *�D- �6k�- (n�����) \��66k  A< �* ���06�.  

��D;) ����6k�- �h��� U�����  (5�� ���

) ���6�P.R) (\���_-) :6��DH � (LR :��06� ����* (

 A-�� �� �=-�� ���R1 �-  ����6k�- :61K�� ..1���

) �*�G�H�E.R�-�� �(B ) ���SJI.F.R (�����) .-9�* � (

)IMR A-�� �� �=-�� ��� :��06� ����* (R2 �-  ..1���

) �;��e ����6k�-De.R) (A6�/ ) 	
�� �(B.C.R � (

��!� ) ���*��U.R A-�� �� �=-�� ��� :��06� ����* (R3 

�- 5�� ..1��� ) (�����C�) �21��@ ���S.C.R � (

5�� ) (�,6ae) �b6V- ���N.E.R :��06� ����* (

 A-�� �� �=-�� ���R4 �- �* ..1��� 	�!��  ����6k�-

�*�-9 ) �X��� (B,�D ) ����D.E (���-���) ���.- � (

)P.P.M.R A-�� �� �=-�� ��� :��06� ����* (R5 

�- B�7i-) B��!� A-�D� :66,  �� n� ..1���  �=W� ���

�X��� �* (5�� ����  ���PPPB-�*� �* �� ��� >�T�� �

B�7i- :� �� �5�� ��< � ��6< ���?67��9  �*����� ��

.	�� �.�  

4-4 - 2��� ��$ 4�B�>� :D���G <�( =��8> �/  

5�� :���!- ������ � ����1� �� n�  ���

 ���*�*���H �*�/=�� � ����
��PPP �X��� �*  ���

A�; ��1��� �D-�9 �� A_��  ?67��9 B� B-�*� �* ����-9 ���

��< 5��  ��.C �* .	�� �.� B�
�*�� ��8  ��� h���

) 5��PI5�� ���� (  �=W� B�7i- h1� �� ra �- ���

 \�DW B� h��� :� .	�� �.-9 (5�� ���� A-��)
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20- Varimax rotation 

 A/� �* �*�/=�� � ����
�� �F� �* ���� �/6@��J3 

 �h��� U����� .	�� �.� �*�* ��0�30  �* 5��

�*�.V- ) ����V�PI �� ��06� 2/0( �13  �* 5��

 �*�.V-e�6�;�� )PI  :6�05/0  � 2/0� ( 5  �* 5��

 �*�.V-) I�S� A��HPI  ���<�� 05/0:66,  ( �.�  ..��

B� ��De  B<5�� ���  Dk7 � 	7�* r�D  *�*���H B� �


*�*���H ��6�-�� 	
�*�� `bH 	7�* r�D  ���  >�c� *��@

*�*���H *�_,�� .19�@ �* ��7�*� �C� >. :�- ���C� *D

�D��H g6VW�  *�*���H \��DG- �* \��66k� ��� ��� ���D�� 

>�D  ���� 	*�.V- \�*��� � \��*�W ����  E_� 	�/�

*�*���H �7�- :6-Z �  >.� Bb��� B� �21._� *Da�<

\�a7�b- >�21� B� 	
�*��� ��!� �� �@�<�� .-9�* ���*��� 

 :6-Z  �* �X��� �@�<�� �T; � *�� ��^�_ �^�_ �  �<

B�-�� �/�  �.� I��� �^�_  � .67D  �* ���SJ�  >.�

B_b1- �� ����� *DC� B�-�� 	�.� ���� ��  ����SJ

B_b1- � �-D� ��� ���C >.� B�� ����  B� �1�� ���

.��� ���.- 	��*�� ��2� A67* � �� ra �- :6��DH *Da�

	�� AY��- �X��� �b6V- ��X��� �;��e �J.6K6�� 
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Contract Risk Analysis in Transportation 
Infrastructure Projects Based on Public-Private 
Partnership (PPP) Method 
 
The present paper aimed to assess a comprehensive risk analysis 
in public-private partnership (PPP) infrastructure projects using 
library studies and surveys in transportation infrastructure 
projects. By separating risks through Delphi technique based on 
expert opinions, 42 structural risks and 41 operational risks in 12 
main areas including political, economic, laws (regulations), 
cultural (social), environmental (natural), preparation 
(development), investment, Design, construction (completion), 
operation, revenue (market), management (organizational) were 
identified. Then, using a questionnaire survey and data analysis in 
SPSS, screening and determining the preferred risks based on 
statistical tests including Kolmogorov-Smirnov (K-S) tests, 
Kendall ranking and factor analysis were performed. Based on the 
results, 36 risks with lower Kendall mean were eliminated and the 
remaining 47 risks were analyzed. Also, by factor analysis, the 
main components affecting the incidence of risk in these projects 
were identified according to the factor load of the main variables 
(12 areas of risk). The results of KMO index and Bartlett 
sphericity test showed that there is a significant relationship and 
strong correlation between the variables. The five latent factors, 
including government, financing, operational, social and 
organizational risks with specific values greater than 1.0, were 
able to explain 69.817% of the variances. Critical risks were 
identified by developing an integrated assessment approach based 
on the Relative Significance Index (RII) and the occurrence-effect 
intensity (PI) matrix. According to the results, the risks of 
"interruption of payments by the government", "termination of the 
contract by the government and cancellation of the contract" and 
"corruption of the government system in the process of concluding 
the contract" with a PI of 0.2166, 0.2161 and 0.2003, respectively 
are among the critical risks were identified. 
 
Keywords:   Contract Risk, Public-Private Partnership (PPP), 
Transportation Infrastructure Projects, Risk Analysis (Probability-
Intensity). 
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Investigation of the Behavior of Buckling-
Restrained Steel Plate Shear Wall under Fire 
Loading 
 
In this study, the seismic behavior of an all-steel buckling-
restrained (AB) steel plate shear wall (SPSW) with incline slits 
under fire and cyclic loading was investigated. ABSPSW was 
composed of two thin steel infill plates with a narrow distance 
from each other, which were embedded with incline slits on each 
plate. These slits were in opposite directions to each other. The 
finite element (FE) numerical model was validated with three test 
specimens and after ensuring the modeling strategy, the 
parametric study was performed by considering variables such as 
wall plate thickness, slit width, strip width between two slits, and 
degree of temperature. A total of 256 FE numerical models were 
subjected to coupled temperature-displacement analysis. The 
results of the analysis showed that the high temperature reduced 
the seismic performance of the ABSPSW so that at 917oC, the 
load-bearing capacity was reduced by 92%. In addition, with the 
increase in the temperature, the yield point of the infill plate and 
frame occurred in a small displacement. The average decrease in 
shear strength at 458°C, 642°C, and 917°C was 18%, 46%, and 
92%, respectively, compared to the shear strength at 20°C. Also, 
with increasing the temperature to 917°C, ductility increased by 
an average of 75%. 
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Construction of a New Hollow Cylinder 
Apparatus to Study the Tensile Behavior of Clay 
with Different Plasticity Indices 
 
Soil tensile strength is important in different geotechnical 
structures such as earth dams, roads, airports, landfills, and 
retaining walls. There are several experiments to study the tensile 
behavior of soils with different advantages and disadvantages. 
One of the methods used to investigate soil tensile behavior is 
tensile hollow cylinder apparatus, which has seldom been used. In 
this research, a hollow cylindrical device to measure the tensile 
properties of soil was built and operated. This device can apply 
tensile stress evenly to the entire soil sample so that stress 
concentration does not occur at any point in the sample.  After 
designing, manufacturing, and assembling the apparatus, 
validation tests were performed to ensure the device was 
operating well. The results of the repeatability tests show the 
accurate performance of the device. Also, in this study, the effect 
of plasticity index (PI) on the tensile behavior of kaolinite clay 
was investigated. Clayey soils with plasticity indices of 10 and 
24% were selected. The results show that for clays with a similar 
mineral, the tensile strength increases and the tensile failure 
strain decreases with increasing the plasticity index. 
 
Keywords: Tensile hollow cylinder test, tensile strength, clay, plasticity 
index.  
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Simulating Effect of FRP Sheets on Nonlinear 
Behavior of Reinforced Concrete Beam- Column 
Connections  
 
The vulnerability and improper seismic behavior of beam-column 
connections in reinforced concrete structures designed based on 
past codes without seismic considerations has been established 
through data obtained from experiments and past earthquakes. In 
this research, the use of fiber-reinforced polymer (FRP) sheets 
attached to the surface of the member for strengthening 
connections was investigated. Here, an analytic model was 
presented for simulating the nonlinear behavior of connections 
strengthened with FRP sheets. In this model, the nonlinear 
behavior of the core zone of the connections was simulated with 
two diagonal linear springs. The corresponding load-
displacement relationship in the linear springs is a function of the 
principal tensile stress-shear deformation in the core zone of the 
connection. Therefore, based on the behavioral mechanism of the 
connections and using the experimental results, the principal 
tensile stress-shear deformation relationships for reinforced 
concrete connections with different restraints for the longitudinal 
rebars of the beam were developed. Comparing the results of the 
numerical model with those obtained from the experiments 
verified the ability of the proposed model in predicting the 
nonlinear behavior of connections strengthened with FRP sheets. 
 
Keywords:   Reinforced Concrete Connections, FRP Sheets, Nonlinear 
Analysis, Seismic Strengthening, Simulation. 
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Investigation of the Effect of Various Mixing 
Designs and Macro Textures on the Skid 
Resistance of Roller Compacted Concrete 
Pavement Surface 
 
The purpose of this study is to investigate strategies to improve 
the skid resistance of roller-compacted concrete. Since the main 
weakness of roller-compacted concrete is the lack of pavement 
macrotexture, in this study, three types of macro textures, 1- 
Seeding (in three aggregate sizes), stamping (in two sizes), and 
grooving (one-way and two-way) were considered. In this 
research, eight mixing designs were selected to make roller-
compacted concrete samples. The skid resistance of treated 
samples for 28 days before and after abrasion was evaluated by a 
British pendulum test. The results showed that concrete surface 
abrasion reduces the skid resistance of concrete samples by about 
10%. The results also showed that changing different mixing 
designs did not have a significant effect on skid resistance. While 
the skid resistance is completely dependent on the type of 
macrotexture so that the grooved macrotexture shows the highest 
and the seeding shows the lowest skid resistance before and after 
abrasion. 
 
Keywords:   Roller Compacted Concrete Pavement, Mixing Design, 
Skid Resistance, Micro/Macro-Texture, Abrasion.  
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Development of Predicting Model for Clay 
Subgrade Soil Resilient Modulus based on the 
Results of Cone Penetration Test using 
Evolutionary Polynomial Regression Method 
 
Accurate determination of resilience modulus (Mr) of pavement 
subgrade soil is one of the important factors for successful design 
of pavement structure. This parameter is usually measured using a 
dynamic triaxial test, which is a complex and expensive 
experiment. In this study, the evolutionary polynomial regression 
(EPR) method has been used to develop a model for predicting the 
resilient modulus of clay subgrade soils based on the results of 
cone penetration test (CPT). By means of the developed model, the 
resilient modulus of subgrade soils can be estimated by having the 
parameters of cone tip resistance (qc), slave friction resistance 
(fs), moisture content (w) and dry density (γd). The results of this 
study show that the model developed by the exponential function is 
the best model constructed. Based on the developed model, the 
coefficient of determination (R2) for training set, testing set and 
total set was 0.9808, 0.9714 and 0.9785, respectively. The 
sensitivity analysis performed also showed the very good 
agreement of the developed model in predicting the resilient 
modulus of subgrade soil. The results of sensitivity analysis 
showed that the moisture content is the least important parameter 
for predicting the resilient modulus of fine-grained soils and the 
importance of other parameters is almost the same. In this study, 
the effect of different parameters on the resilient modulus of 
subgrade soil has also been evaluated using parametric analysis. 
 
Keywords:   Resilient Modulus, Clay Subgrade Soil, Cone Penetration 
Test (CPT), Evolutionary Polynomial Regression (EPR)  
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Comparison of the Behavior of FRP Rebar with 
Steel Rebar in Reinforced Concrete Columns 
under Impact Loading 
 
The aim of this paper is to dynamic analyses of rectangular 
columns using different types of Fibre-reinforced plastic (FRP) 
rebars (CFRP-AFRP-GFRP) and compare them with steel rebars 
under impact loading. For this purpose, first, to evaluate the effect 
of FRP, the 25 cm column with 12mm rebars are placed under 
three types of impact loads in near the base, middle and the whole 
column. Then, to evaluate the reinforcement size effect, 12 mm 
rebars is replaced with 18 mm and the effect of the impact load on 
the whole column is evaluated. In the next step to evaluate the 
effect of cross sectional dimensions, the impact load across the 
column with the rectangular cross sectional with 35 cm 
dimensions will be examined. Finally, 20 models are prepared 
and examined by the finite element method and the results related 
to displacement, stress and energy are calculated. The results 
show that FRP reinforcements are more resistant to impact load 
than steel reinforcements and CFRP polymer reinforcement has 
performed better than other existing reinforcements. In general, it 
can be said that the use of Fibre-reinforced plastic reinforcement 
can be a measure to strengthen structures against impact load. 
 
Keywords:   Concrete Column, Impact load, Rebar, CFRP, AFRP, 
GFRP. 
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Investigation of the Effect of Crack Position and 
Strength Characteristics of Materials on the 
Stability of Homogeneous Soil Slopes 
 
The complexity of the conditions and behavior of soil materials, 
the existence of various hypotheses in the formulation of stability 
analysis, and the mechanism of slip and failure of slopes are 
among the main factors influencing the methods of soil slope 
stabilization. The cracks are a common occurrence on earth 
slopes that require a method that includes the presence of cracks 
in the stability assessment based on the kinematic approach of 
finite element and finite-difference. While many cracks may be 
present on a slope, the failure mechanism typically involves a 
crack whose position has the greatest negative effect on stability. 
In the present study, the geometry of critical failure surfaces, 
including the most undesirable cracks for slopes with different 
transverse and slope constraints, has been analyzed. Based on the 
findings of numerical modeling, it can be concluded that the 
critical height of the slope decreases due to the presence of 
cracks. This decrease, however, decreases with the angle of slope 
inclination. The results showed that according to the finite 
difference method, the most critical crack position for 
homogeneous soil slopes will be at the slope toe because, in this 
range, crack formation creates the lowest factor of safety. 
 
Keywords:   Stability Analysis, Earth Slope, Crack, Finite Difference. 
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Impact of Land Use Changes and Expanding of 
Irrigation on Drying up of the Bakhtegan and 
Tashk Lakes 
 
The Bakhtegan and Tashk lakes (SW Iran) have 
been rapidly drying up during since 2007. In the absence of 
sufficient data, impacts of changes in land use on drying up of the 
lakes remain as yet undetermined. At this study, an attempt has 
been made to determine the effect of land use changes on 
shrinking of the lakes. The changes in the area of Bakhtegan and 
Tashk lakes together with the area of irrigated lands during the 
last three decades were determined by remote sensing analysis. By 
beginning of 1987 until 2007, the area of irrigated lands was 
increased from 1253.01 to 2506.11 km2 at all plains in the basin. 
Since 2007, two different behaviors have been detected in the area 
of irrigated lands at the upstream and downstream sectors of the 
basin. At downstream, all plains have experienced a significant 
reduction in the area of agricultural lands, but a considerable 
extension was detected in the upstream plains, where the lands 
were mainly cultivated with rice. Results show that the Bakhtegan 
and Tashk lakes had completely dried up as a result of the 
combined effects of meteorological drought and irrigation 
development (particularly at the upstream part of the basin). 
 
Keywords:   Bakhtegan and Tashk lakes, Drought, Irrigated lands, 
Remote Sensing, NDWI and NDVI Indexes. 
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Evaluating the Factors Associated with the 
Choice of Cycling in Home-Based Trips with a 
Distance of Less than Three Kilometers 
 
The car-oriented approach of cities in Iran has caused to decrease 
in the share of active travel modes in recent years. In contrast, 
cycling as an active travel mode can play a crucial role in intra-
city movements and reduce motorized travel modes' 
disadvantages.  On the other hand, active modes are more 
practical for short distances and are less desirable in long 
distances. In this regard, this study intends to investigate the 
factors affecting the choice of cycling in home-based trips shorter 
than three kilometers in Qom. For this study, a sample of 887 
residents of Qom city was used. Results showed that four 
categories of variables, including socio-economic characteristics, 
travel characteristics, environmental and theoretical factors at the 
significance level of 10%, affect the choice of cycling on trips 
shorter than three kilometers. The marginal effect values 
indicated that having access to a suitable bicycle could increase 
the probability of choosing cycling by 23.4%. Also, trips for 
leisure, sports, and meeting acquaintances have tremendous 
potential for cycling. Results also showed that people living 
outside the city center were more likely to ride bicycles in trips 
with a distance of less than three kilometers. Also, higher 
densities of residents and parks within a radius of 800 meters 
around the residence and having a bicycle accident experience 
with positive and negative marks, respectively, affect the 
likelihood of choosing a bicycle. 
 
Keywords:   Sustainable transportation, Active travel modes, Cycling, 
Choice model.  
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Seismic Design Coefficients of Self-Centering 
Multiple Rocking Walls Subjected to Effect of 
Far and Near-Field Earthquakes 
 
Nowadays, new and innovative methods have been proposed 
based on damage avoidance design (DAD) philosophy systems as 
the alternative conventional lateral load-resistant systems. These 
systems reduce damage to buildings and post-earthquake 
reconstruction costs. The self-centering rocking walls are one of 
them. In this research, multiple rocking wall systems have been 
investigated and designed. The effect of the number of self-
centering blocks and the ratio of tendon prestressing in a 12-story 
structure examined. The structures have examined subjected to 22 
far-field records and 28 near-field records, half of which have 
pulse. The modeling is done in two dimensions via OpenSees 
software. The design coefficients of rocking sections in different 
prestressings for each type of ground motions are specified. The 
results shown that rocking wall structures under near‐field pulse‐
like ground motions need more design capacity than other records 
to control drift and capacity section. Furthermore, The design of 
base-rocking and multiple rocking structures has been done for 
specific drift that have similar drift profiles in height. Then, for 
this case design, it is not possible to expect the desired energy 
absorption and also the reduction of the effects of higher modes 
from the multiple rocking the system compared to the base-
rocking system. 
 
Keywords:   Self-centering system, Rocking wall, Residual 
displacement, Presressing ratio, Higher mode.  
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Material Properties of High-Strength  
Self-Compacting Concrete Made With Fully 
Recycled Aggregate: An Experimental Study  
 
In this study, the effect of single and hybrid fibers on mechanical 
properties and impact behavior of high-strength self-compacting 
concrete containing fully recycled aggregate has been 
investigated in three parts: mechanical properties, impact 
behavior, and durability properties. The used fibers are steel and 
polyvinyl alcohol fibers, which were added to the plain mixture. 
The various mix compositions were made to consider the effect of 
different fiber combinations, contents, and types. The sustainable 
high-strength concrete used in this study was composed of fully 
recycled fine aggregate, different contents of steel and polyvinyl 
alcohol fibers, and constant content of fly ash as a partial cement 
replacement. The properties of prepared concrete were 
determined using the water absorption, the ultrasonic pulse 
velocity, the repeated drop weight impact, the splitting tensile 
strength, the compressive strength, and the flexural strength tests. 
The results show that by adding fibers to concrete made of fully 
recycled aggregate, the mechanical properties are improved, and 
this effect is significantly dependent on the type, the percentage, 
and the selected form (single or blended) of fibers. On the other 
hand, by adding fibers to the control mixture, the adsorption 
capacity and energy dissipation of the samples tested in the drop 
weight test have been significantly increased. 
 
Keywords:     Waste Granite,  Self-Compacting Concrete,  Mechanical 
Properties,  Steel Fiber,  PVA. 

A. A. Zamani 

Department of Engineering, 
Lorestan University, 
Khorramabad, Iran. 

e-mail: 
z_amirarsalan@yahoo.com 

M. Ahmadi 

Department of Civil 
Engineering, Ayatollah 
Boroujerdi University, 

Boroujerd, Iran. 

e-mail: 
masoud.ahmadi@abru.ac.ir 

A. Dalvand* 

Department of Engineering, 
Lorestan University, 
Khorramabad, Iran.  

e-mail: dalvand.a@lu.ac.ir  

   





Civil Infrastructure Researches, Vol. 7, Issue.1, Spring and Summer 2021 

Contents:
 
Material Properties of High-Strength Self-Compacting Concrete Made With Fully 
Recycled Aggregate: An Experimental Study 
Amir Arsalan Zamani, Masoud.Ahmadi and Ahmad Dalvand 
 
Seismic Design Coefficients of Self-Centering Multiple Rocking Walls Subjected to 
Effect of Far and Near-Field Earthquakes 
Esmaeil Mohammadi Dehcheshmeh and Vahid Broujerdian 
 
Evaluating the Factors Associated with the Choice of Cycling in Home-Based Trips with 
a Distance of Less than Three Kilometers 

Ali Farzaneh Movahed and Mohamad Hosein Dehnad 
 
Impact of Land Use Changes and Expanding of Irrigation on Drying up of the 
Bakhtegan and Tashk Lakes 

Zainab Hosseini, Morteza Mozafari and Elham Fijani 
 
Investigation of the Effect of Crack Position and Strength Characteristics of Materials 
on the Stability of Homogeneous Soil Slopes 

Ahmadreza Mazaheri, Babak Tahmasebi, Mehdi Komasi and Masoud Nasiri 
 
Comparison of the Behavior of FRP Rebar with Steel Rebar in Reinforced Concrete 
Columns under Impact Loading 
Reza Heydari Mal-Amiri and Davood Tavakoli 
 
Development of Predicting Model for Clay Subgrade Soil Resilient Modulus based on 
the Results of Cone Penetration Test using Evolutionary Polynomial Regression Method 
Alireza Ghanizadeh and Ali.Delaram 
 
Investigation of the Effect of Various Mixing Designs and Macro Textures on the Skid 
Resistance of Roller Compacted Concrete Pavement Surface 
Mostafa Adresi, Mohammad Ali Ghanbari and Alireza Omidi 
 
Simulating Effect of FRP Sheets on Nonlinear Behavior of Reinforced Concrete Beam- 
Column Connections 
Mahdi Nematzadeh, Sina Baharlo, Javad Shayanfar and Seyed Mohammad Reza Hasani 
 
Construction of a New Hollow Cylinder Apparatus to Study the Tensile Behavior of 
Clay with Different Plasticity Indices 
Abbas Ghalandarzadeh, Mahmood Reza Abdi and Leila Shafiei Chafi 
 
Investigation of the Behavior of Buckling-Restrained Steel Plate Shear Wall under Fire 
Loading 
Fereydoun Masoumi-Zahandeh, Mohamad Hoseinzadeh, Sepideh Rahimi and Mehdi Ebadi-Jamkhaneh  
 
Contract Risk Analysis in Transportation Infrastructure Projects Based on Public-
Private Partnership (PPP) Method 

Omid Pourafshar, Behnod Barmayehvar, Reza Esmaeilabadi and Ehsan Asnaashari 

  





 

 
University of Qom 

 
 

Civil Infrastructure Researches 
 

Vol. 7, Issue. 1 
Spring and Summer 2021 

 
License Holder:  

University of Qom 

 
General Director:  

Dr. Ali Mohammad Rajabi, Associate Professor, 
Engineering Geology Department, University of 
Tehran 

Editor in Chief:  

Dr. Ali Ghanbari, Professor, Department of Civil 
Engineering, University of Kharazmi 

Co-Editor in Chief:  

Dr. Seyed Rohollah Hoseini Vaez, Associate 
Professor, Department of Civil Engineering, 
University of Qom 

Technical and Text Editor: 

Tahere Arefzade, Master of Civil Engineering, 
Department of Civil Engineering, University of 
Qom 

 
Cover Design: Seyed M. Javad Hoseini Vaez 
Interior Design: Tahere Arefzade 
Publishing Supervisor: Mohammad Reza Shojaei 
 
Print ISSN: 2783-140x 
 

 

 
 
 
 
 
 
Editorial Board: 

Morteza Eskandari-Ghadi, Professor, 
Department of Civil Engineering, Tehran 
University 
Seyed Rohollah Hoseini Vaez, Associate 
Professor, Department of Civil Engineering, 
University of Qom 
Mashallah Khamechyan, Professor, Department 
of Engineering Geology, Tarbiat Modares 
University 
Mahdi Khodaparast, Associate Professor, 
Department of Civil Engineering, University of 
Qom 
Taher Rajaee, Professor, Department of Civil 
Engineering, University of Qom 
Ali Mohammad Rajabi, Associate Professor, 
Engineering Geology Department, University of 
Tehran 
Ali Ghanbari, Professor, Department of Civil 
Engineering, University of Kharazmi 
Vahid Nourani, Professor, Department of Civil 
Engineering, University of Tabriz 
 

International Editorial Board: 

Janusz Wasowski, Professor, National Research 
Council, Roma, Italy 
Hakim S. Abdelgader, Professor, Department of 
Civil Engineering, Faculty of Engineering, 
University of Tripoli, Tripoli, Libyan Arab 
Jamahiriya 

          

  

Mailing Address: Civil Infrastructure Researches 
Faculty of Engineering, Department of Civil Engineering, University of Qom, Qom, Iran 

Postal Code: 3716146611 
Tel: +98-25-32103590         Fax: +98-25-32854228 

Website: http://cer.qom.ac.ir/ 
Email: cer@qom.ac.ir








