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� �
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���  ���8

��]�\
_ eO,@� 9
 ��  �]�1 �0 �0F��  �X�Z���  98


�V� ������ ����H� �Z�� ����� ���8 �/� 9Z

eO,@� ���]�\
_ ��� F!+\6 98 9�O��  ���1 ���

 =�6O+
�	 �o!
O��c��O���9�O�� �  �!a ���1 >HB 9d �
��

/K��� �]���  �0��/L )4(� �0�0 ���� .�
� �/�  

 ��/L4eO,@� ���8 =�+V�
� �Z�� � ������ =�+V�
� �
��	_ r
��� : ��� ��]�\
_.   

XO� �/K8 9��0 eO,@� ��]�\
_  

�]�� �!a �8 �/� 9![6 eO,@�   � �]�� �!a �8 �/� 9![6 eO,@�15/0 =�6O+
�	 /-�0  

 ������ =�+V�
�(kg)  
 �Z������H� 

������  

 ������ =�+V�
�(kg)  
 �Z��� ����H

������  
 ��� 9�O��

F��  

 ��� 9�O��

X�Z��  

 ��� 9�O��

F��  

 ��� 9�O��

X�Z��  

 �8 eO,@�9��0 
� �7�8 /1 �/K8 9��0  1282  970  77  1311  1142  87  

 �8 eO,@�>
� /1 ����� �/K8 9��0  1228  884  72  1274  1027  81  

 �8 eO,@�9��0 
� ;!
�� /1 �/K8 9��0  1072  741  69  1136  923  81  
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 	�69  0/� 98 /-�081   !� 0�O� ;
� 9d /�0 �!!s6 /-�0
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4-3 -  N��8A���� �''	 ?�"
�� ?DA5(TSR) 

��/L )5( ����H� �
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��� �

�!H����!k ���d �� ��]�\
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 �� ���8�  98
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�� 9�O�� � =�6O+
�	 ���1 ���

/K��� �]�� �!a ���1� �]�1 �0 �� �0  � F��

G�� �/� ���_ .�
� �0�0 ����  ����H� �Z�� ;!Ku��

�!H����!k ���d 98 eO8��  !� ��]�\
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 ��/L5� : �Z�� � �!H����!k ���d ����H� �
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��TSR ��]�\
_ ��� eO,@� ���8.   

XO� �/K8 9��0 eO,@� ��]�\
_  

�]�� �!a �8 �/� 9![6 eO,@�   � �]�� �!a �8 �/� 9![6 eO,@�15/0 =�6O+
�	 /-�0  

!H����!k ���d ����H�� 

(KPa)  

TSR  

 �!H����!k ���d ����H� 

(KPa)  

TSR   ��� 9�O��

F��  

 ��� 9�O��

 ���_ G��

�/�  

 ��� 9�O��

F��  

 ��� 9�O��

 ���_ G��

�/�  

 �8 eO,@�9��0 
� �7�8 /1 �/K8 9��0  320  204  64  347  294  85  

 �8 eO,@�>
� /1 ����� �/K8 9��0  319  202  63  364  296  81  

 �8 eO,@�9��0 
� ;!
�� /1 �/K8 9��0  251  153  61  304  205  67  
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 =!Gr���/ �� �
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�2 0!AH ���� ��� 03 � -��- �� ��!�  �3<


 �3- ����S �	��� �!4� ��
�2 ��:!� �3 �b<� ����������

� ��!f �� 0\��I� ��  
��� ��� �3 k�51�M� �- � :GH

�2��� �H 03 �> 	�� �:� 0�S�, ��Hy  =
� �-����� 

03 0!\� �<4G� 
��� ��� �3 ��
�2 �<.1� ���� =
� �� �

[��  .	�� �:� �-�J��� �� S�03  � ����3 �.
- k��\�

0�
�^� <.1� 	I> �2��  
��� ��� ��
�2 ��:!� ���

 02� l!� � a�> @A�B� 
��� 	�-n�3�  �� �-�J��� �3

X�� � �Zj��! (VOF1) [�� � �� S� Flow-3D  =
� �-

51�M� 0	�� 0�S�, ���c 02<> -�<� . 	�� �H� 03 [�n

X���Zj ��� ��!� )VOF(  ���H v��� �Zj 	j��� 

)FAVOR2 (���� �
�� 0H :G��� ��Zj � 2 X�� ��

 �:� �-Flow-3D 03 �� ��H:��� ]25[.  

                                                 
1- Volume of fluid 
2- Fractional area-volume obstacle representation 

 ��� ��
�2 	�� �:� �5� 051�M� =
� �-

 a�> � d9� �<P!3 a�> �3 �2�� ��� 
���USBR  �- �-

	1�j  �3�o�c � d
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�:�  �!4� ��
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03 	Iq �<4G� p
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�H��> ��!� 8
 ��
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 ���1� 8
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(�, 	, 
) 0� �-  kn-�5� �G5
 �k���B� 	F2

�
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i jρu u  ��!� �3 0H 	�� �:1<G
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03�-�, �b� � �-�H d�� ����� ��!� �- �� �.�J�/ ���

��H:G ]30-33[.  
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 ��:^� =
�>  p
��� �3

 	
�F� �- .	S�, ���c �-�J��� -�<� �-�- 0o��� ���.�
���/

 09\��<A���� >�\��I�� 03  k�<q
8  d��� E<A3

652866  -�53� � �<A� �� 8
���<A��� �3 �3��3 

3/0×8/4×3/0  l�j�3)����� >�> 03 ���!l X×Y×Z( 

�:� � 	S�, ���c �-�J��� -�<� ���� �3 ����� =
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 d9�4 - .�<.|� ��
��:� ���
p 0����3 ���2� ���� �Y, �3.  
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H�; ��,�>
�; 

�� ./0��� Z�@ �.
, �; <=>3 <; [�A:�\� �/� ]�W�� ,��� 

�� �/0
H- [� DM ��
� <; N!.0� <; I�
 ��^� �; 

[^9�� ,/A�� �\!X� 	�
� _��; �!!L3 �,  ����������

 CD�E��14�
 /�>�!�. ,��� N
� �� �/0
H- <; I�
  <;

<\��� `�/5� ��� <��
��4 	�� ,�>� ��!����� � ,��>� 

�.
, /��>�!� ,�W
� �; �,,�2 <=>3 <; ?;�>� [�G!GX3 

�/� ]�W�� N
� �� �/0
H- /��>�!� �; ��� a�>
 �
�!�!� 

� ���������� I�
 �9!093>bY [��c� 	Kd� � �e0� <���, 

/��;.  ��>5 �, N!.0�  DM ��� �/0
H- �!cf3 ����; �

 ��� ��14�
 �9!093>bY [�!B>g
 �; 	!Kd3 �>X� �

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

��	 � ��� �
 �����  ����  �!"#  $��%����� �
  

 
   hD�E� ����>h�4 �, �h!�, [^iA� �� �9
 CD�E� j��>� �c� �, I�
 �2,>:-   a>hg
 <h; C

 <4 	�� ��A0B ����>�4 	h�� <�M�2 ���k ��GGX� �� ���!�; <=>3 ,�>� .   �� ?h!GX3 Nh
� �,

 �4 ��!�
 	!B�
 �; l� I�
 	!Kd3 ���; N:>b�4���(CL) �,>:- <; [���!� m�� �  [��h�!� 

      �h���; <h; ��� <hD5�� .	h�� �DhB� <D5�� �, j��� �n�5 ����� .	�� �/� �,�e��� ���

 �; <
�� I�
 �����G� � �
���0� ��1�
���-  � �,>h:- I�
 	oDp N
�3 ����X; �
���0� Z/�

	K�� <; ��� [���!� � m�� [���!� <; �,>:- I�
 1:1    ��h1�oDp �h; �1000 �5000 � ppm 

10000  ���- j�� ���� [/� �;7   ,�, ��h�� ��� <D5�� �, �/�- 	�, <; r
��� .,��,�s!� ���

� I�
 �9!093>bY ���������� ��� �; �/0
H- 	oDp �
� M� ,��>� N
� �� <4 ,��U2 �� �e0� �c

     ���h4 � ��>hX� 8h3 ���h�M 	���G� �d4�/5 ���4 <; ��>3 ��   �h!��e!:�4 ��;��h; 	Kh�� 

(CBR)     <h4 ,>h; �,>h:- I�
 	oDp N
�3 ����X; �
���0� <D5�� N
� Z/� .,�4 ����� I�


 �� !�ppm 10000 ./�- 	�/; <D5�� ]�, <;  ����; r
��� ��1h�
���-     ��� �h; �/h� ]�hW��

�,>:- I�
 <;  	oDp ppm 10000 � 	!Kd3 �- �; N:>b�4���  �;�� !� 5% ����  ���� [/� �; �

� ���- j�7  �14 �28 ,��,�s!� ���. �>o0� �� [/� ���� j�� ����- ����; �!c�3 ����  �h; 

����������  CD�E�I�
   �h!o�LL �PL �PI�   .8h�
 a>hgE� ��� �,   ��h�� [/h�  �>hi5 

N:>b�4��� �, I�
 �� /��; .       h�
���- Nh
� �� �/h�- 	h�/; r
�h�� <h; <h=>3 �; �D4 �>@ <;[� �

 � ��>X� 83 ����M 	���G� �d4�/5�!��e!:�4 ��;��; 	K�� CBR) (I�
   �
� hM� �h;   ��h��

	�� <�M�
 �
� M� ���- j��   �h� �
� hM� I�
 �2/0K�u ���- j�� ���� [/� �
� M� �; .

 �- JK3 <; � /;�
./;�
 �� �
� M� I�
 ����M 	���G�  

����� �� !
":   m�� [���!� ���� [���!� �N:>b�4��� ��H��>� �I�
 �2,>:- �I�
 	!Kd3.  
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 �� I�
 N
�.	�� <�M�2 [�>B ������M [�G!GX3  T�� ��

 ��>3 �� �4�
 CD�E� ��� [^� � �� I�
 	!Kd3 ���

 �; 	!Kd3 ��A!K@ ��� �H��>� �� �,�e��� �; 	!Kd3 <;

��- �� �,�e��� �; 	!Kd3 � N:>b�4��� �� �,�e�� ����� 8

 .,�4v!3�;2 ����9�� � <A:�\� �,  �� �,� M� �c�

 ,�>� �� ���!� [^� �2,�>
 	���G� �; N!:>b�4���

/�,�,���k ����;  �<4 /�/!�� <W!�� N
� <; :>b�4��� N

>K1; �� ����M ]�9X����� ,  �� �,�e��� � /�E;

:>b�4��� <; <u �N <; <u � <��� � N� N
 .
�= ��>0�

���!� N
 .
�= ��>0�  �� [^� ��� <�>�� �2,�>
 ���M�

 /�E; �� ,>K1;]1[ .�9�3 ����9�� � ������ �, �c� 

8�- �; ��� I�
 l� ]�� �� ����; /�,�4 � <=>�� 

/�/� <4 N!0O�� �; �,� M�  28�- % v� �� 	g� ���� 

	���G� ����M �>gX� �/�� I�
 ,�/5 	e� �;��; 

<�M�
 �
� M� 	�� � /5 � ��!�
 ����� I�
  �
� M�

<�M�
 	�� ��� N
� �
,�G� 	�U2�; ���� ���- j��  ���4

,>�!� N!0O�� . �1�- ���U2�c� �� !� <=>3 j;�k 8�- 

�, I�
 ��  3 % ]^�� /�,�4 ��� [�>B <; �D4 �; �,� M� 

2 % 8�- I�
 �/� 	!Kd3 <A:�\� ,�>�  	��]2[ .

 ���.�����N�n �.
, �� ����; �, ]�W�� ��1�
���- 

,�/5 �w�;�3� �>�4��� �,��/����� ��4��3 83 ���>X� 

��/� ����4 	���G� <�!�!��H� � 	K�� ��;��; 

 �!��e!:�4(CBR) �a�>
 ��/01� l� ��� �/� 	!Kd3 

�� �H��>� �; � [�A
�n ��A0B �� <A:�\� ,�>� ���k  ./�,�,

r
��� ���� ,�, �; �,� M� ��� �� N
� �,�>� 	���G� � 

]��, �/� 	!Kd3 ��� <�>�� �
� M� ��  /;�
]3[ .�>:>44 

����9�� �  ��GGX� �.
, �� <A:�\� �, �9!��9� a�>


 ����; ,�>� �� (N:>b�4��� �; �/� x^B�) ���!� I�


 I�
 F^�
� x�@ ���� <0!1; <A:�\� N
� �, ./�,�, ���k

 � �/� ����; �;�W3 �>@ <; �- �9!��9� ���M� � ���!�

 �,>; ���!� I�
 �9!��9� a�>
 ,>K1; �.��!; r
���

                                                 
2 Batis 
3 Sakr 
4 Kolovos 

� �9!:��/!� 	
�/� �; N:>b�4��� �c� ����; .	��  ���M�

 /�/!� ���� ���!� �; �/� ����1; �
�
�, l� �9!��9�

 �� N:>b�4��� /B�, �
� M� �; <43  <;5 %  	
�/�

 �9!:��/!�10  �:�100  	�� <�M�
 ���4 �;��;]4[ .

���/!b>�:�5 ���9�� �  �H��>� �c� �A!K@ ��� a�>
 

�9!093>bY I�
 l� �/� 	!Kd3 �; 8�- ��  �, <A:�\�

 ��,�>� ����; ���k /�,�,.  �, N
� <A:�\� I�
 �; 0 �3 2 

% >���H� � 0 �3 8 % 8�- 	!Kd3 /�.  r
��� 	�/; 

�/�- �� N
� <A:�\� ���� ,�, �; �,� M� >���H�  ��A!K@

	K�� ��;��;  �!��e!:�4(CBR) �
� M� � y
�� ��!�
 

I�
 �/� 	!Kd3 �; 8�- ���4 /;�
 �� ]5[ .��GGX� 

�c�  N:>b�4��� ���
�� � ����M 	���G� �; �
�!Dk ��AM

 �����, �, �/� ���- j�� [^� [��z23  �60  <=�,

 <A:�\� N
� r
��� ./�,�, ���k ����; ,�>� �� ,��.!����

 j�� ���, � N:>b�4��� /B�, �
� M� �; <4 ,�, ����

 �, � /;�
 �� �
� M� �� <�>�� ����M 	���G� ����-

��- j�� [^� [��z ���
�� � [�9!D!� �Y �/� �

,>�!� �/
, x>n� <; [�0!�>:- ]6[. � �
/k �KW��  ���;�,

 � /0D3�� ���!� �� �,�e��� �; ��� ��14�
 	!Kd3

 ./�,�, ]�W�� ������ ��!D�>bY�, ��GGX� ����� N
� <; 

<�
�G� ,�9D�� �9!��9� 	!Kd3 I�
 ��� �; �,�e��� �� 

���4�
 ����e�3-  ��!D�>bYVa  �:>�A� /0D3�� ���!� �

OPC  ./0�
�,�� �; 	!Kd3 <4 	�� �/� �/���� ��!D�>bY

8�
 {
��� �, (DC)  <4 �:�5 �, 	�� �3/�-��4

 m>@�� {!X� �, /0D3�� ���!�(OC)  	�� �:��]7[ .

N!O
��6 ����9�� � �c� 8�- � ,�>� ��H��>� �� �; ��� 

I�
 ��� ,�>� <A:�\� ���k /���, � /0�M�
 �,� M� 8�- 

|=>� ���4 y
�� ��!�
 ,>�!� � _��; �
� M� 

	;>@� <0!1; I�
  !� ,>�!�.  N!0O�� �,� M� 8�- 

�c� �1=>3 j;�k �� �, �
� M� I�9\B� �D
�, � 

�2/0K�u I�
 	�U2�; ���� ���- j��  ,��U.!�]8[.  

                                                 
5 Al-Swaidani 
6 Harichane 
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 �,>:- ��� I�
 	!Kd3 � I�
 �2,>:- <0!�� �,

<�M�2 [�>B �,/A�� ��� ����� .	��  � �^��s:�

ND�4>
7 ���;�, �� N!; �,�; �,>:- I�
 <; m�� �; 

�,�e��� �� T�� 	!Kd3 ���!� �; �3�G!GX3 �� ]�W�� /�,�,. 

���; �/!�� <; N
� �Z/� N
/0u �
���- ���; F>DE� 

,�>� ��,� M�  CD�E�)�8�- N;�4 ���AM I�
 �l� N� � 

<��� � (���!� �; I�
 ��>0g� �,>:- )�/04���( I�
 

�� <�>�� ?;�\� �; T�� �>����  <gE��TCLP8 

<�M�
 <A�>3 {�>3 �/X�� [H�
�  �9
��-EPA9 ]�W�� 

./
,�2  ��X��� ��� ��,� M� <4 ,�, ���� ����� r
���

 	!Kd3 ���; l� � <��� � 	!:>b� ���AM N;�4 �!o� �/�

 <; ���!� � 8�- � /���/� �,�
� �!c�3 m�� �; �2,>:-

 |!3�3���4 �;�
 88%  	K�� �,1:21 ���4 � I�
:8�-�
 

99 % 	K�� �,1:15 �!��� I�
: �, ~>M ,��>� v9��;

 �,>:- I�
 	!Kd3 �c>� ��!.�u �� !� <; m�� �; �/�

 ./�,>;]9[. �� <A:�\� �, �.
, ��� ��9� a�>
!9� 

H
���0� ��� � ��A� �,!��
<  <A:�\�/� .��GGX� 

<4/�/� �4U��  m��
9� �� ��
r �3
N .0� [� DM!N  �,

�!<;��  CD�E� ?@�0� �, �- 	oDp <4 	�� N!;1000 

 �3ppm 1100  L��!� .	�� � �,
N GX3!?  Z/�
N�M� 

���
r ���- �� jB�5
�1�� ��2��� ,�/5� ]�>3 y
�� �

B>g
 �,��-![� ����G��9X3 �!� U�z>e� �
�� .	�� 

��;� �
N �� CD�E� I�
 �>� �, �>o0�� B�
 �;!	 

�
!�� {�>�� CL  �;���2 ��>0� A B�
 �; l� �!	 

�
!�� H�; CH ���2 ��>0� �; B �,  ./� <�M�2 �o�

�>0g� �>@ <; �14�
� �; � 8�� �>DX�![���  �; m��

�� 	oDp �ppm200 �ppm500 �ppm 1000  �

ppm2000 /�/� F>DE� . N
� <; ���.����� 	
�1��,

/�/!�� <W!�� � M� �; <4
�  /5 �I�
 �, m�� 	oDp

����� �
 /5 �!�� .��u �>@ <;!�� � ���4!!/;�. 

                                                 
7 Alpaslan, B., & Yukselen 
8 - Toxicity Characterization Leaching Procedure 
9 - Environmental Protection Agency 

 ����� N
� r
��� l����;�n
| 9X3!� � M� �;
�  	oDp

� M� m��
� �� 
/;� �
� M� �; ��� I�
 ��
U�z>e� �

�, ��� I�
 ]�9X��� � <�M�
 �
� M� m�� 	oDp  �c�

/;�
 �� ���4 m�� �; �2,>:- ]10[. �:10 ����9�� � �; 

2,���2 <; <=>3� .0� [� DM!N �� Kk!j �� � m���  �,

u ?@�0� �d4�!�N ���; <;� �14�
 ���M��  m�� �; �,>:-

� �,
N �� 	oDp ./0�
�,�� ?@�0�� �![��� m�� 1000 �

5000 �10000  �ppm20000  m�E��� ,>; �/�<�>�� . 

1; 	;>@� �, ��!<0  [/� <;� �/� <�
�� �d4�/5 �4��3 �

	X3 ��� �, j�� ��-� <�M�2���k ��� ./��
r � ����!/�/ 

���� /5 <4�  <���� ��
!�� � M� �;
� H- 	oDp
�/0 

 ���4
<�M� 	��0O�� .!N � M�
� H- 	oDp
�/0  |K�

H m- 	��En ���4
< ���� /5 ���4 � <��2�,� 

�!,,�.]11[. �G!GX3 �, �.
, �!c�3 	oDp  CD�E� ���

��� 	D!����M� ����; �0;�4��/!� ��� �/0
H-  l� �

.	M�2 ���k ����; ,�>� ��D!� ,�, ���� r
���  �!!L3

; I�
 �>� � �/0
H- 	oDp j!Kk �� �
��������� N
���!

�9
 !M [�!B>g
 �; �� �c��  I�
 �9!��9� � �
��!�

 |K� �0;�4��/!� ��� �/0
H- �; I�
 �2,>:- .,��,

|
�n � I�
 [��z ���/�� �
� M�  .,,�.!� �!9X3

 |
�n ���4 |=>� �/0
H- 	oDp �
� M� N!0O��

 ��� ���
U� z>e���� <��, a>gE�  ��!�
 /5 ������/5

 �
� M� <4 	�� �:�5 �, N
� .,,�.!� <0!1; 	;>@� �

<�!���, ��� �; ���/0u �!c�3 	oDp  .,��U2 ��� ��
 4��

 �� !� ���4 <; ��>�!� �/�- 	�/; r
��� �.
, ��

�; �D
�, I�9\B� <
��� � �2/0K�u  	oDp �
� M�

�/0
H-  ,�4 ����� �0;�4��/!� ���]12[ .��/!K�11  �

����9��  �� <A:�\� �,�.
,  m�� [���!� �c� ����; <;

/0�
�,�� ������� ��� <
H ��� �;.  j�� ���, ����;

 �9
 !M ���������� �
�; ��� �; �/0
H- 	oDp � ���-

 .	�� �,>; ?!GX3 N
� �, �DB� Z�/�� �� ��, l� <���

                                                 
10 Li  
11 Abidoye 
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 � m�� [���!� 	oDp �
� M� �/�/!� ���� r
��� ���,

j��  �
� M� � ��
 4�� <�!���, ���4 _��; ���-

<�>�� �, �!��e!:�4 ��;��; 	!M�}  .,>�!� �,>:- ���

 m�� [���!� 	oDp � ���- j�� ���, �
� M� N!0O��

 �/
,�2 <0!1; 	;>@� ���4� �
� M� _��; |!3�3 <;

 	��]13[. >u12 � ����9��  ���.�
���- ����; 8
 �,

<; ����; � N!�E3 ���������� 	���G� ���; �, ��14�
 

�,>:- �; �,�e��� �� |
�n 	
�/� �9
��9:� /0�
�,��. 

���; N
� �>o0� I�
 �; <� N!.0� DM �m�� ��� � 

�!�,�4 �,>:- �/� � <�>�� ��� �,>:- <; [/� 48 	��� 

�, ���, ~�3� /�� <�M�2���k .r
��� ���� /�/!� [� DM 

N!.0� _��; �
� M� 	���G� ���; � �2/0K�u �, 

I�
 ,>�!�. N!0O�� �; �
� M� 	oDp �/0
H- �� 

[��!!L3 ����!; �����������, �����G� jB�5 ,>�!�. 

r
��� ��1�
���- 	���G� �9
��9:�  !� ���� /�/!� <4 �; 

�
� M� 	oDp �/0
H- �� 	���G� �9
��9:� ���4 �� 

/;�
 ]14[ . �.
, ������ �,  ��eD�E� �����, � ���;��

/!;��413  v� <; �,>:- I�
 	!Kd3 ���; N!:>b�4��� �

 �,�e��� �- �2,>:- <=�, �; ?;�\�/
,�2.  ����� r
���

 <4 ,�/!� ���� ��GGX� N
�PH  �; I�
 �
� M� �; �� !�

/!;��4 ���;�� (CA) ��>�X� ���4 � N:>b�4���  �
� M�

/;�
 �� ]15[. ����14 ����9�� �  �� <A:�\� �,��; <;�� 

� �, 8�- �0� � 8�- �G�!��3��/!�> ��4� ��� ��� 

���; �� �E;�c�� ��4� ��� ��� ��;� Kd3!	 /��= /

����  ��� ��As  (8!0��-) �Pb (m��)  I�
 �,

�,>:- ./0�
�,��  ��/; T�� 8
 ~>M ����� �D4 �>@ <;

 <; �,>:- I�
 ����/��=/	!Kd3 ���; ���!� �� �,�e���

As  �Pb  ��>0� <; l� I�
 ��/A� ,�>� �� �,�e��� �; ��

 <b��� N;�4 �4 ��g3� ,�>�,�,  	;�c ����� N
� r
��� �

 <4 ,�4 ��� �B�0� �c>� �>@ <; l� I�
 ��/A� ,�>�

��  ��� �,�4 	!Kd3M�4 ��/G� <4 	�� �4z <; ]�H�  8�-

                                                 
12 Chu 
13 carbide slag 
14 Wang 

��;� �@�!��0  ������/��= Kd3 � m>D\�!	 H-
�/0 ��  �,

�� [H>gX�
< l�-�/004/��=/�/004 	!Kd3 � ,�>�!�� 

	��]16[ .  �, ����9�� � ���������� �.
, � �
���4 �

 ��k j2 �N:>b�4��� �9!��9� �G�15  ���>4 <:�e3 /0D;16 

 ,�>� �� 8!0��- <; �,>:- [�;>�� ����/��=/	!Kd3 �;

 ./�,�, ���k ����; ���� ����� N
� �� �/�- 	�/; r
���

 N
���4 N:>b�4��� �; �/� 	!Kd3 �,>:- ��� <�>�� <4 ,�,

 �����,  ��k j2 �; �/� 	!Kd3 ��� <�>�� � �
���4

 ����/��=/���� 	!Kd3 �, ,>=>� �
���4 N
���!;

 /0���, �� 8!0��- <; �,>:- [�;>��]17[ . �� <A:�\� �,

��.
, ��/��=/	!Kd3 j!����� <
���; �����!D�>bY ��

N:>b�4���- ���4 �, 8!0��- 	!Kd3 ���;  ��k j2

	
�0!:>:17  � /�,�, ���k ����; ,�>��� r
��� ~>M ���

,�, ����  ,�/5 �� 8!0��- 	oDp <410  �320  �, /B�,

 N!; �>!��3��/!� <D5�� �>@7  �328  ���- j�� ���

	M�
 �
� M�]18[ .  

�,  ������n�5  ,�>� I�
�>o0� <; �,�e��� 

 �, ��A0B <G\0� 8
 �9
, � �� ���.�
���- ����;

<4  	�� ���- J�5 ���13 �1� Z��@� �/�;� [��
���- 

<
�� �; ��� N
� I�
 �� ]�W�� �/�  vs� � �, <��,� 

 ����� N
� I�
 �� <; <D!�� �/0
H- �; 	oDp � ���� 

�!c�3 ��d4�/5 �,>:- �/� � v� ��  ���� 	�U2|��0�� �

	!Kd3 �/004  �;���� j�� ���- CD�E� <; I�
 <M�n� � 

a�>
 �9!093>bY � �����G� I�
 �� ,�>� ����; ���k 

.	�� <�M�2 �,�4 �,>:- ������ N
� ���->�  I�


 �>� �� <��, 
�CL �; �/� �,>:- I�
 	!Kd3 vs� � 

�; N:>b�4��� /B�, N
�3 <0!1; <��U2 ��� ����� l���

./��; ��  

2- %&�'
 " �
(
  

                                                 
15 Red mud 
16 blast-furnace slag 
17 lollingite 
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I�
 �,�e��� �/� �, N
� ?!GX3 <�M�2�; �� <G\0� 

 �9
, � �, �� I�1� ��A0B /01� Jk�� �, <.��,��1u 

���13 	��. <.��,��1u ��1� �, <4 	�� m>0= �;�p 

�1� ���13 �/� Jk�� 	��  �����, �, I�1� ��A0B 

	��. ��1�4�� ��A0B ���
� ��,>
 �� 
, �/
/� ��!4 

��
�3 <:>: ����� ���2�W0!� ����
 � ��� 	4�� ,/A�� 

�.
, �, N
� �1�  /�� <�M�2 ���k � �� �/0
H- ,��� �\
 �

 <G\0� I�
 <; �/� �4z ��� 	4�� ��A0B ���/�����

.,��, ,>=� ~>M  v!��3 ���3 <4 ~>M <G\0� �� ��E;

 �>o0� <; 	��/� ,>=� �- �, �2,>:- �\
 � �,>; <�>��

���,�; ./� N!!A3 

� �, �,�e��� ,�>� �/004 �,>:-
N ������ �![��� 

� � m��![��� ��� ��  	K�� �; <4 /��;1:1  [�>B <;

� <M�n� I�
 <; m- �, �>DX��  ./�>�  [�gE��

 ,�>� ��� [���!� � m�� [���!� �
�!�!� � �9
 !M

 ��/= �, [��
���- �, �,�e���1 .	�� �/� <b���  

 �/004 	!Kd3 �� �,>:- I�
 	!Kd3 �>o0� <;

 .	�� �/� �,�e��� ����� N
� �, N:>b�4���; N:>b�4��� <

 �� !�5 ���� %�; �� ����� j�� ��-� 7  �14  �28  ���

Kd3 ��>0� <; �/� �,>:- I�
 <;!	 � <M�n� �/004�  .,>�

 ��/= �,2  ��/= �, � �
�!�!� [�K!4�33  [�gE��

:>b�4��� �9
 !M ���� ~>M ����� �, �,�e��� ,�>� N

.	�� �/� �,�,  

 ��/=1-�,�e��� ,�>� ��� �/004 �,>:- [�gE��  

]��  

[�gE��  
m�� [���!�  ��� [���!�  

�
�!�!� �>��M  Pb(NO3)2 Zn(NO3)2  

�:>9:>� ��� (gr/mol)  2/331  36/189  

a>gE� ��� (gr/cm3)  53/4  065/2  

 ��/=2- �,�e��� ,�>� N:>b�4��� �
�!�!� [�K!4�3  

�
�!�!� �>��M  (%)���� /B�,  

SiO2 48  

Al 2O3  41  

Fe2O3  3/1  

CaO 1/3  

MgO  8/1  

K2O + Na2O  16/0  +2/0  

SO3 2/0  

 ��/=3- �,�e��� ,�>� N:>b�4��� �9
 !M [�gE��  

a>gE� ��� )gr/cm3(  38/2  

N!D; )cm2/gr(  9169  

~���5� �� ���� 	M� )LOI( (/B�,)  0/1  
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�gE���; N:>b�4��� �
�!�!� � �9
 !M [ l���

 ,��/�����ASTM C618-2012  �
���- �� �,�e��� �; �
18XRF 	�� �/� <b���.  

3 - ��* +�,-
 .�/��
�0 " 1"2  

) ��
� �,>3 �
���- �/�;� <
�� I�
 ��� �;Gs (

�; ,��/����� l���ASTM (D-854)  ��� �� �,�e��� �;

 ���, �, � ^
24  �,>3 � /� ]�W�� ,��2 ����� <=�,

 	
�1� �, <
�� I�
 ��
�76/2 ./�- 	�/;  

��
� �,>3 �
���- �� v� <
�� I�
 ��� �; �

�
���- <��, �/0; <; T�� �; 8:����� l��� ,��/�

ASTM (D-421) ]�W�� �; ./� �/�- 	�/; r
��� l���

�>K� /B�,�  ����� 8:� ��200   �; �;��;6/94 %  �� 

� �;�0; /��;
N ;!�  ��50 �� I�
 %  8:�200 �,�4 �>K� 

/0; <GK@ <; <=>3 �; �� T�� <; I�
 USCS I�
 

� �o� ,�>�
<��,  	�� .� �; �/� �4z [��
���- �� v� ��

�; ������/!� �
���- <
�� I�
 ,��/����� l���

ASTM (D-422)  �	�2 ]�W�� �	
�1� �, <; <=>3 �;

���
r ���-
� ��� /0; <��,� � �!�����/�  I�
 <�>�� �

���,� 4/5  � <��� %51%   � l�2/44 � %!	D �� 

/��;.  

���-
� �� �; �4��3� 5 4!]�2>D  8�
 I�
 ��

�>K��  ����� 8:� ��4 �; �5  CD�E� 	;>@� /B�,

)2/10 �1/13  �3/15  �4/20   �7/22 .	M�2 ]�W��  (%

���- ]�W�� �� v�
� 1; 	;>@� /B�, �4��3!<0  ��� �

�� I�
 �d4�/5 8�
 a>gE�
< ���- ./� <K��X�
� 

 T�� <; �4��3x^B� .	�� �/� ]�W�� �/�  

��� �
���- ����� �n�5 j��� �, <D5�� �DB� 

.	�� <D5�� ��� <; ����; ��1�
���- �
���0� � 

�����G� <
�� I�
 � �,>:- I�
 ,��,�s!�. �, N
� <D5�� 

�/�;� ��1�
���- �
���0� � �����G�) �4��3  ?;�\�

 ,��/�����ASTM (D-1557)�  ��>X� 83�; l���

                                                 
18 X-ray fluorescence 

 ,��/�����ASTM (D-2166)  �CBR�; ( ��� I�
 

<
�� ]�W�� /�  �vs� I�
 �;  ��� 	oDp1000  �

5000  �ppm10000 �; ���� [/� ���- j�� 7  ����

�,>:- �2,>:- .,>� �� �; [� DM N!.0� [���!� m�� � 

[���!� ��� �; 	K�� 1:1 �,>; I�
 .	�� �; /B�, 

	;>@� %35 ���� �,��- �/� <; �3�>B <4 I�
  ^��4

�, 	:�5 J
�� � ���� /��; .vs� [���!� m�� � [���!� 

��� �, m- �/� j5 � /A; �>DX� <; I�
 <M�n�  ��

/�>��,�e��� ,�>� ��� T�� l����; �/��4z T�� �  �,

	�� �DKk ��� ����� ]11 �13  �14[ . �� <�>�� �� �, 

j
�, ��� <�!4 �9!��^� ��, m�, )�
� (C!4 ���k 

�,�,� <; �3�>B <4 j
�, �� <�!4 1 ]�2>D!4 �� <�>�� 

I�
 ���k !� .,�!. /A; �� 	�U2 ���� [/� ���- j�� 

I�
 �� 8�
 �,�4 � ��� �; ��� <�>�� �,>:- I�
 

�/�  �
���-,�/5 N!!A3 �3� ��1�
���- ��4��3 �w�; 

��>X� 83  �CBR I�
 <
��  ./� ]�W��r
���  <!D4

<�>�� ��� �; �/� ]�W�� [��
���- CD�E� ���  �>@ <;

 ��/= �, �D44 .	�� �/� <b��� /A; �� ]�W�� �� �
���- 

�; ���/= �, �/� <b��� r
��� l���1 ��oDp <4 

C!An N
�3 r
��� �� ; �,�, ������>0� <; ,> <�>��  |E�0�

���; <D5�� �/A; m�E��� �, <4 /� N
� �E; 	oDp 

|E�0� �� <�>�� �; ppm 10000 �2,>:- 	��. �, 

/A; <D5��� ����� �; I�
 <�>��  ppm10000  � m��

���  	K�� �;1:1 [/� �; � j�� ���� ��- �7  ����,>:- 

/�  �3�� !� <; I�
 �, ��� � m�� ��� �� �>i5 �c� 

���- j�� ���� [/� �c� � �;��;7  ����; ,�>�  !� ���

/��!2 ���k .[/� �� v� j�� ���� ��-� <�>�� ���  I�


� <��,� �, ./�/� 8�

N ; N:>b�4��� <D5���� !� < 5 %

����  ���- j�� ��� ���� �;7 �14  �28  ��� /B�, �; �

1; 	;>@�!<0 �� I�

< )3/15% ( <;I�
 �,>:- <; �/� 

�>0�Kd3 �!	 �/004 /� <M�n�  /B�, � T�� N
� <4

 <��U2 [�G!GX3 �� <�M�2�; �,�e��� ,�>� <0!1; 	;>@�

/��; �� ]13�15[<�>�� . 4 j
�, �, ��!<� ��� 

��^�!9� ��/1.� ��, m�,� /�/�  �[/� 	�U2 �� /A; 
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j�� ���� ��-� <�>�� ��- <�>�� �� �� ��� �
��� �CBR  ��4��3 83 � �>X�� � w�; �3� <�M�2 ./�    

 ��/=4- �/� ]�W�� [��
���- �� �/�- 	�/; r
���  

I�
 ����������  

I�
 �>�  

σ (Kg/cm2) 
 ����M 	���G�

I�
 �>X� 83 
CBR(%)  ωopt(%) 

γd,max 
(gr/cm3) 

PI 
(%)  

PL 
(%)  

LL 
(%) 

<
�� I�
  15/4  8/40  3/15  773/1  8/15  7/16  5/32  

 �,>:- I�
ppm 1000  �, �/� ���- j��

 ���� [/�7���  
83/3  1/38  8/14  785/1  6/13  8/15  4/29  

 �,>:- I�
ppm 5000  ���� [/� �,7���  68/3  7/36  1/14  815/1  4/10  2/15  6/25  

 �,>:- I�
ppm 10000  ���� [/� �,7���  18/3  2/32  1/13  856/1  7/8  1/14  8/22  

 �,>:- I�
ppm 10000  �; �/� 	!Kd35 %

 [/� �, �/� ���- j�� � N:>b�4��� ����

 ����7���  

77/4  1/45  5/13  847/1  6/8  6/14  2/23  

 �,>:- I�
ppm 10000  �; �/� 	!Kd35 %

b�4��� ���� [/� �, �/� ���- j�� � N:>

 ����14 ���  

5  1/50  4/14  830/1  7/8  1/15  8/23  

 �,>:- I�
ppm 10000  �; �/� 	!Kd35 %

�4��� ���� [/� �, �/� ���- j�� � N:>b

���� 28���  

15/5  4/55  7/14  823/1  2/9  15  2/24  

  

4-.�/��
�0 4��5-  

4-1 -  6�7�8
 �"�9  

�
���- /5 ����� �; ��� 250  ]�2 I�
 8�
 

��>K� �� 8:� 40  ]�W�� <�M�2 <4 �; <=>3 <;  r
��� <;

/5 �/�- 	�, ����� I�
 <
�� �;��; �;  5/35=LL  .	��

 ��� �; ��!�
 /5 �
���- ������ /5 �
���- �� v�

� �/� ]�W�� <
�� I�
 �/�- 	�/; r
��� <; <=>3 �; .	�

 <
�� I�
 ��!�
 /57/16=PL  ./��; ���;�l��  <\;��

PI=LL-PL  �;��; <
�� I�
 ��!�
 <����8/15=PI 

 .	���; �,�e��� �� r
���  	�/; �/�- �� �
���- w�;�3� 

I�
 <
�� ��  �>�CL  l�) �; �4 ��!�
 	!B�
(  .	��

 �vs��
���- w�;�3� �; ��� I�
 �,>:- <; [���!� 

m�� � [���!� ��� �;   <�  	oDp1000  �5000 � 

ppm 10000 � �; [/� ���� j�� ���- 7 ��� ]�W��  /�

 � ��!� r
��� <�
�G� �- �� v� w�;�3� ,�/5 �
���-

�,>:- I�
 � <
�� I�
 ��� �; <�M�2 ]�W��  [���!� <;

 ��� � m��, �� ���� ��� 	oDp �, ����� /5 <4 /�

1000 �5000 �  ppm10000  |!3�3 <;53/9 % �23/21 

 � %84/ 29 %   � 	�� <�M�
 ���4 <
�� I�
 <; 	K��

�
 /5 ��� 	oDp �,  �,>:- I�
 ��!1000 �5000  �

ppm 10000  |!3�3 <;38/5% �98/8%  �56/15 % 	K��

	�� <�M�
 ���4 <
�� I�
 <;� �, . <���� <4 �	
�1

 ��� 	oDp �, �,>:- I�
 ��!�
1000 �5000  �ppm 

10000  |!3�3 <;92/13% �17/34  � %93/44 	K�� % 

 �� .	�� <�M�
 ���4 <
�� I�
 <; 	�/; r
��� <�
�G�

 �,>:- I�
 � <
�� I�
 ��� �; w�;�3� �
���- �/�-

 <4 ,>� �� F�K0�������X; N
�3 	:�5 N!; N
� <� 

	oDp I�
  	oDp ����; ,�>� �,>:- ppm10000 

 .	�� �, ~>M r
��� j9�1 .	�� �/� <b��� 
9�  ��

�
2�� ��� �� I�
 �>�A�� ���G��� F�K3�� �!� ;!N 

L3!![�� ���� /5� H 	��En �;
<  Z��@� �04��� <��2 �,

�� ��z� ��� � M� .	��
� H- 	oDp
�/0 ; <AM�, �!N 

[��z � ���4 �� l��  <��,��- 	4�5 _��; <4 /�,
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���4 m- ��/G� �, [��z� �� ,>� ]11[ �� �, �!<W  /5

����� � �
 /5!�� � ���4� 
/;�.  

� <; I�
 �/� �,>:- �� v�![��� � � m��![��� 

���  	oDp <;ppm 10000  � ���� [/� �;7  I�
 ����

 <; N:>b�4��� �; �,>:-�� !� 5 % ��- j�� ���� [/� �;� 

7  �14  �28 Kd3 ���!	 vs� �/� ���-
�  �; w�;�3�

��� �� <�>��� ��� ./� ]�W�� I�

r  �� �/�- 	�/;

���-
[�� �� �; <�M�2 ]�W�� w�;�3�� Kd3 �,>:- I�
!	 

�� �/� j9� �, N:>b�4�2 .	�� �/� <b���  r
��� �!�e3

 <4 	�� N
� �/0�, ���� �/�- 	�/;/5 �����  I�


 �,>:-ppm 10000  �; �/� 	!Kd35 N:>b�4��� %�, 

���� ��� j�� ���- 7  �14  �28  |!3�3 <; ���75/1 �

38/4  �14/6 .	�� <�M�
 �
� M� �,>:- I�
 <; 	K�� %

/5 ��!�
  �,>:- I�
ppm 10000  �; �/� 	!Kd35 %

 N:>b�4����, ���� ��� j��  ���-7  �14  �28  <; ���

 |!3�354/3 �09/7  �38/6%  �
� M� �,>:- I�
 <; 	K��

/5 .	�� <�M�
 ��!�
 I�
 �, 14 ��� 	K�� <; 7 ��� 

�
� M� <�M�
 vs� �, 28 ��� �K
�G3 	;�c �/��� 	��. 

<���� ��!�
  �,>:- I�
ppm 10000  �; �/� 	!Kd3

5 N:>b�4��� %�, ���� ��� j��  ���-7  ���14/1 %

 ���� �, � <���, �
� M� �,>:- I�
 <; 	K��14  ���

 �, � /��; �� �,>:- I�
 �;��;28  ���74/5 %  �
� M�

 .	�� <�M�
� M� �;
� ��- j�� ���� [/�� H 	��En
< 

�� [��z Z��@� <��2�,� � M�
� �� 
/;� ; <AM�, �!N 

[��z � M�
� 
<�M�  ��/G� �, [��z <��,��- 	4�5 _��; <4

; m-!���� �� �� �, � ,>�!<W ���� /5� �
 /5 �!� �

I�
 � M�
� �� 
/;�.  

  
 j9�1 - �G�
<� L3!![�� � �;��; �, w�;�3� ,�/5!��  2,>:-� ��� I�
 CD�E�  

  
 j9�2 - �G�
<� L3!![��  �,>:- I�
 w�;�3� ,�/5ppm10000 Kd3!	  �; �/�5��- j�� ���� [/� �;��; �, N:>b�4��� %�  

4-2 -��
�8 :��
�0  ,�0��� �; 	�/; r
��� <; �/�- 1; 	;>@� /B�,!<0 

�� I�

<  �;��;3/15a>gE� ��� � %  �d4�/5 8�


�;��; I�
 gr/cm3 773/1 �� ./��; v� �� [/� ���� 
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j�� ���- I�
 <; [/� 7 ��� � �; ���   I�
 �,>:- <; 

	oDp  ���1000 �5000 � ppm 10000  �4��3 �
���-

	M�2 ]�W��.  ]�W�� �
���- �� �/�- 	�/; �4��3 �0X0�

 ��� 	oDp �; �,>:- I�
 � <
�� I�
 ��� �; �/�

 ���� [/� �, <4 CD�E�7  j9� �, �/� ���- j�� ���

3 .	�� �/� <b���  I�
 �� �/�- 	�/; r
��� ��!� <�
�G�

 ���� [/� �, �/� ���- j�� �,>:- I�
 � <
��7 <4 ���

 j9� �,4 - C:�   <4 /�, �� ���� 	�� �/� <b����; 

�
� M� 	oDp �/0
H- /B�, 	;>@� <0!1; I�
 �, 

	oDp  ���1000 �5000  �ppm 10000  |!3�3 <;

26/3 �84/7  �37/14%   <�M�
 ���4 <
�� I�
 <; 	K��

.	�� N!0O�� r
��� j9� 4- m  <4 /�, �� �����; 

�
� M� 	oDp �/0
H- ��� a>gE� 8�
 �d4�/5 

I�
 �, 	oDp  ���1000 �5000  �ppm 10000  <;

 |!3�367/0 �36/2  �68/4  % 	K�� <; I�
 <
�� 

�
� M� .	�� <�M�
 

  
j9� 3 - 3 �0X0� <�
�G�L���; 	;>@� /B�, j;�G� �, �d4�/5 8�
 <�!���, [��!!  � <
�� I�
CD�E� ��� 	oDp �; �,>:- I�
  

    
(C:�)  (m)  

 j9�4 -  [��!!L3 (C:�) <0!1; 	;>@� /B�, (m) � �d4�/5 8�
 a>gE� ���j;�G� �, I�
 I�
 �2,>:- �� !� 

v� �� �,>:- �/� I�
 <; [���!� m�� � [���!� 

��� <;  	oDpppm 10000  ���� [/� �;7 I�
 ���� 

 �,>:-�; N:>b�4��� <;  �� !�5�; % [/� ���� j�� ���-  

7 �14  �28  ���Kd3!	 vs� �/� �
���- �4��3 �; ��� 

<�>�� ��� I�
 ]�W�� /�  �, ~>M �
���- ��� �0X0� �

 j9�5 	�� �/� <b��� . j9� r
��� <; <=>3 �;6 - C:� �; 

�
� M� ���� j�� ���- /B�, 	;>@� <0!1;  �,>:- I�


 �; �/� 	!Kd35N:>b�4��� % �, ����  ���7 �14  �28 

��� |!3�3 <; 05/3 �92/9  �21/12 % I�
 <; 	K��

 �,>:-ppm 10000 �
� M�  �.
, �>� �� � 	�� <�M�


 j9� �
��� �; ?;�\�6 - m �; � M�
� ��- j�� ����� 

Kd3 �,>:- I�
 �d4�/5 8�
 a>gE� ���!	  �; �/�

�� ���� �, N:>b�4���� 7 �14 � 28 3�3 <; ���!| 48/0 �



78   ���������� ����;�/� 	!Kd3 � ��� � m�� <; �,>:- �4 <�!�!��^� �; l� I�
  N:>b�4��� �;  

 

����� 	
���
� ��� ������ ���   ����� ����� ���2 ������ �  !
�� �1401 

40/1  �77/1 <; 	K�� %�,>:- I�
 ppm 10000  ���4
<�M� .	��   

  
j9� 5 - �4��3 �0X0� <�
�G� ppm 10000  �; �/� 	!Kd3 I�
 �;5���- j�� ���� [/� �;��; �, N:>b�4��� %  

  
  

(C:�)  (m)  

j9� 6- L3 ��,>��!![��  (C:�) �d4�/5 8�
 a>gE� ���<0!1; 	;>@� /B�, (m) � Kd3 �,>:- I�
!	  �; �/�5 �;��; �, N:>b�4��� %

��- j�� ���� [/��  

4-3 -�2(;
 <8 =
"��
  

�
���- 83 ��>X� �; ��� kg 1 I�
 8�
 

��>K� �� 8:� 4 �; /B�, 	;>@� <0!1; ]�W�� I�
 

	M�2. �;�d4�/5 �� �/�- 	�/; r
��� l��� 	���G� 

����M I�
 <
��  �;��; �;kg/cm2 15/4 ./��; �� vs� �

�
���- 83 ��>X� �; ��� I�
 �,>:- <; m�� � ��� 

<; 	oDp  ���1000 �5000 �  ppm10000  [/� �;

 ���- j�� ����7  ���� �; /B�, 	;>@� <0!1; I�
 <
�� 

]�W�� /�  � �0X0� [��
���- �� �/�- 	�/; ���4 �03

 j9� �, ~>M7 .	�� �/� �,�, ���� �� �N!0O ��,>��

�d4�/5 [��!!L3  ��>X� 83 ����M 	���G� � <
�� I�


 CD�E� ��� 	oDp �; �,>:- I�
 j9� �,8  �/� <b���

 .	���; <=>3 <;  j9�8� �; �
� M� 	oDp �/0
H- 

	���G� ����M �d4�/5 I�
 �, 	oDp  ���1000 �

5000  �ppm 10000  |!3�3 <;71/7 �32/11  �

37/23	K�� % <; I�
 <
�� ���4 ��  �,>:- I�
 ./;�


	oDp <; ppm 10000  <; 	K�� 	:�5 N
�3 ����X;

�� �.
, ��� 	oDp  [���!� � m�� [���!� �>i5 �; ./��;

�, ��� ���4 N!; ��>
 �,�K3 ��� �04�� �l� I�
  ���

�� ~�e3� ��� � m�� � ��� �04�� N
� �c� �, �/�M�  �; ���

 I�
 �2/0K�u �/0
H- 	oDp �
� M� � <�M�
 ���4

�� ���4 I�
 ����M 	���G� �d4�/5 ./;�
  

� <; I�
 �/� �,>:- �� /A;![��� � � m��![��� 

���  	oDp <;ppm 10000  ���� [/� �;7  I�
 ����

� <; N:>b�4��� �; �,>:-!��  5 %����  ���� [/� �;

j�� ��-� 7 �14  �28 1; 	;>@� /B�, �; � ���!<0  I�
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��
< Kd3!	 ���- vs� �/�
� �>X� 83� �� �;� 

<�>�� ��� � ]�W�� I�
./ 

 
 j9�7 - �G�
<� 0X0�� �� I�
 ���4 �03
<  �,>:- I�
 �;

�� 	oDp �,� CD�E� 

  
 j9�8 - L3!![�� �>X� 83 	���G�� � �;��; �, I�
!��  

2,>:-� 

�03 �0X0� - [��
���- ���4  j9� �, �/��4z

9 	�� �/� �,�, �
���.  j!DX3- 	�/; r
����/�  <b��� �

 j9� �, �/�10  /�, �� �����d4�/5 	���G� ����M 

I�
  �; �/� 	!Kd35 N:>b�4��� %�, ���� ��� 7 �14  �

28 ���  |!3�3 <;5/1 �65/1  �74/1  I�
 <; 	K�� �;��;

 �,>:-ppm 10000 .	�� <���, /�� 

; <=>3 �; �D4 �>@ <; N
� �� �/�- 	�/; r
��� <

�
���-5 ��
� M� �; ��>X� 83 ����M 	���G� �d4�/ 

	�� <�M�
 �
� M� ���- j�� ���� ���� [/� �
� M� �; .

 �- JK3 <; � /;�
 �� �
� M� I�
 �2/0K�u ���- j��

.	�� <�M�
 �
� M� I�
 ����M 	���G�  

4-4 - ) ��-�?�&�� ��72�7 =@A-CBR(  

 �
���-CBR �;  ���5 ]�2>D!4 I�
 8�
 

��>K� �� 8:� 4 �; /B�, 	;>@� <0!1; I�
 ]�W�� 	M�2 

 �<; <=>3 �;  ~>M �
���- �� �/�- 	�, <; <W!��� 

N!0O�� �
,�G� ��; ,��/����� �,  �
���-CBR ��/G� �

CBR  <
�� I�
  �;��;8/40.	�� �/�- 	�/; % 

  
j9� 9 - �G�
<� 0X0��- ���4 �03�,>:- I�
 ppm 

10000  �; �/� 	!Kd3 �,>:- I�
 �;5���� �, N:>b�4��� %  ���

CD�E�  

 
j9� 10 - L3!![�� �>X� 83 	���G��  [/� �;��; �, I�


��- j�� ����� 

 �
���- �vs�CBR  �, �,>:- I�
 ��� �;

	oDp  ���1000 �5000  � ppm10000  ���� [/� �;

 ���- j��7  I�
 <0!1; 	;>@� /B�, ���/�� <; ��� <
��

/� ]�W��  <
�� I�
 ���; ��; �;��; �, z>e� �� !� �0X0� �

 j9� �, CD�E� ��� 	oDp �; �,>:- I�
 �11  <b���

	�� �/�N!�� �; .  �
���- �� <DB�5 �
,�G� l���

CBR !� <; �,>:- I�
 ��� 	oDp �, ��� � m�� [���

1000 �5000 �  ppm10000  ���� [/� �;7  �, ���

 j9�12 �, �
��� j9� <; <=>3 �; .	�� �/� �,12  �;

�} ��/G� �/0
H- 	oDp �
� M� �, I�
 ��;��; 	!M

 ��� 	oDp1000 �5000  �ppm 10000  |!3�3 <;

61/6 �04/10  �07/21 %  �/!� ���4 <
�� I�
 <; 	K��

 N!; 	:�5 N
�3 ����X; <4 ��>@ <; �,�43  ,�>� 	oDp



80   ���������� ����;�/� 	!Kd3 � ��� � m�� <; �,>:- �4 <�!�!��^� �; l� I�
  N:>b�4��� �;  

 

����� 	
���
� ��� ������ ���   ����� ����� ���2 ������ �  !
�� �1401 

 �,>:- I�
 �����;ppm 10000  ./��; �� [���!� ,>=�

 ��� 	!:�AM �/�- ,>=� <; _��; I�
 �, ��� � m��

 ��� ��� ���4 N!; ��>
 �,�K3 ��� �04�� � �
�!�!�

 <4 ��� ��� ���4 [�XeB .,>� �� ��� � m�� �

 �� {!X� �, ,>=>� ��� �>!3�4 /0��� �e0� ��; ����,

 �/0
H- 	oDp �
� M� �; �/004 �� mU= ,>
 Z�@ <;

 I�
 �2/0K�u I�
 ��;��; 	!M�} � <�M�
 ���4

./;�
 �� ���4 

  
 j9�11–  �0X0� <�
�G�CBR  �, �,>:- I�
 � <
�� I�


CD�E� ��� 	oDp 

  
 j9�12 -  [��!!L3CBR �2,>:- �� !� �;��; �, I�
  

v� �� �,>:- �/� I�
 <; [���!� m�� � [���!� 

��� <; 	oDp 1000 �5000  � ppm10000 �; [/� 

���� 7 ���� �,>:- I�
 �; N:>b�4��� <;  �� !� /B�,5% 

 ���- j�� ���� [/� �; ����7 �14  �28 � ��� �; /B�, 

I�
 <0!1; 	;>@� <
�� 	!Kd3 �/� vs�  �
���-CBR 

�; ��� <�>�� ��� I�
 ]�W�� /�.  �, z>e� �� !� �0X0�

 �,>:- I�
 ���; ��; �;��;ppm 10000  ��� <�>�� �

 �/� 	!Kd3 �,>:- I�
 �;5���� [/� �, N:>b�4��� % 

 j9� �, CD�E� ���- j��13 �	�� �/� <b���  j!DX3

 r
��� j9� �, �/� <b���14  <4 	�� N
� �/0�, ����

 	���G�CBR  �; �/� 	!Kd3 �,>:-5�; N:>b�4��� % 

�
� M� ���� j�� ���- �, ����  ���7 �14 � 28 <; ��� 

 |!3�306/40 �59/55  �04/72 �,>:- I�
 <; 	K�� %

ppm 10000 �
� M� <�M�
 .	�� �
� M� CBR  ��

�� ��>3  �� ���� �, ���!� [�K!4�3 �W
�/3 ��!2 j9�

 N!; 8!�H��>� �04�� �� <W!�� 8
 ��>0� <; I�


N:>b�4���  l� I�
 �.	���, 

 
 j9�13 - �G�
<� 0X0�� CBR  �,>:- I�
ppm 10000  �;

 �; �/� 	!Kd3 I�
5 %j�� ���� [/� �, N:>b�4���  ���-

[��e��  

  
j9� 14 - L3 ��,>��!![�� CBR  ���� [/� j;�G� �, I�


��- j��� 

5 -D;7 " �A���
  

 �; �n�5 ����� �� �/�- 	�/; r
��� <�
�G�

����9�� � �: {�>3 <�M�2 ]�W�� �����  �/0�, ����

 ,�/5 �
,�G� �, �/� �/���� [��!!L3 /��� <4 ,>; N
�

 w�;�3� �,>; <;��� �,>:- I�
 �.��!; ����� �, �� r
���

 �
� M� �; ��� I�
 ��!�
 /5 � ����� /5 ���4

.,>; (m�� [���!�) �/004 �,>:- 	oDp �� �N!0O r
���

 � �: {�>3 {�>3 <�M�2 ]�W�� ����� � �n�5 �����

 � 8�
 a>gE� ��� �
� M� �/0�, ���� ����9��
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 	oDp �
� M� �; ��� I�
 <0!1; 	;>@� /B�, ���4

.,>; �/004 �,>:-  

 � �n�5 ?!GX3 �� �/�- 	�/; r
��� <�
�G�

 {�>3 �/� ]�W�� ���������9�� � N!O
��  N
� �.��!;

<4 ,>; �>n>�  �H��>� � N:>b�4��� �,� M� �<;��� �>@ <;

 �>� �� <��, 
� ��� I�
 <; �A!K@CL  /5 �
� M� _��;

�,>� �� I�
 ��!�
 /5 � ����� � �� ���>�.
, �� 

 <W!����GGX� �����  y
�� ���4 �/0�, ����

.,>; �A!K@ �H��>� �� !� �
� M� �; ��� I�
 ��!�
 

 	�� N
� <=>3 j;�k <�9� <�K:� �/� ]�W�� ����� �, <4

 {�>3����9�� � N!O
��  /5 � ����� /5 �
� M� �� !�

 N
� <4 �,>; �3�!.��u �n�5 ����� <; 	K�� ��!�


 ,�>� ��� I�
 �, �/004 �,>:- �>i5 ]/� <; ��>3 �� ��

 {�>3 �/� ]�W�� ����� �, �,�e�������9�� � N!O
�� 

.	���, {K3��  

� ����;  �� �/�- 	�/; r
��� ��!� <�
�G� �����

����9�� � ��� {�>3 <�M�2 ]�W�� ?!GX3 � �n�5 

����  �,>:- I�
 <; N:>b�4��� �,� M� <4 ,>; N
� �/0�,

 �/� I�
 ��>X� 83 ����M 	���G� �
� M� _��;
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���< �� � �U+���!� 	���e� �@�
���11 

c�7 	���e� �@�
��� ���@  �-��
 �� ���� �U*�D


�*�;��� 	�� �+� [12].  

                                                 
6 Reclaimed asphalt pavement (RAP) 
7 Superpave 
8 Balanced mix design (BMD) 
9 Texas Transportation Institute (TTI) 
10 Hamburg Wheel Tracking Test 
11 Overlay tester (OT) 

��� �*  P�� �!
� ���BMD  S�e!eB7 �*

	�� 6�:�U ���> �*�;��� *�D� �DU��DU r�+�� �@ �;1�E� 

[13-15] .���-��D�  P�� ��BMD 6@ R!!.7 �DX/� 

+0�*  6/![@ �!>CD1E� ���  � 6���7 ���9 ��5�;�<

��DW 6/![@ +0�* R!!.7 �*�\ �*�;��� ��� +��.  R
� g
���

 P�� 6\ *�* ���� d!eB7BMD �� +��D7  s�E��� 6@

>*!d �7 +/\ 4�\ 6/![@ �����DW +0�* [16].  

p���@12  �*�.�� *�,1�� �e!eB7 �* ����,�� �

 �+�CD1E� ���  �� H1�E� +0�* 6� ���9 ��5�;�<

�*�* ���> ����@ *�D� 6���7 +0�* �
� :� .+�� ���

 �* ��5�;�<CD1E� ��  � c�7 +�� t�� �
� :� ?��@

 �U+���!� �@��@ �* 	���e� �
� :��� *D� ��U+/�
D� .

 d!eB7 R
�+�+e�.�  a�8�� 6\�
���< ���  �*�,1��

�� +��D7  R!�u7 �8/�_�` CD1E� ��� *D� 6���7 ���9 

[17].  

 6/![@ �!> +0�* �e!eB7 �* ��DY0CD1E� ��� 

 ���90 �20  �40  D!���D� P�� �@ �+�@� ��  6���7 +0�*

 P�� �@ vw� �BMD 6@ .	�� �*�\ R!!.7  �DX/�

 �� b!7�7 6@ �U+���!� � �-��
 S�!0D=
 �@�
���

 �+� 6��D!� b!�<4!��o�D,�
� �+� �*��13  s���W �

��DB� 6� �/714 �*�;���  .	�� �+��[� R
�7  *�����*

 P�� �� 610�9 6/![@ �!> ��+e� 6\ 	�� R
� d!eB7 R
�

BMD  6/![@ �!> ��+e� ��6Y��B� �+� ��D� P�� 6@ D!�

	�� ���\ [18].  

������ �* ��eeB�  ��� �@����*D���  V��.7

9��`� �*�.�� CD1E�15  �� 6/![@ �����DW +0�*6@ �DX/� 

�*�\ R!!.7 b��/� *�,1�� �@ CD1E� 6@ �+!��  �� .+��

 d!eB7 R
� g
����� ��D7  6\ *�\ ����� 6�,� R
� 6@

                                                 
12 Barros 
13 Simplified Viscoelastic Continuum Damage (S-
VECD) 
14 Triaxial Stress Sweep (TSS) 
15 Balanced mix design interaction plots 
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 P�� �� �*�;���BMD a��*16  R!�u7 �� ��5�;�< CD1E�

*�\ +��D
 [19].  

v/!���17  ���9 CD1E� �e!eB7 �* ����,�� �

100  +0�* ������ P�� 6@ �+�@� �� ��5�;�< 6���7

�*�\ �9��`  ��!� *�D� ��89 ���������� CD1E� R
� .+��

 P�� �@ vw� .	�� �*�,� �*��<�@ �� ������ P�� �*

BMD  �@ �� CD1E� 6/![@ �!> +0�* a�8���
���< 

�D����: �U+���!�18 6@ �DX/�  � �U+���!� �@�
���

x
��  r�A.�� ) ��
Q�FI19( 6@ /��DX  	���e� �@�
���

c�7 �@��@ �* �*�\ R!!.7 �U*�D
 �� .+��  �X��< ��  CD1E�

 ���9100  P�� �@ 6\ 6���7BMD  +��@ �+� _�`

 ���@�*�W �� �y\�+9 6\ �300  ��@�� ���20  +���* ��� �*

V@�> �*�;��� �� +��@ [20].  

�e!eB7 �* ���-�����  �9��`CD1E� ���  ���9

30  �50  P�� 6@ 6���7 +0�*BMD  a�8���*�* +�� .�< �� 

CD1E�  6@ 6WD7 ��+@ H1�E� �!> +0�* �@ �
��

6�
�� �< ��89 ����������  *�,1�� p��� �@ � +��

c�7 �@��@ �* 	���e�  �!> +0�* �U+� ��!� � �U*�D


�*�\ R!!.7 �� 6/![@ .+��  ���� d!eB7 R
� g
����� +�* 

 CT�
� _�` �* D!���D� P�� �� �*�;��� 6\CD1E� ��� 

�,1�� 6���7 ���9 R
� b��/� *CD1E� ��  R!�u7 ��

*�\ +��DE� [21].  

��-
* �� 65�e� �*  CD1E� ��[I 6/![@ �!> +0�*

�7D�/!� 	5�
�21  6���7 +0�* �@20  �25 6��* �  �+/@

@ �� H1�E� P�� 6BMD +
*�U R!.7 . ��eeB�CD1E� �� 

 �!> +0�* 6� �@ ��) 6/![@ �!>6/![@ �!> �± 5/0  (+0�* 

�
���< � h�DY��� �U+���!� �
���< *�D�  I-FIT 

�*�* ���>  6,/
� ���@ 	�� �+� 6!0D7 d!eB7 �< �* .+��

CD1E� ���  6���* �5DY> V@�> ���+
�� � a��* ��5�;�<

                                                 
16 Durable 
17 Zaumanis 
18   French rutting test   
19 Flexibility index (FI) 
20 Equivalent single axle loads 
21 Minnesota Asphalt Mixtures 

 P�� �� +
�@ +/��@BMD  � *D� �*�;���n�:�0  6@

P�� ��89 CT�
� _�` ���22 *D�� �;�\� [22].  

 6/!�� �* �+� a�8�� �\ S�e!eB7 �@ �����BMD 

 ������ +�*  _�` 6/!�� �* ���!�@ ��\ ��W

CD1E� ���  P�� 6@ �����DW � 6���7 ���9BMD  *DW�

6@ �@ d!eB7 R
� �* .*��* ) R!
�� +0�* �* ��!U��\25 

+0�*) 6���7 �o�@ � (50 +0�* � ( ���!U �����DW _�`

 CT�
�g/�  P�� 6@ �+�@� H1�E� ��5�;�< CD1E�

 6� 6�:�U �X� �* �@ 6��*� �* .	�� �+� a�8�� D!���D�

��D� P�� �� 610�9 �!> +0�*) H1�E� �!> +0�*  � D!�

6/0 CD1E� �� ���@ (�< R!
�� � o�@ +0�*�  CT�
� _�`

CD1E� ��  P�� �@BMD  �
���< .	�� �+� a�8��

 h�DY��� �U+���!�6@ �DX/�  �@��@ �* 	���e� �@�
���

�
���< � �U+���!� r�A.�� x
�� )  
D/!1
� ��
Q�I-

FIT23 (6@ �DX/� c�7 �@��@ �* 	���e� �@�
���  �* �U*�D


 _�`CD1E� ��  P�� 6@BMD �@�
��� *�D� ���>  6�:�U

	��.  

2-  !"�#� � $���  

2 -1- �%&' !"�#�  

 v/W �� d!eB7 R
� �* �*�;��� *�D� �-/� m5�=�

 �,�<�� +��@ . S�=E��6��+-/� �� ��+W �* �:�=� �

1 .	�� �+� 6z���  �* �:�=� �-/� m5�=� �� ��
D=7

 V,�1 .	�� �+� �*�* ����  

2 -2- (
)  

6@ �!> {D�  �@ x5�
 �!> ����� R
� �* 6�:���\

 |D;� 6W�*70 -60 �� +��@ ��+W �* .2  �!> S�=E��

	�� �+� �*��< d!eB7 R
� �* �*�;��� *�D�.

                                                 
22 volumetric mix design approach 
23 Illinois flexibility index test (I-FIT) 
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 6���7 R
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 +0�*�� +��@ S�=E�� .6��+-/�  ��+W �* 6���7 ���1 

 S�=E�� � ��+W �* 6���7 �� �+� ���E��� �!>2  �*��<

.	�� �+�  R!/��� �* �*�;��� *�D� 6���7 �� ��
D=7

 V,�1 .	�� �+� �*�* ����  

2 -4 - ���.���  

 ��D/� 6@ �\��D
 ���!U Rf�� �� d!eB7 R
� �*

��DW .	�� �+� �*�;��� ���  

  
 V,�2 - 6��*  �-/� m5�=� b!\�7 � 6���7 �-/� m5�=� �+/@

��5�;�< CD1E� V\  

 ��+W �*3 ��DW S�=E��  �*�;��� *�D� ���

 V,� �* .	�� �+� �*��<1  �:�=� �����DW �� ��
D=7

.	�� �+� �*�* ����  

3 - /
�0, 1��  
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� _�`
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*�e�  
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���7 �!>  6���7 �!>  
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 ���* �* 6�
�D,�
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 ��+W3- �*�;��� *�D� �����DW S�=E��  

 Rf�����!U )V(  
��DW {D� ���  

*��+�����  S�=E��  
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�� �* a+> R!5��CD1E� ���  ���9 ��5�;�<

 �����DW 6/![@ +0�* R!!.7 �����DW�� +��@ �� 4
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6/ 6@ �DX/� 

 |D;� 6W�* �
���< �� �*�;��� 6/![@ �����DW +0�* R!!.7

 ���� 6Ae� ��� +��@6@ ��eeB� �� ���!�@ .  R!!.7 �DX/�
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�� 6:��� ��DW �* �� +
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��� �X� �* �+�  �[� R
� 6@ d!eB7 R
� �* ��� +��!U

 �
� _�� 6@ 6/![@ ��������DW +0�* � 	�� �+� 6WD7

.7!!R �+� +��.  
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��@ � ���E��� 6���7 m5�=� �� 6���7 �+��!� �!>
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6��+-/� �� �!>  �+W 6���7 ����� *D� �*�;��� �@ vw� .

 ��-��* �� 4!,;7 
�U �+//\  \�� ��26  �* *DWD� �1!:

 �+W �D1B��� *D� . �� �T9 V��\ �����+W �+.@ a+>

 �!>�� +��@  ��-��* �@ ��\ R
� 6\��
�I �+//\�!EY727 
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24 Extraction 
25 Trichloroethylene 
26 Centrifuge 
27 Rotary evaporator 
28 Abson 
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30 Fourier transform infrared (FTIR) 
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33 asphaltene 
34 aromatic 
35 resin 
36 saturate 
37 saturate, aromatic, resin, and asphaltene (SARA) 
38 oily phase 
39 non-oily phase 
40 colloidal model 
41 micelles 
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 Semi-circular bending (SCB) 
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 E��� 6:M� �d	WHdam  >;� E	HI��

 �yc �� ����f= e��,�	=.  L0� �+5  �,� ���+�= i�	��

�+�+ ���= �
+�;
 E��� 6:M� 6= o;=�� �	
>;� 	= �	


,�+�q 6d��� m�	� ��,= >;� � m�	�. �� �,
	�� 6F +;�

�,� ��	�I ���= �<�� �	
L i/L  �Zi/Hdam  ��� /� 	=

�=+  ��� /�)yc�� ��� /� (,=	�.  	= �)�+ >�	<� 6=

8!�	� ��
 6= �
+�;
 E��� 6:M� ��=+ ��� /� �
+

�� �,!�F >;�+;�.  
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(h5�)  (B)  

 L0�5 - �= �<�� >��!!wI ,a= (h5�)�;A E	HI�� (B) � >;� �<�� E	HI�� 6= �,�� �
+�;
 

:M� �m�	� ��,= >;� ��� �= 8!-]�
 E��� 6

�� �	7C �C �	.��� �+ 	<��MI �
+�;
+;�.  J
;�� �;:=

= +	2�� ��� /� b�	= >;� ��� �= \;[8/5  �;A ��=��=

�� >;� ��� �= �;
 � BC oP���++�q. �,� 8!= �+ �	


 �,� �m�	� 	= ����
 >;�M2 �,� 6= �<�� �)�+ �	


 �,� >;� �;A �+ �;
 � BC �� ����!= oP��� b�	=

�
�.  �,� 6F �
� �5	@ �+ 8��M4 F �;A 8����

�,� 8!= �+ �� �
+�;
+��+ 	
.  L0� �+6  L`�;/ �!g	I

\;[= �^�� � �5;A �	
 6:M� ��� �= �� >;� ���

�� �	�� �
+�;
 E���,
+. �� �,
	�� ���= 6F +;�

�,� ��	�I\;[= �� �=	g �^�� 6[`	/ 4� �+ � 	
 	= �	


\;[= 8!= �5;A 6[`	/ ��� /�  6= �
+�;
 E��� 6:M� �	


8!�	��� �,!�F >;� �
++;�.  

  

  

 
 L0�6- \;[= �^�� � �5;A �[`�;/ �!g	I 6��	M�>;� ��� �	��? �
+�;
 >	cY�� �= 	
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\;[= 8!= �5;A 6[`	/ ��� /� 	= ��)�+ >�	<� 6= �	


 �;A�� ��� /� �,�� �
+�;
 6!@	�,=	�.  ���= 8!-]�


\;[= 8!= �=	g �5;A 6[`	/ 4� 6[`	/ ��� /� 	= �	


�C 8!= �^���� �
	F >;� ��� �= �
+�;
 �;A �	
 -

,=	�. L0� �� �,� 4� ���=\;[= �	
 6[`	/ �!g	I �	


\;[= 6[`	/ �� ���!= �;
 � BC oP��� �;A �= �5;A �	


�� �^��,�	=. �,� 8!= �+ �,� �	
M2  ��	
 �� ���!=

�,��� �;
 � BC oP��� b�	= 	
++�q.  �,� �+ 60��;:=

M2  �;
 � BC oP��� �;A55/18  �,� 6= �<�� ,`�+

M4 �,� 8!= �+ 6F �� �;
 � BC oP��� �;A 8����F 	


�� ��� /� �+��+,=	�. �,� ��	�I �+ ��=+ ��� /� 	= 	


6= �
+�;
 E��� 6:M� 8!�	��� �,!�F >;� �
++;�.  

3 -2- 7��	 ,�8 ��� �� ����
 9:)2 
�
� 

 L0� �+ 6F �;:�	�
7 �� �,
	�� +	2�� �+;�

\;[� 	= �	��? +�;��= b�	= �>;� ��� �= \;[= �,� 	


 �;A �+ �� �;
 � BC oP��� � �)�H�C >,� 62!�� �+ �

�� ��� /� >;� .,
+  

  

 

 

 

  
 L0�7 - �,� �� ��;<� �	��?m�	� >;� �	
����C 6]^;@ � >;� ��� �= �;
 � �C oP��� � ��+ 
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 +��� j	)-
 6= �	��? 60��;:= ����C 6]^;@ 6=

B	<@ 	= ����
�� hF � �;
 �	
.,�	=  o;=�� i�	�� e<A

 �	�
�� �+ \;[= 8!= L`�;/ � �F��I ��
+�;
 �Y= 6=

 �M� �;
 � BC oP��� � �
+�;
 >,� �= �5;A � �^��

�� �	Z��� �U5 .+��+ ��.�\;[= 8!= �F��I 6F +�� 	


=6 .�
� �� !� �= �	��? �=��= �+ �[�	� ��;-� �D��� \P

m�	� >;� ��� �� ��;<� �	��?�!g	I  !� ��+ �U5 .,�	= ��Uq

 �+ >;� ��� �= \;[= +	2�� �!g	I �,�=� �Y= 8�� �+

 m�	� ��,= >;� �5	@ 	= �	��? �D��� \P.�
� �� !�

�� 6��	M�\;[= �5;A � �^�� L`�;/ �!g	I }~
 .+;�-

>;� +�0[�� �= 	
m�	� �	
P.�
� �� !� �+ ��+ �D��� \

�� ���W �=	���� +�;�.+�!q  

 L0� �+8 �=��= �+ �D��� \P.�
� ��,M� >��!!wI �

 �<��yc/Hdam �,� � O	` >;� �,� ���= >;� �	


m�	�.�
� �,� 6d��� ��+ �� �,
	�� �= \;[= +	2�� 6F +;�

 6= �<�� �D��� \P.�
� ��,M� ��� /� b�	= >;� ���

�� m�	� ��,= >;�.++�q �;:= 8!= OP��� �� !� 60�

�,� �D��� \P.�
�m�	� >;� �	
 ��,= �5	@ 	= ��+

 8!= �m�	�21  	I61 �� �!!w�� ,`�+.,�	=  �� !�

�=+ �+ �D��� \P.�
� ��� /� 	= � �+;= ���!= ��F �	


 ��� /�)�=+yc�,� ��	�I �+ �D��� \P.�
� �� !� ( 	


�� �
	F�� �C �[� .,=	�\;[= �g� �
	F ,��;I ��;-a= 	


�[�	�  �=��= �+ x�+ ���!� �
	F 62!���+ � �	��?

 �,�	=� �+ 6Fy	HI� ����F \P.�
� 62!� �� 	= .,�/�

;[= h[�Y� �	0�� 6��	M�\ �,� �>;� ��� �= 	
M2 

 �,� � +�0[�� 8���.=M4 h!a^�,� ��	
 �� �I �+ 	


.,-���+ �M� >;� ��� �� ��;<� �	��? �D��� \P.�
�  

  
L0� 8 -  �� ��;<� �	��? �D��� \P.�
� �� !� 6��	M�

�,� m�	� >;� �	
m�	� ��,= >;� � ��+  

 �+L0� 9 6[`	/ �!g	I �5;A � �^�� �	


\;[= >;� ��� �	
  �	��? �D��� \P.�
� ��� �= ��

�� �	��,
+. L0� �+ 9- h5� �� �,
	�� 	= �+;�

\;[= 8!= 6[`	/ ��� /� �� !� ��5;A �	�
�� �+ 	


�,� ��	�I ���= �D��� \P.�
��� �
	F 	
,=	�.  �[�

�� �C\;[= +�,aI �
	F ,��;I�C 6[`	/ ��� /� 	= 	
 	


 	= �	��? +�;��= k:
 �
	F � �Y�� �;A 4� �+

\;[= 	
,�	=. �,� ���= �	z� ���= �	
M1  �M5 

 �5;A 6[`	/ ��� /�\;[= �� 	
1.5H  6=2H )H  E	HI��

 X!I�I 6= �	��? �D��� \P.�
� �� !� (\;[=33/5  �

28/4 �/	� �
	F ,`�+.  L0� �,
	�� 	=9- B �� ��;I

 6F �Hq\;[= 8!= �5;A �=	g 6[`	/ 4� ���= 	= �	


�C �	!� �^�� 6[`	/ ��� /� �D��� \P.�
� �� !� �	.

�� �
	F,=	�. �=+ ��� /� 	= �D��� \P.�
� �
	F l��

�� ��� /�  !�,=	�.  

    
(h5�)  (B)  

 L0�9 - �,� �D��� \P.�
� 6��	M�m�	� >;� �	
L`�;/ �+ ��+ )h5�(  �5;A �)B(  �^��h[�Y�  
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�,� �+ ��	z� ���= �	
M3 � M4  ��� /� 	=

\;[= �^�� 6[`	/ �� 	
1.2H  6=1.8H \P.�
� �� !� �

 X!I�I 6= �	��? �D���93/7  �7 �� �
	F ,`�+,=	�.  

 L0� �+ �W+ 	=10 �� �!g	I 6F +�F �	!= ��;I

 >;� �� ��;<� �	��? �D��� \P.�
� �+ �5;A 6[`	/

m�	��� �C �^�� 6[`	/ �� ���!= ��+.,�	=  �+ 60��;:=

 �,�M2  �	��? �D��� \P.�
� �+ �I�= �,� ��;-a=

�,� ��	
 6= �<�� �
	F �	
\;[= �5;A 6[`	/ �� 	


1.5H  6=2H  �
	F b�	=1/3  6[`	/ �
	F � ,`�+

\;[= �^�� �� 	
1.2H  6=1.8H  �
	F b�	=57/4 

+ ,`�+��+ �	��? �D��� \P.�
� �� !� �.+  

 ��,? �+2  \P.�
� ��� /� ,`�+ i�	�� 6`P�

 �,� �<�� �D���M2  m�	� ��,= >;� �,� 6= �<�� ��

�� �	���� �+ .,
+�� ��,? 8 �= \;[= +	2�� �!g	I ��;I

 �^�� � �5;A L`�;/ �� j�,F �
 �!g	I � >;� ���

\;[=.+�F �,
	�� �� 	
  

  
 L0�10 - m�	� >;� �,� �D��� \P.�
� �� !� 6��	M� ��+

A L`�;/ �+ m�	� ��,= >;� 6= �<�� �I�= �^�� � �5;

h[�Y�  

  

��,?2- m�	� >;� �,� �+ (,`�+) �D��� \P.�
� ��� /�m�	� ��,= �,� 6= �<�� �I�= ��+  

�,� M2 
(6!�	g �= ��!5) �=+ 

25  30  35  40  45  50  54  

Sl=1.5H, Sw=1.2H  97/31  50/33  63/34  77/39  09/41  31/49  61  

Sl=2H, Sw=1.2H  26/29  30  53/31  62/37  37  63/46  88/58  

Sl=1.5H, Sw=1.8H  80/25  65/27  29  28/34  68/34  75/41  84/57  

Sl=2H, Sw=1.8H  60/24  41/26  5026  55/32  07/32  84/39  55/55  

  

4- �*�2� ����  

 �g� 6��	M� � �
��= �^	@ e!MfI �� O,


\;[=  �+ �	��? �D��� \P.�
� �� !� �= >;� ��� �	


 >;� 6= �<�� h[�Y� �0!5��,!
 � �
,-
 �:����

�� m�	� ��,=,�	=. ��	��C	
  �+5  L0� �� h[�Y� �,�

\;[= �
,-
 h[�Y� �^�� � �5;A L`�;/ �	.N �+ � 	


\;[= 8!= �= � 	
,� j	2�� >;� ���. ��	��C i�	�� 	
 �=

�,� ��� b�	= >;� ��� �= \;[= +	2�� 6F +�+ �	�� �	


 +�;��= 	= � �,� �	��? �=��= �+ ����	M� k:
 +	2��

\;[= 6= �	��?�C O��f�� � 	
 ��� ���;� �!�� �� 	


�� �;
 � BC oP��� � �)�H�C ��� /� b�	= �>;� +;�

� 6= �<�� 62!�� �+ � �D��� \P.�
� l�� m�	� ��,= >;

�� �,!� �.?;I L=	W ��� /�,-F.  �^	@ e!MfI i�	�� �
�

�� ��� s�� 6=:,�	= 

1-  ���= �
+�;
 E��� 6:M� 6= o;=�� i�	��

�,�  6F +�+ �	�� m�	� ��,= � m�	� 	= >;� �	


 ��
 6= �
+�;
 E��� 6:M� ��=+ ��� /� 	=

8!�	��� �,!�F >;� �
++;�. �
 �= 8!-]

 	<��MI �
�;
 E��� 6:M� m�	� ��,= >;� ���

�� �	7C �C �	.��� �++;�.  +	2�� J
;�� �;:=

 ��� /� b�	= >;� ��� �= \;[�8/5  �;A �=��=

�� >;� ��� �= �;
 � BC oP���++�q.  

2- \;[= 8!= �^�� � �5;A 6[`	/ ��� /� 	= �	


�� ��� /� �,�� �
+�;
 6!@	� �;A,=	�.  8!= �+

�,� �,� �	
M2 �,� ��	
 �� ���!= b�	= 	


,� �;
 � BC oP���.  �,� �+ 60��;:=M2 
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 �;
 � BC oP��� �;A55/18  6= �<�� ,`�+

 �,�M4 �,� 8!= �+ 6F�F 	
 �;A 8��I

�� ��� /� �+��+ �� �;
 � BC oP���,=	�.   

3- �,� ��	�I �+ \P.�
� �m�	� 	= ����
 >;� �	


�D��� �=+ ��	�I �+ m�	� ��,= >;� �� ���!= 	


 �+ �D��� \P.�
� l�� 8!= OP��� � �+;=

�,�  �m�	� ��,= >;� 6= �<�� m�	� 	= >;� �	


 8!=21  	I61 �� ,`�+,�	=. �,� ��	�I �+ 	


�=+ �+ �D��� \P.�
� �� !� ���!= ��F �	


 �D��� \P.�
� �� !� ��=+ ��� /� 	= � �+;=

�� �
	F,=	�.   

4-  ���!= OP��� �m�	� 	= ����
 >;� �,� �
 ���=

 ��,= >;� 6= �<�� �D��� \P.�
� l�� 8!=

�=+ �+ m�	��� y	HI� G	= �	
,�/�.  6��	M� 	=

 �
,-
 �	0�� 8!= �+ �D��� \P.�
� �� !�

\;[= 8!= h[�Y� �,� �	
M2  �!aW;� L!5+ 6=

�.? � �
,-
 �	��? �=��= �+ ��.= ��!q 	= �

 8���.= ��	��? �=��= �+ ���!= ���	M� +	2��

 �,� � +�0[��M4 h!a^ �� �� +�0[�� 8��I

,�+�+ �	�� +;�.  

5-  ��� �= \;[= 8!= �^�� � �5;A 6[`	/ ��� /� 	=

�,� ��	�I �+ �D��� \P.�
� �� !� �>;� 	


�� �
	F,=	�.  �,� �+ 60��;:=M2  ��;-� 6=

A 6[`	/ ��� /� ��I�= �,� 8!= �^�� � �5;

\;[= �
	F b�	= X!I�I 6= 	
1/3  �57/4 

�� �D��� \P.�
� l�� �� !� �+ ,`�+++�q. 

 � �5;A �	�
�� �+ \;[= +�,aI �
	F �C �[�

 	= �	��? +�;��= k:
 6F �+;= >;� �^��

\;[= �
	F �� �	��? �=��= �+ ���	M� � 	


�� ,
+.  

6- C oP��� �� !� �+ �5;A 6[`	/ �!g	I � �;
 � B

 >;� �� ��;<� �	��? �D��� \P.�
� l��

m�	� �� �C �^�� 6[`	/ �� ���!= ��+,�	=.  

6= 6?;I 	= 6= i�	�� � �5;A L`�;/ �,�C �
+

>;� �0!5��,!
 +�0[�� ��� �= m��;� �^�� �	


m�	� �+ �U5 .,-��
 �g;� ��+ 6-!.= b@	<� �@��A ��	


��	
�� ��0!5��,!
 �	
��.= 	= ��;IT�� �� �+�= �	


L`�;/ �j�� >	<
	f� 8�;� 6-!.= �^�� � �5;A \;[=�	
 

 �	��? ���!= �D��� \P.�
� �� !� 6= �,!
� ���=

>;� �� ��;<�m�	� �	
 e!MfI 6��+� �	�
�� �+ �� ��+

.+�+ j	2�� �^	@  

7<
�	   
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 (	4�T�` B�!���� [<��� d<�=�) ������ �U,���!� ���

+�B� ���8 ����< 9!C>E �+ .	�� ?�L�U� ���f�S�  �� �,�

f�� [�BE �=
�!g 9!C>E  �� L�NonPAS �+�T���   �,�

� 	�� ?
Y 	��WA �< ������ j=;� ��  � @��T�� ���

 ?< [�B�� � f�� �f�� �C!
 ���< l�
 kB� ?� m�L �<

����  aC�W� ���,2�+ �+� L��T2 �25 �50 �75  �

100% ?��,*1� X��� ?
Y �+ �1�< �+�
 V4�7� +�B� ��

 9!C>E���8 ����< � 9!C>E �+ .	�� ?�L�Uf�S�� ��� 

?< 	4�T�` ?
Y ��,�?
Y � �=
 ���SE�� @�B2  ���

?< ���< l�
 � X����
� �X��� �=
�!g ���SE�� @�B2

�+ ?�L�U �h�  �,� ,�� .  

2- "������#$�% "��� �&'��� ��(  

�|��� �+ H��G @��� C� �� �-
 �������� ��� �

?
Y
� � X��� ���X���� �������  �U,1Z/�< ��,�

 .	�����,�� ���< ���!0� �U,1Z/�< ��,� ��W� ��!U

	�� ����-E ���QU��< 	>E V4�7� ]17[.  ��,�

!!0E �U,1Z/�<D �,�  ��B>� ?� �
���` ������-E 

                                                 
5 Nonlinear elastic material 
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 �L��>�� �1E 	F�� �< �<��<����-E1  ��B>� ���. ?<

	�U�< 
Q��2 	�� ]18[.  

)1(                                                  d
R

r

M
σ
ε

=  

?��,*1� V4�7� �U,1Z/�< ��,�  �� �0<�E ��

�1E ����� ���  ?< .	�� �,� ?=<�� ��!< �Bh1�  ��,� D!<

�,� ��1E 	!0A� � �U,1Z/�< +�Z1�!� �TC�W� ��� 

�L�0� ?��+� �+ ?. 	�� �,�  �,� ,��.   

 �,� �+K-θ�U,1Z/�< ��,� � ?<  �� �0<�E @�B2

�� ?�L�U �h� �+ ��SH �1E  ���< �` +�<��. � +B�

,*1� V4�7�?��?=<�� 9-� ?< �,� D
� .	�� �� 2 

9<�8 	�� ��!< ]19[.   

)2(                                     2
1

k
r

a

M k ( )
P

θ=  

)3      (                                  1 2 3θ σ σ σ= + +  

 [<��� D
� �+ ?.θ�1E kB�S� �
 ��SH �1E � ���

 ��C2�1k �2k�  � �,� 	<�b ^
��AaP .	�� �T��E� ���L  

�� ?.�S�` ,� � K-θ V4�7� ���< ���L� ��!< ���<

?��,*1� ����� 	
�T. �,1.�����3  +��� �� �L��>�� �1E

 �,�K-θ +B�� ]20[.  �,�Uzan  ?=<�� 9-� ?<4 

9<�8 <!�� .	��  

)4(                               
2 3

1

k k

d
r a

a a

M k p
p p

σθ   
=    

   
 

)5       (                        1 2 30 5d . ( )σ σ σ σ= − +  

[<��� D
� �+ ?.dσ� �L��>�� �1E �1k �2k  �3k �

�,� 	<�b ^
��A .,1���  

 ��B>� ?� �
���` �� ����� �,� �+ �L��>�� �1E

?< �� 	�+ �,� �+ .,
`Universal ?< �1E ��/

	�� ���< �1E �� �L��>�� �Z/�4 +�T����   .	�� �,�

 ?=<�� d<�=� �,� D
�6 	�� ]21[. 

                                                 
1 Repeated axial deviator stress 
2 Resilient axial strain 
3 Uzan   
4 Octahedral shear stress 

)6      (                      
2 3

1

k k

oct
r a

a a

M k p
p p

τθ   
=    

   
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(MEPDG5)� �4,� ���< a!2BE ��,� �U,1Z/�< 
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� ?4+�0� �� �b� 

	W� �U,� �1E ��SH � �� �b� f�� �U,� �1E 

���< �� ���< ^!.�E ��w,
��� D
��<�1<  �
+�;�k2 ,
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	Fn� �,1��< �
� L� ��
� ?< �S1� ��SH �1E 	W� 

�� V4�7� �U,�++�U .D
��<  ���Hk3 ,
�< �T1� +B� �E 

�b� f�� �U,� �� ,�+ �
��� ]22[.  rB7
 �+ +�B� D
�
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)8        (               
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k k

oct
r a

a a

M k p
p p

τθ   
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   
  

 �,�Semi-log !� �,� 5
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5 Mechanistic-Empirical Pavement Design Guide  
6 National cooperative highway research program 
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���8  ?�L�U�+ � 	��  ���< �=
�!g ?1!Z< �,� 	
�Z�

x�W��� ������ 9!C>E 	Z/ V4�7� D
�  .	�� �,� 

3 - ��
�*�+
 �,- ����#$�% "��� ��(  

 d!;>E D
� �+�� ���
p ���`
��*�� @�1< � 

 ��� �+ ����-��2000 	Z/ D!!0E �,� ��� ��,� 

�U,1Z/�< V4�7� X��� ?��,*1� �� ���H  ���,2�+

V4�7� aC�W� �+�T��� �1�< �+�
   ?< ?/BE �< .	�� �,�

?��+ �1>1�?��,*1� X��� ?
Y V4�7� ��,1< �� xB


?��+ ,1<�  ����+ �,�7/6  �+�
 V4�7� � ,2�+ �1�<

 ����+4/3 ,�+B< ?��+ 
� ,2�+ .?�B�� ��� �< ���H ���

 �B�.��� �.��E �B��` �D�< �+�
 aC�W� ���,2�+

?< +��,�����  P��ASTM D698 f�S��  �,�  .	��

 aC�W� ���,2�+ �< ?�B�� ���< ?1!Z< 	<BG� ,2�+

 �+�,>� �+ �1�< �+�
 V4�7�5  �4�5/7  �!o�� ,2�+

�� ��� �< �U,1Z/�< ��,� �
���` .	��?�B ���

?��B��� �=8 ?< ��2/154  k�TE�� �8/304 �C!� �+ ���

 	<BG� ,2�+ 5�
 rB7W� ��� �n.�,H � ?1!Z<

�<,����� X��� +��AASHTO TP46-94 f�S��  �,� 

.	��  V4�7� rB7
 �+ ���!< @�!: /+�B� �+�T���  �

P��  ����-�� � @�1< d!;>E �+ ���*�
���` ����.~ 

�,�  	��]15[   .  

�+�+ ���  ���*�
���`�B<�� U,1Z/�< ��,� ?<� 

V4�7� ?��,*1� X���  aC�W� ���,2�+ ���H ��V4�7� 

�+�
 �1�<  ��,/ �+1 �+��` 	�� �,�.  

 ��,/1-  ���,�� �U,1Z/�< ��,� p
���^!.�E ���< �,� ��!U?��,*1� V4�7� aC�W� ��� �1�< �+�
 V4�7� � ��]15[.  

@�0L+ 

���QU��<  
σ١ 

(kPa) 
σ٣ 

(kPa) 

Mr (kPa) 
(100% 

AB) 

Mr (kPa) 
(75%AB+25

% RCA) 

Mr (kPa) 
(50%AB+50

% RCA) 

Mr (kPa) 
(25%AB+75

% RCA) 

Mr (kPa) 
(100% 
RCA) 

1  41/36 20/68 86954 94216 158267 166226 193942 

2  62/05 20/68 97783 106139 157162 170953 231087 

3  82/73 20/68 107991 125584 177051 199456 218485 

4  68/94 34/47 114004 119571 199456 212444 249609 

5  103/42 34/47 127051 145499 227870 237657 275346 

6  137/89 34/47 139057 169759 235997 249609 273422 

7  137/90 68/95 160670 167396 281197 319011 359381 

8  206/85 68/95 182313 209487  319011 330389 369600 

9  275/79 68/95 199541 206571 312372 330389 380109 

10  172/37 103/42 189026 193942 342174 344581 407709 

11  206/84 103/42 197754 237657 359381 349445 413465 

12  310/26 103/42 222381 235997 369600 372200 437312 

13  241/32 137/9 222383 258512 410577 416373 475687 

14  275/80 137/9 228491 249609 419302 440388 482402 

15  413/69 137/9 254645 312372 443486 446605 513815 

  

��Z< �<  �U,1Z/�< ��,� ���*�
���` p
��� �� ��!U

?��,*1� X��� V4�7�  ��(GB20)  ���,2�+ ���H

                                                 
20 Granular Base 

 �1�< �+�
 V4�7� aC�W�(RCA) D!!0E ?< ?1!Z<  D
�E

 ?�
�+�� �=
�!g �,�  .,��,� ��Bh1� D
� ���< ���

�,� 9��� aC�W� �=
�!g ���MEPDG �

Universal �Uzan �NCHRP1-28 �semi-log  �k-θ 
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�<�+�+ D
� X���  �+ � ,�,� ��F!4�. ���*�
���` ���

�,� �� +�B�  ������� �+ D!!0E �<R2  �RMSE  �B>�

�+�+ ?< �,� P���< ���8 �<�
��� +�B� ���*�
���` ���

 .	L�U  

�,� �B!���F!4�. ?< �B<�� p
��� �=
�!g ���

 V4�7� aC�W� ���,2�+ �1
 *
�/ ?< ?/BE �< aC�W�

 �1�< �+�
 ��,/ �+2 .	�� �,� �+��` ���� ?�BU ?. 

�� ?hHs�  �+B�^!.�E ���< X��� V4�7� aC�W� ���

?��,*1� ��1�< �+�
 V4�7� � �� �,�semi-log  D
���.

 ��,;�R2 ��+ ��+D!1q�� .  �,�k-θ� �+ ,2�+ ���

�Y�< �1
 *
�/ 1�< �+�
 V4�7� � �L�. 	8+ ����+

�,� 	Z/ ���� �7� �=
�!g ���L�� V4	�! w D
��<�1<

 �,�semi-log  �k-θ�,� � ���L� ��!< ���< �F��1� ���

?��,*1� X��� V4�7� �=
�!g  ���H ��RCA 

���  p
��� .,1��<?< 	�+ �,�` �,� �B!���F!4�. ��  ���� ��

��  �+ �1�< �+�
 V4�7� � X��� V4�7� ^!.�E ?. ,�+

 �< � �U,� 	W� ���SH �1E �
� L� �< +��B� �n.�

�1E �
� L� �1E �
 �L��>�� ���  ���< ���	�� Z/� ��

�+�+ ���� +B
 �� �U,� f��.,�� E�B2�+� ?.  +�B� �+

 �,�NCHRP 1-28  ^
�Ak3  ���,;� +��B� �n.� �+

 ?. 	�� 	Fn����� �,1�+  �U,1Z/�< ��,� �
� L�

 ���L� �< kBAB� D
� .	�� �L��>�� �1E �
� L� �< V4�7�

?��,*1� V4�7�  �� ��h��� ��
� w+��,� ���,1i {�F=��

��  w,<�
 ���. ��,� ��,;� �L��>�� �1E �
� L� �< +��

 D
��<�1< �,�NCHRP 1-28  ���< �F��1� �,�  !�

 ���L� ��!<g?��,*1� V4�7� ^!.�E �=
�!  V4�7� � ��

 �1�< �+�
�.	�!  

 ��,/2- �,� �B!���F!4�. p
�����,2�+ �+� L� ���� ?< �=
�!g ��� aC�W� �RCA  V4�7� ?<DGABC.  

^!.�E  
 �,�MEPDG   �,�Universal  

K1 K2  K3  R2  RMSE K1 K2  K3  R2  RMSE 

(100% AB) 102×566/9  506/0  005/0  9996/0  1/905  102×652/9  503/0  004/0  9997/0 2/872  

(75%AB+2
5% RCA) 

103×035/1  486/0  131/0  9626/0  7/11876  103×188/1 458/0  066/0  9621/0 5/11953  

(50%AB+5
0% RCA) 

103×705/1  598/0  293/0 -  9914/0  8/8684  103×350/1 621/0  107/0 -  9923/0 4/8272  

(25%AB+7
5% RCA) 

103×842/1  554/0  263/0-  9845/0  0/11350  103×532/1 562/0  083/0 -  9834/0 8/11757  

(100% 
RCA) 

103×183/2  534/0  275/0 -  9895/0  7/10357  103×751/1 556/0  102/0 -  9926/0 4/8719  

^!.�E  

 �,�NCHRP1-28   �,�Uzan  

K1 K2  K3  R2  RMSE  K1 K2  K3  R2  RMSE 

(100% AB) 103×942/1  334/0  174/0  9980/0  6/2336  102×619/9 503/0  004/0  9997/0 9/881  
(75%AB+25

% RCA) 
103×144/2  305/0  221/0  9631/0  0/11789  103×130/1 459/0  066/0  9621/0 5/11923  

(50%AB+50
% RCA) 

103×486/3  414/0  101/0  9934/0  9/7636  103×464/1 621/0  107/0 -  9923/0 3/8249  

(25%AB+75
% RCA) 

103×574/3  374/0  106/0  9838/0  0/11609  103×630/1 562/0  083/0 -  9834/0 5/11760  

(100% RCA) 103×116/4  372/0  083/0  9949/0  3/7192  103×891/1 556/0  102/0 -  9926/0 6/8717  

^!.�E  

 �,�semi-log   �,�k-θ  

K1 K2  K3  R2  RMSE K1 K2  K3  R2  RMSE 

(100% AB) 102×880/8 741/1  177/1  9090/0 4/15577  104×702/9  507/0 -  9997/0 9/895  
(75%AB+25

% RCA) 
102×694/9 730/1  205/1  9185/0 6/17536  105×068/1  520/0 -  9608/0 8/12143  

(50%AB+50
% RCA) 

103×520/1 944/1  108/1  9292/0 7/24967  105×661/1  522/0 -  9771/0 0/14239  

(25%AB+75
% RCA) 

103×662/1 839/1  105/1  9193/0 3/25939  105×802/1  486/0 -  9707/0 9/15602  

(100% RCA) 103×964/1 815/1  092/1  9371/0 6/25333  105×132/2  463/0 -  9766/0 5/15479  
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 �,� ?. 	��+ ?/BE ,
�<Uzan L �< �+B< �<��< m�

�1E ?�� ��� ?F��/9<�8  �+�T���  �	��E�B2�+�   ?.

 �,�Universal �1E �+B< �<��<�� m�L �< ?�� ���  ?F��/

9<�8  �+�T���  ����< p
��� .	��f�S�� �,� �� ����  ,�+

 �,� �+ ?.Universal  �MEPDG  �	8+ ��U,
+ ��

�,� d!;>E �+ .,1��� �F��1� ����A�H� �,� 

Universal ?< ��B1�  X��� V4�7� ^!.�E �=
�!g �,�

?��,*1� �1�< �+�
 V4�7� � ���+�T���+�B�  .	L�U ���8 

4- ���+�/ �&'��� 0�	�1  

?< �d!;>E D
� �+ �!bcE �+,� �<�
��� �Bh1�

 �< �1�< �+�
 V4�7� ���H X��� V4�7� �� �+�T���

������ +�-C��f�� �� ��4�T�` ���  �� L�NonPAS 

����+�T  �,�  �+ .	�� D
�?����<�  �=
�!g �,� 	T��� 

?C�/ MEPDG �Universal �NCHRP 1-28 �Uzan �

semi-log  � k-θ�+�!� �,� ���� �?����< D
� �+ .,�� p
��� 

?
 SE 9!C>E� ������� �� ?C�/ �1E���. ����� � 

	L� �+ �� !
� ?� 	Z/ ��C2� �1E��� ����< �1E � ��

���.��� ��C2� �n.�,H �1E ����< �1E  � ���<

���< ���. 	�� � �Z/� �n.�,H �1E �;L� �+ ��;� 

M��� aC�W� ?F��>� �� ,�+�U]25[.  

       +�B�� ?�
Y ���Zi ������� j�=;� ��� d�!;>E D
� �+ 

 ����<���8 ?�L�U  .	�� 	4�T�` ?
Y ?�<  @�B�2   ����SE��

�����
� � X����� V4���7� ����=
 X�?��< @�B��2  �����SE��

  �,��) �=
�!gUniversal(    ?�< ����< V4��7� �  @�B�2

   �,���) ���=
�!g �����SE��Bilinear( m���L  .,�,���

��������� � @�7W��� Y aC�W� V4�7�
?  ����  ������� 

C>E 	Z/ �!9 g! �=
��   f��� [��BE  �� �L� NonPAS  �+

��,��/ 3 <��!��  �,��� .	���� � �+��
D ;>E��!�d ����� ��
p 

���`
��*���� l�����  �  ����� �+ ������-��2009 �����< �

�,� ���� g!=
�� ?��,*1� X����
� V4�7�  �+�T���� �� 

 	�� �,� ]26[    U,�1Z/�< ��,�� �� �B�h1� D�
� ���< .� 

 V4�7�SB-4 �+�T��� d!;>E �`  	�� �,�.   j�=;� ��

+�B� ���< 9-� �+ �1  �����+�+  �,�    f�,�.�� �+ .	��

    � 	�!08B� � M���� ���;� 	�!08B� �jG�;� ��   �1�E ���;

 �
����+�+  �,� .	��    ������� jG��;� D
� 9!C>E ���<

 �+f�� �� L� NonPAS�      �+ ��� ���i ��< +��T1� �B�>� ��

?� ?=;�   ��� ���i 92�L,H � ��i ?F4 ���i  .�� M���

  �B�� ���
�+ �1E }s2� � ?
Y [�� �1E ?=;� d
�G ��-

.,� �+�T��� ^�4B.  �<��< ��i �� t�G �� +��� �:�8 �1E

�< kPa 586 �< �<��< ��i �� X��E k�0� � mm 22/104 

.,� ?�L�U �h� �+   �� ���� D!��WE 	Z/   jG��;� �� 5�


 5!���!��-� P�� ?< m��T� ������-    �n.�,�H ���<�SE

        � 	4�T��` e�
Y D!
��� ���E ��;L� ����. ����. ��,;�

.,� ?F��>� ���< l�
 ��� ����L ���. �n.�,H  

 ��,/3- ?
Y V4�7� @�7W�������� aC�W� ���  

Φ (º)  K0  
 ^
�A

) �B��B�ν(  
�4�*i 

(kN/m3)  
V4�7� ���L�   	��WA

(cm)  
?
Y��  

- - 3/0 195/21 

�=
 ���SE��  5  

10  

51  

20  

	4�T�` 
M r (kPa) 

610×1/3  

40 357/0 35/0 61/19 

Universal�,� :�=
�!g ���SE��  

10  

15  

20  

X���  

k3 k2  )(kPa1 k  ^!.�E  

004/0  503/0  102×652/9 0 % RCA 

066/0  458/0  103×188/1 25 % RCA 
107/0 -  621/0  103×350/1 50 % RCA 
083/0 -  562/0  103×532/1 75 % RCA 

102/0 -  556/0  103×751/1 100 % RCA 
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 ��,/3- ?��+�  

28 6/0 35/0 61/19 

Universal�,� :�=
�!g ���SE��  15  

20  

30  

40  

X����
� 
k3 k2  )(kPa1 k  ^!.�E  

121/0 -  620/0  35/787  A-1-a 
(GW) 

20 717/0 45/0 84/18 

Bilinear�,� :�=
�!g ���SE��  

-  ���<  

  ���< kB� ?� �� ���� ?<78/42K2=  �1110K3=  �

178K4= .	��  
)(kPa1 k   ��,� ���< l�
 kB� 

6895  13800 f�� �C!
 X�  

20822  20684 f�� X�  

52952  48263 [�B�� X�  

  *�+
           

23�4+5

R=104.22 mm
P=586 kPa

 *�+
�,�
       

 ��6%
             

10
0 

m
m

10
0 

m
m

22
5 

m
m

32
5 

m
m

  

  *�+
           

23�4+5

R=104.22 mm
P=586 kPa

 *�+
�,�
       

 ��6%
             

15
0 

m
m

17
5 

m
m

35
0 

m
m

47
5 

m
m

  
 ��� ������ j=;� (a4�)(AC5-B10-SB15).  f�+ ������ j=;� (x)(AC10-B15-SB20). 

  *�+
           

23�4+5

R=104.22 mm
P=586 kPa

 *�+
�,�
       

 ��6%
             

20
0 

m
m

20
0 

m
m

45
0 

m
m

62
5 

m
m

  

  *�+
           

23�4+5

R=104.22 mm
P=586 kPa

 *�+
�,�
       

 ��6%
             

51
0 

m
m

22
5 

m
m

40
0 

m
m

52
5 

m
m

  
 fB� ������ j=;� (�)(AC10-B20-SB30).  f��Zi ������ j=;� (@)(AC15-B15-SB20). 

  *�+
           

23�4+5

R=104.22 mm
P=586 kPa

 *�+
�,�
       

 ��6%
             

20
0 

m
m

25
0 

m
m

55
0 

m
m

77
5 

m
m

  

  *�+
           

23�4+5

R=104.22 mm
P=586 kPa

 *�+
�,�
       

 ��6%
             

20
0 

m
m

30
0 

m
m

60
0 

m
m

82
5 

m
m

  
 �S1� ������ j=;� (�)(AC15-B20-SB40).  ��� ������ j=;� (�)(AC20-B20-SB40). 

 9-�1 - ����< +�B� ������ j=;� ��  

�T�` B�!���� �<�SE [<��� �� ��� 9
,FE ���< 	4

���. �
+�;�  � �*��
 ��S� �BF� +�,0E ?< ����>< ���

��Z< �U,���!�  ��!< ?��+� �+ [<��� D
� .,� ��!U

�,
+�U.,�� �+ P�� �!���� �H��GB 	4�T�` � �BF� +�,0E

�*��
 l�E �� ��!UBC/ ���< ��S� )Nf ?��<�� ( ?<

	4�T�` ?
Y D!
�� ��E �+ ���. ���. )tε ( � ��,�

	4�T�` ?
Y ���SE�� )E1 (^�H�< kPa  .	�� ?4+�0�

�!� 	Z/ 	4�T�` B�!���� �<��
  ��8 �*��
 ��� �1!<
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 ��4�T�` D�<?< @�B2  	�� �
�]27[ :  

)12             (      3 291 0 854
10 414 . .

f tN . ( ) ( E )ε − −=  

 D!1q���+ P��  B�!���� �H��G  �	4�T��`  +�,�0E

 �� ��!UB��C/ �����< ����S� �B��F��U,�����!� �����< )Nd (

) ���< l�
 ��� �:�8 ����L ���. ?< ?��<��cε  .	��� (

<��
 ?4+�0��     �!�� 	�Z/ 	4�T��` B�!�����    ���� ��1!<

������ �U,���!� ?< @�B2  	�� �
�]28[.   

)13(                  9 4 4771 365 10 .
d cN . ( )ε− −= ×  

5 -  �%�,�/
8�6' �9
�,�/ �  /� ��3�4+5

���% ���' :3�;� �% ���+�/  

E�!bc  �1�< �+�
 V4�7� aC�W� ���,2�+ �+� L�

?��,*1� X��� V4�7� ?< �< �� ��� ��� �
� L�  �*��


�+ ��4�T�` e
��  9-�2  �����+�+  �,� .	��  ?�B*����

�� �,����+�B� �0=;� ?i ?-1
� ?< ?/BE ��,< +B� 

,2�+ �
� L� �< ���< kB� ?� �� �+ �	�� �h�  V4�7�

*��
 ��� ��1�< �+�
?
�� � �
� L� ��4�T�`   ?�L�


.	��  

    
AC5-B10-SB15  (a4�)j=;�  AC10-B15-SB20  (x)j=;�  

    
AC10-B20-SB30  (�)j=;�  AC15-B15-SB20  (@)j=;�  

    
AC15-B20-SB40  (�)j=;�  AC20-B20-SB40  (�)j=;�  

 9-�2 -  V4�7� ?< �1�< �+�
 V4�7� aC�W� ���,2�+ �+B�� ?L�A� �!bcE?��,*1� X������4�T�` ?
�� �*��
 ��� ��� �< �  

?
�� �*��
 ��� �
� L� ,2�+  ?< �B<�� ��4�T�`

 ?< ���< kB� ?� ����� V4�7� aC�W� ���,2�+ �+� L� �

?��,*1� X��� V4�7� ?< �1�< �+�
 ��,/ �+ ��4  �+��`

.	�� �,� ��,/ ?< ?/BE �< ������ jG�;� ?!C. �+ �

+�B�  �����<�+�T��� �� �T2  �E100% V4�7�  �1�< �+�


 ?<��� 98�,H ������< ?!C. �6/61 �n.�,H � %5/198 %
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 ��� �
� L� ^/B�?
�� �*��
 �� ��4�T�` .+B�

 j=;� +�B� �+ �!bcE 98�,HAC20-B20-SB40  �

 j=;� +�B� �+ �!bcE �n.�,HAC5-B10-SB15  �< .	��

/�< ��,� ��1�< �+�
 V4�7� ,2�+ �
� L� �U,1Z

?��,*1� X��� � �1�< �+�
 V4�7� ^!.�E  �
� L� ��

�� y��< X��� V4�7� �U,1Z/�< ��,� �
� L� .,<�


�� 	4�T�` ?
Y ���SE�� ��,� 	F�� ?. +B� )E1(  ?<

) X��� ?
Y ���SE�� ��,�E2 .,<�
 ���. (�� ?.�S�` 

 	F�� �< 	4�T�` ?
Y D!
�� ��E ���. ���.E1  ?<E2 

!;��� ?=<���+ �+��+ �  	F�� ���. �< ?S!��E1  ?<E2 �

�� ���. 	4�T�` ?
Y D!
�� ��E ���. ���.�+ � ,<�
 

 ��� �
� L� ?< �S1� 	
�Z�?
�� �*��
  ��4�T�`

�� .++�U �+  j=;�AC5-B10-SB15 ��<��< 	!L�u �

 ��� ��� �< �!bcE D
���!< � 	�� D!
�� ��!�< ������

?
�� �*��
  ��4�T�`�
� L� �<  �1�< �+�
 V4�7� ,2�+

 j=;� D
� �+��  �+�+ .	��  

 ��,/4-  ?�
�;� ��� �
� L� ,2�+?
�� �*��
 ��4�T�`  ?<����  aC�W� ���,2�+ �
� L�RCA.  

������ jG�;�  
?��,*1� X��� ?
Y �+ �1�< �+�
 V4�7� �
� L� ,2�+��  

�T2  ?<25%  �T2  ?<50%  �T2  ?<75%  �T2  ?<100%  

AC5-B10-SB15  8/12  �4�9/12%  6/75  �4�0/97%  6/96  �4�9/118%  5/154  �4�5/198%  

AC10-B15-SB20  7/7  �4�2/17%  0/57  �4�3/63%  1/78  �4�5/89%  6/114  �4�8/127%  

AC10-B20-SB30  7/8  �4�0/9%  0/70  �4�0/73%  5/90  �4�1/94%  4/135  �4�0/140%  

AC15-B15-SB20  3/0-  �4�1/5%  0/32  �4�5/38%  3/43  �4�1/50%  0/65  �4�6/72%  

AC15-B20-SB40  0/7  �4�8/11%  1/52  �4�6/54%  0/67  �4�2/70%  5/96  �4�0/101%  

AC20-B20-SB40  0/4  �4�3/4%  2/25  �4�2/33%  8/42  �4�6/43%  6/61  �4�7/62%  

  

?<   	4�T�` ?
Y 	��WA �
� L� �!bcE ����< �Bh1�

 ��� �
� L� ��� �<�*��
 ?
�� ���4�T�`  �+ ?�
�;� ��

 j=;�AC10-B15-SB20 � AC15-B15-SB20  �

j=;� �+ D!1q�� AC15-B20-SB40  �AC20-B20-

SB40 ���� .,� �+�T��� �� ?hHs� ?. ?�BU �+ �+B�

 �< +�B� �+ �� X����
� � X��� ?
Y 	��WA �,��� 	<�b

��� ,2�+ ���. �	4�T�` ?
Y 	��WA �
� L� � 

?
�� �*��
 ��4�T�`  �1�< V4�7� �1
 *
�/ �b� �+

?��,*1� V4�7� �< ��L�
��<  �0!FG ���� �,���� .++�U

 ��
��1E @,� �,��< ���. 	4�T�` 	��WA ?i�� �
��

D!
�� ?
Y ?< ?.�� �E.	�� ���. ,��  

?<  � X��� ?
Y 	��WA �
� L� �!bcE ����< �Bh1�

 ��� �
� L� ��� �< X����
�?
�� �*��
 �`��4�T     ��

 j=;� �+ ?�
�;�AC10-B15-SB20 � AC10-B20-

SB30 j=;� �+ D!1q�� � AC15-B15-SB20  �

AC15-B20-SB40 ���� .,� �+�T���  ?hHs� ?. ?�BU

�� �< +�B� �+ �� �+ �+B� ?
Y 	��WA �,��� 	<�b

?
Y 	��WA �
� L� � 	4�T�` �X����
� � X��� ���

��� ,2�+ �
� L� e
�� �*��
 ��4�T�`  �,����

�� .++�U  

+�B� jG�;� ?!C. �+  ?=<�� ���< kB� �����<

 ��� �
� L� �< ��!;���?
�� �*��
 ��4�T�`  �b� �+

?< .+��,� �1�< �+�
 V4�7� �� �+�T��� ��B1�   ���n� �n.�,H

 ��� �
� L� ,2�+��4�T�` e
�� �*��
  �+� L� �<�T2 

 �E100 ,2�+ V4�7� �1�< �+�
  j=;� �+AC10-B20-

SB30  ?<����  f�� �C!
 ���<0/140 �% j=;� �+

AC15-B15-SB20  ?<����  f�� ���<6/72 � % j=;� �+

AC10-B15-SB20  ?<����  [�B�� ���<8/127 %

�� ,��<���� .  ��,/ �+ ?. ?�BU4 �� ?hHs� �++�U

 ��� �
� L� ,2�+?
�� �*��
 ��4�T�`  �� ?< �B<��

 ?< ���< kB� ?����� L� V4�7� aC�W� ���,2�+ �+� 

?< .	�� 5
+ � �*
,-
 ?< ��!�< ��1�< �+�
 ��B1�   ���n�

 j=;� �+AC10-B15-SB20  ��� �
� L� ,2�+

��4�T�` e
�� �*��
  ?<����  �+� L��T2  �E100 %
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 �+ �1�< �+�
 V4�7� �� [�B�� ���< �E f�� �C!
 ���<

6/114  ?<8/127 j=;� �+ D!1q�� � %AC10-B20-

SB30  ��4/135  ?<0/140% �
� L�   D
��<�1< .	�� ?�L�


 ��� �
� L� ��� �< ���< kB� �!bcE?
�� �*��
 

��4�T�`.	�!� +BZ�� ��,1i �  

6 -  �%�,�/
��6% ���=/��=  �% ���+�/ /�

���% ���' :3�;�  

�!bcE  �1�< �+�
 V4�7� aC�W� ���,2�+ �+� L�

?��,*1� X��� V4�7� ?< �< �� ��� 
� L���� � 

���< �U,���!� �+  9-�3  �����+�+  �,� .	�� 

�� �,���� ?. ?�B*���� �U,���!� ��� @��!!oE �+B�

.	�� @��T�� �1�< �+�
 V4�7� ,2�+ �
� L� �< ���<  

 �� ?< �B<�� ���< �U,���!� ��� �
� L� ,2�+

 ?< ���< kB� ?���� V4�7� aC�W� ���,2�+ �+� L� �

��� V4�7� ?< �1�< �+�
?��,*1� X ��,/ �+ ��5  �+��`

.	�� �,�  

    
AC5-B10-SB15  (a4�)j=;�  AC10-B15-SB20  (x) j=;�  

    
AC10-B20-SB30  (�)j=;�  AC15-B15-SB20  (@)j=;�  

    
AC15-B20-SB40  (�)j=;�  AC20-B20-SB40  (�)j=;�  

 9-�3 - 7� ?< �1�< �+�
 V4�7� aC�W� ���,2�+ �+B�� ?L�A� �!bcE?��,*1� X��� V4� ��� ��� �< �����< �U,���!�  

������ ?hHs� ?. ?�BU jG�;� ?!C. �+ �++�U

+�B� ������  �����<�+�T��� �� �T2  �E100 ,2�+ 

V4�7�  ?< �1�< �+�
��� 98�,H ������< ?!C. �6/22 - � %

 �n.�,H4/88�� ���< �U,���!� ��� �
� L� ^/B� %-

 .+B�+ �
� L� �< D!1q�� ���. ��1�< �+�
 V4�7� ,2�

 ���< �U,1Z/�< ��,� � ���. ���< l�
 ��� ����L

�� �
� L��+ � ,<�
  ��� �
� L� ?< �S1� ?S!��

�� �1�< �+�
 V4�7� ,2�+ �
� L� �< ���< �U,���!�-
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.+B�  

?<  	4�T�` ?
Y 	��WA �
� L� �!bcE ����< �Bh1�

��� V4�7� ���< �U,���!� ��� �
� L� ��� �< ���H X

 j=;� �+ ?�
�;� �� �1�< �+�
 V4�7� aC�W� ���,2�+

AC10-B15-SB20 � AC15-B15-SB20  D!1q�� �

j=;� �+ AC15-B20-SB40  �AC20-B20-SB40 

���� .,� �+�T��� �� ?hHs� ?. ?�BU �+ �� �+ �+B�

 �< +�B� � X����
� � X��� ?
Y 	��WA �,��� 	<�b

�. �	4�T�` ?
Y 	��WA �
� L� ��� ,2�+ ��

�� �,���� ���< �U,���!�.++�U  

 ��,/5-  ?�
�;� ?< ���< �U,���!� ��� �
� L� ,2�+��� aC�W� ���,2�+ �
� L� �RCA.  

������ jG�;�  
?��,*1� X��� ?
Y �+ �1�< �+�
 V4�7� �
� L� ,2�+��  

�T2  ?<25%  �T2  ?<50%  �T2  ?<75%  �T2  ?<100%  

AC5-B10-SB15  9/23- 4� �3/22-%  5/4-  �4�7/0%  7/0-  �4�8/6%  1/8  �4�2/28%  

AC10-B15-SB20  1/34-  �4�7/32-%  4/21-  �4�2/15-%  7/11-  �4�5/5-%  2/0-  �4�9/8%  

AC10-B20-SB30  4/27-  �4�7/5%  7/2  �4�1/46%  4/12  �4�5/59%  6/32  �4�4/88%  

AC15-B15-SB20  7/34-  �4�1/33-%  5/30-  �4�6/28-%  0/28-  �4�6/25-%  6/22-  �4�3/19-%  

AC15-B20-SB40  2/2  �4�1/6%  0/23  �4�7/32%  5/30  �4�8/42%  3/45  �4�8/62%  

AC20-B20-SB40  3/0-  �4�4/0%  9/3  �4�7/11%  2/10  �4�1/17%  1/18  �4�6/27%  

  

?<  � X��� ?
Y 	��WA �
� L� �!bcE ����< �Bh1�

��!� ��� �
� L� ��� �< X����
� ?�
�;� �� ���< �U,�

 j=;� �+AC10-B15-SB20 � AC10-B20-SB30  �

j=;� �+ D!1q�� AC15-B15-SB20  �AC15-B20-

SB40 ���� .,� �+�T��� �� ?hHs� ?. ?�BU �+ �+B�

 �< +�B� �+ �� �
� L� � 	4�T�` ?
Y 	��WA �,��� 	<�b

?
Y 	��WA ��� ,2�+ �
� L� �X����
� � X��� ���

 �U,���!��� �,���� ���<.++�U  

����  ��,/ �+ ?. ?�BU5 �� ?hHs� ,2�+ �++�U

 ���< kB� ?� �� ?< �B<�� ���< �U,���!� ��� �
� L�

 ?<��� ?< ��1�< �+�
 V4�7� aC�W� ���,2�+ �+� L� �

 5
+ � �*
,-
	�!�?< . ��B1�   j=;� �+ ���n�AC10-

B20-SB30  ?< ���< �U,���!� ��� �
� L� ,2�+��� �

 �+� L�100 �E f�� �C!
 ���< �+ �1�< �+�
 V4�7� %

 �� [�B�� ���<6/32 ?< %4/88 ��� D!1q�� .	�� %

 ���H X��� V4�7� �� �+�T��� @�B2 �+ ������100 %

 j=;� �+ �1�< �+�
 V4�7�AC15-B20-SB40  ��

3/45  ?<8/62 j=;� �+ � %AC20-B20-SB40  ��1/18 

 ?<6/27�
� L� %  .	�� ?�L�
  �< ���< kB� �!bcE D
��<�1<

  :�H � @��T�� ����< �U,���!� ��� �
� L� ���

.	�� 	!���  

�� ?hHs� D!1q��  ��� �
� L� ,2�+ ?. ++�U

+�B� ������ jG�;� �� ���-
 �+ ���< �U,���!� 

 ?< ����<��� �+�
 V4�7� aC�W� ���,2�+ �+� L� �

?< .	�� �,� �T1� �1�< ��B1�  j=;� �+ ���n� AC15-

B15-SB20  ?< ���< �U,���!� ��� �
� L� ,2�+��� �

 �+� L��T2  �E100�+ �1�< �+�
 V4�7� %  �C!
 ���<

�� [�B�� ���< �E f�� 6/22 -  ?<3/19 -�
� L� %   ?�L�


 ����L ���. ?. 	�� 9!4+ D
� ?< kBAB� D
� .	��

 .	�� ���< l�
 �U,1Z/�< ��,� j<�E ���< l�
 ���

���*1�
Y ?.? 	W� ���8BL ��� �� �E ���< l�
 �,�B�

�� ?<�SE �� ����. �1E �+ � ,1.  ��,� ?S!��

�	�� �1E j<�E � �=
�!g ?. ���< ?
Y �U,1Z/�<  

�� ���. .,<�
   

7-  ?	�@� ��(�A/� ���B�
 ��CD1 �%�,�/


RCA ���+�/ �	� �9
 �%  

��-�!��  �� ��,;� D
���. ?< ?/BE �< ^4�g �<��
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 ��� D!< ��� � 	4�T�` ?
Y ��4�T�` e
�� �*��

 V4�7� �+� L� �� 9F8 ������ ���< ?
Y ���< �U,���!�

 V4�7� aC�W� ���,2�+ �+� L� �� ,0< � �1�< �+�


?��,*1� X��� V4�7� ?< �1�< �+�
 ��� ���< �+ ��

[�B�� � f�� �f�� �C!
 ,/ �+ ��6 .	�� �,� �+��`   

��,/ 6-  ^4�g �<��
 ��!��-�aC�W� ��� ������< �+  

������ jG�;� 

��+� L� AC20-
B20-SB40 

AC15-
B20-SB40 

AC15-
B15-SB20 

AC10-
B20-SB30 

AC10-
B15-SB20 

AC5-B10-
SB15  ����<��-�!�� 

^4�g �<��
 
f�� �C!
 ��� ���< 

FATIGUE FATIGUE RUTTING FATIGUE RUTTING RUTTING kB�  
0 % RCA 

2176576 686482 680748 252617 78082 1266 N  
2262916 767747 448214 275255 51867 964 N 

25 % RCA 
4 12 34- 9 34- 24- �
� L� % 

2898176 1061455 486345 436982 68468 1227 N 
50 % RCA 

33 55 29- 73 12- 3-  �
� L� % 

3126148 1168386 506589 490404 73802 1303 N 
75 % RCA 

44 70 26- 94 5- 3 % �
� L� 

3541020 1379537 549391 606374 84994 1623 N  
100 % RCA 

63 101 19- 140 9 28 �
� L� %  

f�� ��� ���<      

FATIGUE  FATIGUE  FATIGUE  FATIGUE  RUTTING  RUTTING  kB�  
0 % RCA 

2356590  745820  775668  269296  181281  2961  N  

2453681  831383  815560  293451  119532  2290  N  
25 % RCA 

4  11  5  9  34-  23-  �
� L� %  

3128663  1144355  1074448  461163  153788  2981  N  
50 % RCA 

33  53  39  71  15-  1  �
� L� %  

3372419  1258040  1164373  516381  164719  3163  N  
75 % RCA 

43  69  50  92  9-  7  �
� L� %  

3818496  1483673  1338823  637342  188510  3534  N  
100 % RCA 

62  99  73  137  4  19  �
� L� %  

[�B�� ��� ���<      

FATIGUE  FATIGUE  FATIGUE  FATIGUE  FATIGUE  RUTTING  kB�  
0 % RCA 

2627056  836821  866643  259817  263935  25105  N  

2741132  895037  876276  282391  309219  19500  N  
25 % RCA 

4  7  1  9  17  22-  �
� L� %  

3288288  1272512  1175136  441731  414490  23979  N  
50 % RCA 

25  52  36  70  57  4-  �
� L� %  

3750499  1397091  1269752  494841  500163  24932  N  
75 % RCA 

43  67  47  90  90  1-  �
� L� %  

4246524  1644095  1455161  611670  601141  27138  N  
100 % RCA 

62  96  68  135  128  8  �
� L� %  
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����,/ �+ ?. ?�BU ��6 �� ?hHs� �< �+B�

 jG�;� �+ ���< l�
 	���;� �
� L�AC10-B15-

SB20  �AC15-B15-SB20 ��-�!��  �� �<��


���< �U,���!�  ?<?
�� �*��
 ��4�T�` oE!!� 
?�L� 

 ��� .	��?
�� �*��
 ��4�T�`  ?<����  �+� L�

 X��� V4�7� ?< �1�< �+�
 V4�7� aC�W� ���,2�+

?��,*1�� �
� L� �< �����< l�
 	���; �� �
� L�.,<�
  

��i @�B2 �+ �f�� �C!
 ��� ���< �+  �� ��B�

 j=;�AC5-B10-SB15 �AC10-B15-SB20  �

AC15-B15-SB20 ��  �+� L� ?. +�. ��!< D!1i ��BE

25 ?< �1�< �+�
 V4�7� ,2�+ ?��,*1� X��� V4�7���  �

 +�,H �� !� ?< �� ������ �C. ���4 -12  �
� L� ,2�+

��  ���,2�+ ���< �C. ��� �
� L� ,2�+ D
� .,�+50 �

75  �100  +�,H �+ ^!E�E ?< �1�< �+�
 V4�7� ,2�+

33-73  �,2�+44-94  � ,2�+63-140 .	�� ,2�+  

��i @�B2 �+ �f�� ��� ���< �+  �� ��B� j=;�

AC5-B10-SB15  �AC10-B15-SB20 ��  ��BE

 �+� L� ?. +�. ��!< D!1i25 +�
 V4�7� ,2�+ �1�< �

?< ?��,*1� X��� V4�7���  ?< �� ������ �C. ��� �

+�,H �� !� 4 -11 �� �
� L� ,2�+  ,2�+ D
� .,�+

 ���,2�+ ���< �C. ��� �
� L�50 �75  �100  ,2�+

 +�,H �+ ^!E�E ?< �1�< �+�
 V4�7�33-71  �,2�+

43-92  � ,2�+62-137 .	�� ,2�+  

��i @�B2 �+ �[�B�� ��� ���< �+ ��B�  ��

 j=;�AC5-B10-SB15�� �  ?. +�. ��!< D!1i ��BE

 �+� L�25 ?< �1�< �+�
 V4�7� ,2�+  X��� V4�7�

?��,*1���  +�,H �� !� ?< �� ������ �C. ��� �1 -17 

�� �
� L� ,2�+  ���< �C. ��� �
� L� ,2�+ D
� .,�+

 ���,2�+50 �75  �100  ?< �1�< �+�
 V4�7� ,2�+

 +�,H �+ ^!E�E25-70  �,2�+43 -90  � ,2�+62-

135 	�� ,2�+.  

�< +B/� �
?-1  jG�;� �+AC10-B15-SB20 � 

AC15-B15-SB20� ?
Y 	��WA +�
� ������ ���

 �	����-�!��  �f�� �C!
 ��� ���< �+ ^4�g �<��


���< �U,���!�  V4�7� �+� L� �	4�H D
� �+ � 	��

?��,*1� X��� V4�7� ?< �1�< �+�
 �� �� �< ,��BE y�

 ���. ������< �U,���!� +B� .  

 �+�� kB�S�  V4�7� �� �+�T��� �!bcE ?. ,
+ ��BE

 �C!
 ��� ���< �+ X����
� � X��� ?
Y �+ �1�< �+�


	��WA �+ f�� �Y�< ���20 ����� X��� ?
Y ���< ���

	��WA � �Y�< ���30 ����� X����
� ?
Y ���< ���

 	Fn� 	��V4�7� �� �+�T��� �  �1�< �+�
	�� ��S� .

	��WA �+ �[�B�� ��� ���< �+ D!1q�� �Y�< ���

15 �����	��WA �X��� ?
Y ���< ��� �Y�< ���20 

�����	��WA D!1q�� � X����
� ?
Y ���< ��� ���

 �Y�<15 ����� 	4�T�` ?
Y ���< ����  V4�7� �� �+�T���

 ��L�
��< �1�<	�� ��S����< �+ �E��F� ?< . �	W� ���

D�L�U �h� �+ ?< ��!�   	��WA �h� �� r�
 @�hHs�

?
Y  ��L�
��< �1�< V4�7� �� �+�T��� 	Z/ ������ ���

�!	� .4�H�+� ?.  ����< ,
�< �a!0A ��� ������< �+

 �T1� �!bcE y��< �1�< �+�
 V4�7� �� �+�T��� �
` ?. +B�

 ��� ��� �<���< �U,���!� �� .�!
 �
 +B�  

8- ���F� ����  

+�B� ������ jG�;� ?!C. �+  �����<�+�T��� �� 

�T2  �E100% V4�7�  ?< �1�< �+�
����  ������< ?!C.

 +�,H6/61  �E5/198 ��� �
� L� ^/B� %?
�� �*��
 

��4�T�`  +�,H �6/22-  �E4/88 ��� �!!oE ^/B� %

���< �U,���!� ��.+B�  

� �
� L� ,2�+ �	4�T�` ?
Y 	��WA �
� L� �< ��

���< �U,���!�  ��� ���4�T�` e
�� �*��
  �� ����

�� ���. X��� ��8 �+ �1�< �+�
 V4�7� �+� L� .,<�
  

 �+� L� �<�T2  �E100% V4�7�  �n.�,H ��1�< �+�


 ��� �
� L� ,2�+?
�� �*��
 ��4�T�`  j=;� �+

AC10-B20-SB30 �B<��  �< �<��< � f�� �C!
 ���< ?<

0/140 �% j=;� �+AC15-B15-SB20  ���< ?< �B<��
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 �< �<��< � f��6/72 � % j=;� �+AC10-B15-SB20 

 �< �<��< � [�B�� ���< ?< �B<��8/127 %	�� D!1q�� .

 ��� �
� L� ,2�+ �n.�,H���< �U,���!�  j=;� �+

AC10-B20-SB30  �< �<��< � [�B�� ���< ?< �B<��

4/88 �% j=;� �+AC15-B20-SB40  ���< ?< �B<��

�C!
  �< �<��< � f��8/62 � % j=;� �+AC20-B20-

SB40  �< �<��< � f�� �C!
 ���< ?< �B<��6/27 %	�� .

�� ���� kBAB� D
� �,�+ �< ��!;��� ?=<�� ���< kB�

 ��� �
� L���4�T�` e
�� �*��
  ��� � �U,���!�

���<  .+��,� �1�< �+�
 V4�7� �� �+�T��� �b� �+    

 j=;� �+AC10-B20-SB30  ��� �
� L� ,2�+

��4�T�` e
�� �*��
  ?<����  �+� L��T2  �E100 %

 �� [�B�� ���< �E f�� �C!
 ���< �+ �1�< �+�
 V4�7�

6/114  ?<8/127 ��� �
� L� ,2�+ � %���< �U,���!� 

 ��6/32  ?<4/88�
� L� %   ���� kBAB� D
� .	�� ?�L�


�� ��� �
� L� ��� �< ���< kB� �,�+e
�� �*��
 

��4�T�`  ��� ��� �< ��� +��,� ���,1i �!bcE �U,���!�

���<.+��+ ��!���  :�H � @��T�� �!bcE �  

�< V4�7� �� �+�T��� ��=
�!g 9!C>E p
��� X���

 �C!
 ��� ���< �+ X����
� � X��� ?
Y �+ �1�< �+�


	��WA �+ �f�� �Y�< ���20 ����� X��� ?
Y ���< ���

	��WA � �Y�< ���30 ����� X����
� ?
Y ���< ���

 ��S�	�� X��� V4�7� �� �+�T��� @�B2 D
� �!g �+ .

�� 	4�T�` �+�
 ���H  ��� ���. ^F� ,��BE

���< �U,���!�  V4�7� �� �+�T��� �X��� D!�� �< .+B�

	��WA �+ �[�B�� ��� ���< �+ �1�< �+�
 �Y�< ���

15 �����	��WA �X��� ?
Y ���< ����< ��� �Y20 

�����	��WA D!1q�� � X����
� ?
Y ���< ��� ���

 �Y�<15 �����  ��S� 	4�T�` ?
Y ���< ���	��  .  

9!C>E ?< ?/BE �< kB�S� �+ !g ���� f�S�� �=


�� �,� ?S!�� ��BE  V4�7� �1
 *
�/ ?. +B�� ��!U

?��,*1� X��� 	4�H ����E �+ �1�< �+�
 V4�7� �< ��  ��


� L� 9!4+ ?< ^F� �X��� V4�7� �U,1Z/�< ��,� �

?
Y D!
�� ��E ���. ���. ���.  � 	4�T�` �
� L�

?
�� �*��
 ��� �� ��4�T�` +B�.  �*��
 ��� �
� L�

 .+��+ �1�< �+�
 V4�7� �1
 *
�/ ,2�+ �< �!;��� ?=<��

 X��� V4�7� �1
 *
�/ jG�;� �
�< �+ +B/� D
� �<

?��,*1�  �1�< �+�
 V4�7� �< ��F� ��� ���. ^

�� ���< �U,���!�  �
� L� ��� D
� �C2� 	C� ?. +B�

?��,*1� X��� V4�7� ��W�  �+ �1E @,� ���. � ��

 V4�7� �U,1Z/�< ��,� 	L� ?S!�� �+ � ���< l�


.	�� ���< l�
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 �)0!
< =��� -05 AISC360-LRFD ]18 [ =k��� )-� =�

:	�� �+�  

A5� -B�F )-�!� B8� IJK�9:  

)2(  0.9n g yT A Fϕ =
 

�-Z5�
 IJK� 	�,� )-�10:  

)3(  0.75 , , 1-n e u e n L

x
T A F A UAϕ = = =  

�-�;5�M N�7 � ���7 	�,� )-�11:  

)4(  
{ }min 0.6 ,0.75*0.6n y g u nvT F A F Aϕ =

0.75n bs u ntT U F Aϕ =
0.75 min{(0.6 , 0.6 )}y gv u nvF A F A+  

 G,� g7�J�1 :�
��) c7��� <
� �)  

AnJ� :j  Z5�
 IJK�Ag �B8 IJK� jJ� :Ant :  jJ�

 ���8 Z5�
 IJK�Anv ���7 Z5�
 jJ� :x =BL�> :

 	��? \�� �F IJK� jJ�  8��Agv jJ� :��B8 ���7 

AntZ5�
 ���8 jJ� : L ���EF� �-: :W c!H� :

IJK� �Tn �
�Y��  ���8 ��7 = F�  �)o-> �!B�F �QF =

Ubs���7 �!
�F f
�6 :� Fu: )o-> �
�Y� �QF.   

3 - !���&�� 
01
 2�� �*! �����  

�+� O�� �� �)�a��� �7 ����  �� >�Abaqus 6.18 

�� O�W��  .)�!?=[-F�7  =7 G,�  �7 � j5�E� )�
� ��
V�

�>�!!xF �) j5�E� �W. <�>�? 	7�n �,�G �) )�
� ���

=� ���5� �� �+� 	
��  �+_7C3D8RH ��? 	�� ��

 �+
�;!� �-!�o-��> �7)y����7 � c7���
6�� � �)
< 

���5� �� =��) ���5� �)) ���> ��� ��� Continuum � (

�!��� �-H�� ��7)� ���5� ��� Beam  �Truss=7 (  ��-Q�


4 � =�>�? �@� �) =>�6� �-YW�� )-�� .
< ���5�  ��

����� � =�>�? ��,7� +�-� �8��F �)�� ���>� =8 V���
� 

                                                 
9 Gross section 
10 Net section fracture 
11 Shear rupture 

�6)
f  �-��-�5/0 � (
� ) �
4 �6) +��7 �0 =7
f 

7 �-��-�!�  ��475/0���> �QF =8 �W�0 �� .(�  ���5� �)

=HaL �QF Gk��� �)  W7 �	�� ZC���� �� ��� ��-F  ��

���5� ��� 5-�_�� ��7� ���7� �8��F )�-� ���>� V���
� 

	>�? 4�8  N�� �7 ����1��� ?!� ����8 
=�>�  �)�a���

 N�� =7 G!BHF .	�� �+�General static  O�W��

�� �)-�  �-7�� �J
�!d ���>� � ��+Q� �J
�!d D��n�

 ���7 .	�� �+� ��H5 D�;��H� �)  !� j5�E� =7

;�!= ���=7�[ ���Q8 	HF ���V?��7 �  ��Y��� =7 �
�[

 ��7 �	��?-9� IJK� ��Y��� =7 ��,��!!xF q-� ��  �����

�� ))�?=7�[ <
� �  �
�[=7 D�-L �W
�+F � �J
 ) �7

 f!�45 =[�)(  ��Y��� =7 b+� ��,��!!xF =7 �-E. �F

-9� �� )���)-�. =[-F�7  =7  �YQF =_5�J� <
� b+� =,Q
�

 ���8 -9� �1�C!�? 	!>�i ����7	��  ��>

�� )-�  � 	�� �)�) ^� �BL� -9� �) cK> 	�,� =8

�� �M�7 �5�� 	��? \�� � N-[  ��> <
� �7 �+Q���

=7�[  =7 	;�� 	��? � N-[ �) �+� )�W
� �
�[

=7�[ �
�[  �)-7 +��-
 ���8 ��!�7 -9� �) �+� )�W
� ���

���
< �� �� �� N-[ ��-F=7 D�-L ����8  4
 D�-L =7)

 ���5�Solid  IJK� �7 ��B�� �� �Fo�7 =�!�!��o� ��+� �

 �)��  B> =7 �0 �1
) \�� � 	��? \�� =7 �0 \�� 4
 =8

 +!M g
�: �� ���8 -9�Tie  �) �)��0 D�[�) =8

�� +!K� �1
+,
 =7 �� -9� �) �� =HaL  (+Q8.)�8 �+� 

 -9� ���>�=7 D�-L ����8-  ����-�  �7	C� ?+� �

 �+� 4!���F� 
��� )-� �+� ���7  N�� �� 	�,� ����

Ductile Damage  �) �+� =k��� y-8�70 �+� �)�a���

	�� �) . <
�	�,� �+�� =7  �,
 �
��) ��!� �)��� �)

 q��� �) ����H7 ���8 �7 �QF 	
�-H� =� =J7��

=7�[ ��1
) � 	�,� ) �
�Y� �
�[u� ( =7 =��)� �) =8

�� j!6-F�� =�
�)�� O�+8 .)-�y����7 =_5�J� 

���-[12 H� =� � ����H7 ���8 =J7�� =7 �QF 	
�-

c7��� D�-L )5) �F (7( �� ��>)-� ]20.[  
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
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)6(  2 ln(1 )RC A= − −  

)7(  1/
1 2

3
( )

2
mC C=

 

) =J7�� �)5 �(η  ��+K� �	�� �QF ��-H� =� f
�6

C2 ) =J7�� �76 j5�E� ���8 )��+����� =�-�� �
���0 �� (

=7 �@� )�-��� 	�) ���7 �0 �-�_� ��+K� =8 +
0

 )�+. �����
�� ���)o->8/0 .	�� ) =J7�� �)6 �(AR 

 	�,� =!.�� �) 	.��� ���8 +L�)	��.  

� �)
<  �n� �) 	�,� =8 	�� �+� ��> 	5�.

� �� =7 � N���? �+��!<��- ��a. � �)�� �) ��
)�W 

�� �)-� ��> q��� �) ���8
+Q 7��
� =7 _7�F ��-Q��  ��

_6�!	 �-H� =�
	 �QF � =�>�? �@� �)� )-�. 

Qm��!< =[-F�7  ��� =7!	 � �) Z5�
 IJK� 	�,�
< 

=[-F�7 � �����  .�� �) �QF  8��F =7!= � �� ��EF�
< 

 =BL�> �F -9� �� 	��M10 ����!����  	��? \�� =;5 ��

K7 =7 	;��!= � �+�
�F  � ��C����)-� ��� �F
l  G!BHF

G7�M  �:�!��Q �F .)-�  

Gap-5mm
tp

weld

RHS

tpx

wg

Lg

L a

dw

w

  
 G,�1 - ���������� .��:� ��8�  

 ���7�
���0 �����  D�_5�J� �� l
������0
��1�� 

I[�� ]19 [.	�� �+� �)�a��� ) <
� ��
���0 ��  	!>�i

���)��� ���8 ��EF� �7 G7�) ���	�� =7 	��  ����7

 <
� j5�E� e�-
 �� =5�K� <
� �) �	�� �+��
���0 �� 

 ���7 .	�� �+� �)�a����+� ����  �)ABAQUS  +
�7

 G
+;F ���7 �)-� �)�a��� �_M�� ���8 � �QF ��

�QF =7 ��+QY� ���  �)�a��� �
� Do)�_� �� �_M��

	�� �+
)�?:  

)8(  (1 )σ σ ε= +  

)9(  ( )ln 1 / Eε ε σ= + −  

E=�!�!��o� ��+� :�σ���+QY� �QF:ε ���8 :

���+QY�σ��_M�� �QF:ε ���8:�_M��.  

�QF =7 �+!�� ���7 �F �YQF c7��� <
� �� �_M�� ���

 =B.���?+��do13 �� �0 �� t� ��
� �)�8 �)�a��� ��-F

��  8��F =JK� 4
 �) ���8 � �QF.+7�
  

)10(  mKσ ε=  

=[-F�7  =7  ��+K� ��)-��m  �7��7195/0  �K  �7��7

34/841  ��,����1�	�) =7 �� �7 .+
0=7 	�)  �+�0 

�QF =J7�� o�7 )��-� -  �_M�� ���8=7 D�-L  G,�2 

.)-7 +��-
 y����7  ��)-�� G,�2�  � �!B�F �QF �
)�K�

 :�7 +Q��� �7��7 �
�Y�Fy=360 MPa  �Fu=506 MPa.  

4- �4

� �����(  
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�+� D�!6�> ����) �� ��Q!�:� ���7  �+� ����

 G7�) ���)��� IJK� �7 ���8 ��EF�	�� =7 	�� 4
 � 

 =�-�� g;: �4F ���)��� IJK� �7 ���8 ��EF�

���1�
���0 I[�� ]19[ l
��� � �+� =�
��  �7 G!BHF

�+� =�
�K� ���1�
���0 l
���+��. ��)-�� �)���  G,�3 

=�-�� �� �,
 )�-� �) =�
�K� <
��� �+
) ��.)-�  

    
(A5�)  (�)  

 G,�2 - QF =J7��� - 8��� (A5�) �+QY�� �_M�� (�) �  

  
  

(A5�)  (�)  

 G,�3 - �K�
=�  (A5�)QF =J7���- ���8 ���8 ���>� (�) � ���0 =�-��
��1�� BHF �7!G )+��  

4-1 - 5&�6 78�� 9�:%  

 q��� IJK� �) N-[ q��� �� 	�,� )-� <
� �)

�� N���? IJK� �) �J!H� )�+��� �) � �+� �) +7�


 �+���� �)�
� ���8 � �QF  8��F �+�7� =!.�� <
�

�� )-� �!!xF �
� >� �7G,� ���8 ������-�  =7 �)�_�

 )�+.9/0 �QF � �+!�� ���8 ����+Q7�
 ) G,�4- 

A5�(.  

4-2 -  � 78�� 9�:%�  
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�

��7
4 ?+�� ���8 � G7�M -9� c�� �) o�7 ���

 	�,� �_!�� =!.�� �) =,Q
� G!5) =7 .	�� Z!C�F

�� ^� 	�,� �F �)+� D/,�� G!5) =7 G!BHF +�)
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 �) ���8 � �QF  8��F �+���� �7 	�,� )-� <
�

 ��+�7� �) �	�� Z!C�F G7�M N-[ �5-: )�+���

 ^� N-[ ��Y��� � �+�7� �) ���8 � �QF  8��F ���V?��7

�� G!BHF N-[ ��+�7� �) �QF ���8 �+���� �7 +�)

�� AM-��.)-�  

    
(A5�)  (�)  

 G,�4 -  IJK� 	�,�(A5�)Z5�
 �B8 (�) � )+� �+� �)�  

5 -  �=�E  !,4�
��F� �
�,* �4+�G  

k [!D� �+� ��� �+� =�
��  �:-M G!BHF ���7

+[ �) ��1  G,� �5  ���+[ �) l
��� �2  �F5  �)��0

.	�� �+�  

 ��+[1- I:�K� D�EC��  
t (mm)  H(mm)  B(mm)  Section 

7  120  149  HSS1  
7  160  189  HSS2  
7  80  109  HSS3  
7  120  189  HSS4  

��+[ �) �+� �8� )��-�  [ =7 )��-� O��F �) ��

-9� )��0 �-:  �7��7 (	��? �) <!7 )��0 =BL�>)120 

����!���	��? )��0 �-: � )a �7��7 (10  +_7 ����!����

N-[ )dw �7��7 (8 ���!B!� �	��? 	��C6 )t �7��7 (15 

	��? ��� � ���!B!� )Wg (30  �-: .	�� ���!����

��EF� )L�+� O��F �) .	�� �+� �)��0 ���+[ �) ( �) ��

 	��? ��EF� ��!� ��Y���5  )-[� �5�
 ��9> ���!B!�

)��) .c!H� +Q��� ��������� �
�� )w G,� �) IJK� (

�+� �)�) ����.+��  )o->�)�a���)�-� ����)  !� ��  �7��7

360  ��	  �7��7506 .	�� ��,����1�   

B

t
tp

    
(A5�) (�)  

  
(�)  

 G,�5 -  IJK� D�!
 [) �
-M�X ��EF� (A5�)��7 �) g
�: �� ��EF� (� � =��F IJK� (�)  

 ��+[2- k [!D� �+� ���7 � N-[ �-: ���������� ����7 ���.��!� ��-H�  
	��
�  ���� 

	���  ���� 

	�,� )-� 
AISC 

	�,� )-� 

FEM    
L(cm)  Section  Model 

725.76  1322.3  SY  SR  12  HSS1  HSS1-12  
1170.8  1566  NF  SR  15  HSS1  HSS1-15  
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 ��+[2- =��)� 
	��
�  ���� 

	���  ���� 

	�,� )-� 
AISC 

	�,� )-� 

FEM   
L(cm) Section Model 

1233  1661.6  NF  NF  17  HSS1  HSS1-17  
1303  1708.4  NF  NF  20  HSS1  HSS1-20  
1355  1747.8  NF  NF  23  HSS1  HSS1-23  

1382.6  1752  NF  NF  25  HSS1  HSS1-25  
1406  1756.5  NF  NF  27  HSS1  HSS1-27  
725  1289  SY  SR  12  HSS2  HSS2-12  
907  1529  SY  SR  15  HSS2  HSS2-15  
1028  1678  SY  SR  17  HSS2  HSS2-17  
1564  1957  NF  NF  20  HSS2  HSS2-20  
1656  2104  NF  NF  23  HSS2  HSS2-23  
1746  2169  NF  NF  27  HSS2  HSS2-27  
833  1322.3  NF  NF  12  HSS3  HSS3-12  
893  1566  NF  NF  15  HSS3  HSS3-15  
921  1661.6  NF  NF  17  HSS3  HSS3-17  
953  1708  NF  NF  20  HSS3  HSS3-20  
976  1747  Y  NF  23  HSS3  HSS3-23  
989  1751  Y  NF  25  HSS3  HSS3-25  
1000  1756  Y  NF  27  HSS3  HSS3-27  
1208  1478  NF  SR  15  HSS4  HSS4-15  
1299  1753  NF  SR  17  HSS4  HSS4-17  
1478  1864  NF  NF  23  HSS4  HSS4-23  
1518  1938  NF  NF  25  HSS4  HSS4-25  

GF:Gross section Fracture (�B8 IJK� 	�,�) 

NF: Net section Fracture (Z5�
 IJK� 	�,�) 

SR:Shear Rupture (���7 �1�C!�?) 

 ��+[3- k [!D� �+� IJK� �7 -9� )��0 �-: ����7 ���HHS.  
	��
�  ���� 

	��� ���� 

AISC 
failure 
mode  

FEM 
failure 
mode  

Free 
length(cm)  

L(cm) Section  Model 

1170.8  1600  NF  SR  80  15 HSS1  HSS1-15-S 
1170.8  1589  NF  SR  120  15 HSS1  HSS1-15-M  
1170.8  1628  NF  SR  220  15 HSS1  HSS1-15-L  

921  1660  NF  NF  80  17 HSS3  HSS3-17-S  
921  1661  NF  NF  120  17 HSS3  HSS3-17-M  
921  1660  NF  NF  220  17 HSS3  HSS3-17-L  

 ��+[Error! No text of specified style in document.-  [k�+� D�!N-[ ���+�� ������� ����7 ���  
	��
�  ���� 

	��� ���� 

AISC 
failure 
mode  

FEM 
failure 
mode  

dw(cm)  L(cm) Section  Model 

907  1507  SY  SR  0.6  15 HSS2  HSS2-15-w6 
907  1529  SY  SR  0.8  15 HSS2  HSS2-15-w8  
907  1571  SY  SR  1.0  15 HSS2  HSS2-15-w10  
1233  1620  NF  NF  0.6  17 HSS1  HSS1-17-w6  
1233  1619  NF  NF  0.8  17 HSS1  HSS1-17-w8  
1233  1625  NF  NF  1.0  17 HSS1  HSS1-17-w10  

��+[ 5- k [!D� �+� ���7 � ��EF� �-: ���������� ����7 �����!� ��-H�  
Ucode/ UFEM UFEM Ucode  L(cm)  Section  Model 

1.03657 0.858341 0.83  12  HSS1  HSS1-12  
1.029955 0.888 0.86 15  HSS1  HSS1-15  
1.024147 0.899846 0.88 17  HSS1  HSS1-17  
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 ��+[5- =��)� 
Ucode/ UFEM UFEM Ucode L(cm) Section Model 

1.02741 0.921418 0.90 20  HSS1  HSS1-20  
1.039893 0.947 0.91 23  HSS1  HSS1-23  
1.026962 0.942205 0.92 25  HSS1  HSS1-25  
1.029674 0.951 0.92 27  HSS1  HSS1-27  
1.006636 0.791987 0.79 12  HSS2  HSS2-12  
1.010765 0.838 0.83 15  HSS2  HSS2-15  
1.014158 0.862 0.85 17  HSS2  HSS2-17  
1.01174 0.882297 0.87 20  HSS2  HSS2-20  
1.028665 0.914223 0.89 23  HSS2  HSS2-23  
1.055853 0.956 0.91 27  HSS2  HSS2-27  
1.01158 0.879 0.87 12  HSS3  HSS3-12  
1.029254 0.921 0.90 15  HSS3  HSS3-15  
1.037748 0.942 0.91 17  HSS3  HSS3-17  
1.03774 0.956 0.92 20  HSS3  HSS3-20  
1.029971 0.960 0.93 23  HSS3  HSS3-23  
1.020779 0.957 0.94 25  HSS3  HSS3-25  
1.020413 0.961 0.94 27  HSS3  HSS3-27  
1.010684 0.816 0.81 15  HSS4  HSS4-15  
1.010053 0.838 0.83 17  HSS4  HSS4-17  
1.019127 0.891 0.87 23  HSS4  HSS4-23  
1.024699 0.906 0.88 25  HSS4  HSS4-25  
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Or U= 1.0532e-1.305x 
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�� ���7 BHF!G ���8 =��F 
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��+[ 6- k [!D� �+��� ����7 ���=��F IJK� �) ��EF� �-: ��������  
Ucode/ UFEM  UFEM UCODE L/W W(cm) L(cm) Section Model 
1.046095 0.784571 0.75 1 20 20 20X2 P20X2-1 
1.057303 0.792977 0.75 1.05 20 21 20X2 P20X2-1.05 
1.057565 0.793174 0.75 1.1 20 22 20X2 P20X2-1 
1.079504 0.809628 0.75 1.15 20  23 20X2 P20X2-1.15 
1.068749 0.801562 0.75 1.2 20 24 20X2 P20X2-1.2 
1.090688 0.818016 0.75 1.25 20 25 20X2 P20X2-1.25 
1.064165 0.798124 0.75 1.3 20 26 20X2 P20X2-1.3 
1.096412 0.822309 0.75 1.35 20 27 20X2 P20X2-1.35 

y = 1.0532e-1.305x
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 ��+[6- =��)� 
Ucode/ UFEM UFEM UCODE L/W W(cm) L(cm) Section Model 
1.091047 0.818285 0.75 1.4 20 28 20X2 P20X2-1.4 
1.088873 0.816655 0.75 1.45 20 29 20X2 P20X2-1.45 
1.053784 0.916792 0.87 1.5 20 30 20X2 P20X2-1.5 
1.049221 0.912822 0.87 1.55 20 31 20X2 P20X2-1.55 
1.068215 0.929347 0.87 1.6 20 32 20X2 P20X2-1.6 
1.063672 0.925395 0.87 1.65 20 33 20X2 P20X2-1.65 
1.073211 0.933694 0.87 1.7 20 34 20X2 P20X2-1.7 
1.082749 0.941992 0.87 1.75 20 35 20X2 P20X2-1.75 
1.064592 0.926195 0.87 1.8 20 36 20X2 P20X2-1.8 
1.087705 0.946303 0.87 1.85 20 37 20X2 P20X2-1.85 
1.081083 0.940542 0.87 1.9 20 38 20X2 P20X2-1.9 
1.074482 0.934799 0.87 1.95 20 39 20X2 P20X2-1.95 
0.987566 0.987566 1 2 20 40 20X2 P20X2-2 
0.997674 0.997674 1 2.05 20 41 20X2 P20X2-2.05 
0.993704 0.993704 1 2.1 20 42 20X2 P20X2-2.1 

1 1 1 2.15 20 43 20X2 P20X2-2.15 
0.993946 0.993946 1 2.2 20 44 20X2 P20X2-2.2 
0.994072 0.994072 1 2.25 20 45 20X2 P20X2-2.25 
1.01461 1.01461 1 2.3 20 46 20X2 P20X2-2.3 
0.994288 0.994288 1 2.35 20 47 20X2 P20X2-2.35 
1.00255 1.00255 1 2.4 20 48 20X2 P20X2-2.4 
0.990318 0.990318 1 2.45 20 49 20X2 P20X2-2.45 
1.00269 1.00269 1 2.5 20 50 20X2 P20X2-2.5 
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 ��*A1- F�>�� ��*+� R�;e�� ��  

�
0�  F��0 �*+2  F�>�� 6��  d 
(mm)  

bf 
(mm) 

tc 
(mm) 

U�� �3��>!�  �
0�  F��0 �*+2  F�>�� 6��  d 
 (mm)  

bf 
(mm) 

tc 
(mm) 

U�� �3��>!� 

1 

D1-2  

D1-2tc25 480 160  25  0��*///�    22  

D2-4  

D2-4tc15 330 200  15  0��0  

2  D1-2tc30  480 160  30  0��*///�    23  D2-4tc25  330 200  25  0��*///�  

3  D1-2tc35  480  160  35  0��*///�    24  D2-4tc30  330 200  30  0��*///�  

4  D1-2tc40  480 160  40  0��*///�    25  D2-4tc35  330 200  35  0��*///�  

5  

D1-3  

D1-3tc25 430 160  25  0��*///�    26  D2-4tc40  330 200  40  0��*///�  

6  D1-3tc30  430 160  30  0��*///�    27  

D2-5  

D2-5tc25  280 200  25  0��*///�  

7  D1-3tc35  430 160  35  0��*///�    28  D2-5tc30  280 200  30  0��*///�  

8  D1-3tc40  430 160  40  0��*///�    29  D2-5tc35  280 200  35  0��*///�  

9  

D2-2  

D2-2tc25 480 200  25  0��*///�    30  D2-5tc40  280 200  40  0��*///�  

10  D2-2tc27.5  480  200  5/27  0��*///�    31  

D2-6  

D2-6tc25  220 200  25  0��*///�  

11  D2-2tc30  480 200  30  0��*///�    32  D2-6tc30  220 200  30  0��*///�  

12  D2-2tc32.5  480 200  5/32  0��*///�    33  D2-6tc35  220 200  35  0��*///�  

13  D2-2tc35  480 200  35  0��*///�    34  D2-6tc40  220 200  40  0��*///�  
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20  D2-3tc35  430 200  35  0��*///�    41  D3-3tc35  330 120  35  0��*///�  

21  D2-3tc40  430 200  40  0��*///�    42  D3-3tc40  330 120  40  0��*///�  
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Damage Identification in Steel Beam Structures 
Based on the Comparison of Analytical Results 
of Wavelet Analysis 
 
Numerous researchers focus on monitoring the health of 
structures to ensure safety and reduce maintenance costs. Beams 
and columns are the primary elements of structures in civil 
engineering, and designers expect beams and columns to be the 
last elements to experience damage. This paper identifies steel 
beam damage based on dynamic modal data. After a modal 
analysis was performed on the modeled beam using the ABAQUS 
finite element software, modal information was extracted, 
including the frequencies and shapes of healthy and damaged 
modes. Due to the presence of damage, differences in the 
frequency values of primary and secondary conditions were 
observed. In addition, modal assurance criteria (MAC) values 
below one were obtained, confirming the presence of damage. 
Using an analytical method based on wavelet analysis, 
MATLAB.R2021a processed healthy and damaged mode shape 
signals. In all modes, a comparison of the output signal diagrams 
of healthy and damaged modes revealed the difference in the 
damaged area, allowing the damage locations to be identified 
with an error of less than 2 percent using a simple examination. 
 
Keywords:   Structural Health Monitoring, Modal Analysis, Signal 
Processing, Wavelet Transform, Damage Identification.  
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Minimum Thickness of the Column Face in the 
Welded Unreinforced Flange-Welded Web 
(WUF-W) Moment Connection to Box Column 
without Continuity Plate 
 
The Welded Unreinforced Flange-Welded Web (WUF-W) Moment 
Connection is one of the most common types of rigid connections 
in steel moment frames. However, due to continuity plates 
installing challenges in the box columns, developing the design 
equation of continuity plates and finding creative alternative 
solutions instead of installing inner continuity plates in box 
columns are the matter of interest to the researchers. 
Considering the new continuity plate design approach in the AISC 
341-16 and the part 10 of the Iranian National Building Code and 
the ambiguities that have arisen, in this research 42 WUF-W 
connections have been modeled and numerically studied under 
monotonic and cyclic loading. The results show that the approach 
has been taken by the 5th editions of part 10 of the Iranian 
National Building Code based on mandatory installing the 
continuity plate in box columns is strict. It seems that the equation 
for design the minimum thickness of the continuity plates in 4th 
edition of part 10 of the Iranian National Building Code can be 
satisfy the seismic provisions of AISC 341-16 by the correction 
factor equal to 1.7. 

Keywords:   WUF-W Connection, Box Column, Rigidity, Cyclic 
Loading, Continuity Plate. 
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Investigation of the Leaning Column Effect on 
Estimating of the Responses of Self-Centering 
Base-Rocking Walls under Far and Near Field 
Ground Motions 
 
In this research, the effect of P-Delta column (leaning column) on 
the response of gravitational frames with lateral-load resistance 
system of base-rocking wall has been investigated. The studied 
structures have 4-, 8-, 12-, 16-, and 20-stories. Nonlinear dynamic 
behavior is performed under 22 far-field seismic records and 28 
near-field seismic records, half of which are pulse-like, via 
OpenSees software. The ground motions are scaled at both DBE 
and MCE levels and applied to the structure. The modeling is 
done in two dimensions. As a results, it has been shown that 1) the 
higher modes effect increases with increasing earthquake 
intensity, 2) the higher modes effect are more visible in the 
records of far-field and near-field-non pulse-like, 3) residual 
displacements in The both earthquake levels studied are 
insignificant and negligible, 4) P-Delta column has been more 
effective in structures under near-field-pulse-like records, 5) The 
maximum effect of P-Delta column in increasing the moment of 
wall under near-field-pulse-like earthquake that the value is 12%, 
and 6) In general, the effect of the P-Delta column on the base-
rocking wall structures in especially the stepping-wall can be 
ignored. 
 
Keywords:   Self-centering system, Rocking wall, Residual 
displacement, Leaning column effect, Higher mode effect. 
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Optimal Design of Tensile Steel Members by 
Improving the Regulations of Codes Regarding 
the Correction of Shear Lag 
 
The non-uniform stress distribution that occurs in a tension 
member adjacent to a connection, in which all elements of the 
cross section are not directly connected, is commonly referred to 
as the shear lag effect. This effect reduces the design strength of 
the member because the entire cross section is not fully effective 
at the critical section location. This phenomenon has long been 
taken into account in various structural codes, however the rules 
of the codes used are somewhat conservative and it seems that 
they need to be reviewed. In this research, a series of steel box 
section connected through two wings and plate sections were 
studied through finite element method using ABAQUS software, 
and the ultimate member capacity was obtained. It can be seen 
that in this regard the relationship between the rules is somewhat 
conservative and optimized relationships have been proposed to 
address this issue. Parameters used include connection length, 
axial force eccentricity, and weld size. The results show that the 
length of the connection, the gusset plate thickness and also the 
eccentricity have a significant influence on the shear latency 
coefficient. 

Keywords: Shear Lag, Tensile members, Net cross section failure, Box 
section, Welded connection. 
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Numerical Investigation of the Effect of Using 
Base Materials Containing Recycled Concrete 
Aggregates on the Performance of Asphalt 
Pavements Considering Nonlinear Behavior of 
Materials 
 
In this study, the effect of adding different percentages of recycled 
concrete aggregates to aggregate base layer materials on the 
fatigue and rutting life of pavement has been investigated. In the 
performed analyzes, nonlinear analysis by NonPAS software has 
been used.  To this end six four-layered pavement sections with 
different layers thickness were analyzed for three types of very 
soft, soft and medium clay subgrade soil. The behavior of asphalt 
layer materials was considered as linear elastic and the behavior 
of base, subbase and subgrade materials was considered as 
nonlinear elastic. In all sections of pavement, the use of 0 to 100% 
of  recycled concrete aggregates for all subgrades, at least 61.6% 
and maximum 198.5% increases the  fatigue life and at least -
22.6% and maximum 88.4% increases rutting life. In very soft 
clay subgarde, in thicknesses above 20 cm for the base layer and 
thicknesses above 30 cm for the subbase layer, it is possible to use 
recycled concrete materials. In medium clay subgrades, in 
thicknesses above 15 cm for the base layer, thicknesses above 20 
cm for the subbase layer and also thicknesses above 15 cm for the 
asphalt layer, it is possible to use recycled concrete materials. In 
hard subgardes, there is no special considerations in terms of the 
thickness of pavement layers for the use of  recycled concrete 
materials. 

 
Keywords:   Granular base, Recycled concrete aggregate (RCA), 
Pavement analysis, Fatigue and Rutting. 

A. R. Ghanizadeh* 
Associate Professor, Department 
of Civil Engineering, University 

of Technology, Sirjan, Iran. 

e-mail: 
ghanizadeh@sirjantech.ac.ir 

F. Fathizadeh 

Department of Civil 
Engineering, University of 

Technology, Sirjan, Iran.  

e-mail: 
Fathizade.farzane@gmail.com 

   



 



Civil Infrastructure Researches, Vol. 8, Issue.2, Winter 2023, pp. 103-114 

 

                                                 
* Corresponding author 
Received 03 April 2022, Revised 14 July 2022, Accepted 24 July 2022. 
DOI: 10.22091/cer.2022.8061.1381 

 
Experimental Study of Block Geometry on 
Aeration and Energy Dissipation at Baffled 
Chutes 
 
In the present study, tests were performed on the chute with five 
different geometric shapes of baffles and at four different 
distances of baffles rows under different hydraulic conditions. The 
results showed that the baffles on the chute creates the flow 
resistance and with increasing turbulence causes the transfer of 
the inception point to the upstream of the chute and increases the 
rate of energy dissipation compare to the chute without baffles. 
Baffle chutes increased the aeration length by 5.8 times and 
increases the energy dissipation rate by 21 to 61 percent 
compared to the chute without baffles. In all models, the rate of 
energy dissipation in low discharges is higher and with increasing 
discharge, the energy dissipation decreases. By increasing the 
spaces between the baffles on the chute, the energy dissipation 
rate decreased in all models. In the M2 model as the superior 
model, increasing the spaces between the baffle reduces by 3.1% 
and 4.57% in the energy dissipation rate, respectively. The effect 
of longitudinal spaces between the baffles on the aeration and the 
energy dissipation rate is greater than its transverse spaces. 

 
Keywords:   Baffled Chutes, Energy Dissipation, Inception point, 
Spaces between the baffles, Physical model. 
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Design of Asphalt Mixtures Containing RAP  
by Balanced Mix Design (BMD) Method 
 
The mix design of asphalt mixtures is one of the most important 
factors that affect their performance. Given the importance of the 
performance assessment of asphalt mixtures and volumetric 
parameters, a new method called balanced mix design (BMD) had 
been created. This method considers volumetric parameters as the 
initial criterion. The ultimate criterion to determine an appropriate 
range for the optimum bitumen percentage is the proper rutting and 
cracking performance of the asphalt mixture. In this study, five 
different asphalt mixture designs were first investigated using the 
Superpave method, using low (25%) and high (50%) percentages of 
RAPs and vegetable oil as a recycling agent. Then the mixtures 
were designed using the BMD method considering three different 
bitumen contents for each mixture. The Hamburg Wheel Tracking 
and I-FIT tests were performed to assess the rutting and cracking 
resistance, respectively. The results of this study show that the 
optimum binder content (OBC) obtained by BMD method is 
different from the Superpave method. The highest discrepancies are 
observed when 25% and 50% of the RAP materials are used 
without rejuvenator. In these mixtures, the results show that the 
OBC obtained by the BMD method compared to the Superpave 
method for mixtures containing 25 and 50% RAP without 
rejuvenator increased by 9.56 and 22.18%, respectively. In terms of 
performance, the percentage of OBC by the Superpave method is 
not suitable for mixtures containing RAP and rejuvenator. 
 
Keywords:   Balanced mix design (BMD), Reclaimed asphalt pavements 
(RAPs), Rejuvenator, Superpave, Hamburg Wheel Tracking test, 
Cracking. 
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Stabilization of Lead and Zinc Contaminated 
Clay Soils with Metakaolin 
 
Soil pollution due to various factors is one of the world's problems 
in different countries, especially industrialized countries, which 
has attracted much attention in the form of various researches. To 
solve this problem, in this study, metakaolin was used to stabilize 
low-plasticity (CL) clay contaminated with lead and zinc nitrate. 
The present study consists of two main stages. The first stage 
examines the soil to identify the most critical concentrations of 
contaminated soils and soils contaminated with lead nitrate and 
zinc nitrate in a ratio of 1: 1 and with concentrations of 1000, 
5000 and 10000 ppm with a curing time of 7 days. The results 
obtained in the first stage showed that increasing the 
concentration of pollutants has a negative effect on soil 
geotechnical parameters, which can be reduced to the maximum 
uniaxial compressive strength and reduced soil CBR resistance. 
This step aimed to identify the most critical concentration of 
contaminated soil, which was 100 ppm. The second stage 
examines the resistance tests of contaminated soil with a 
concentration of 10000 ppm and its stabilization with metakaolin 
at a rate of 5% by weight and with a curing time of 7, 14 and 28 
days. The purpose of curing time is to investigate the effect of time 
on soil geotechnical parameters during the presence of 
metakaolin in the soil. In general, according to the results of these 
experiments, the maximum uniaxial compressive strength and soil 
CBR strength increased with increasing curing time. As the curing 
time increases, the soil adhesion increases and consequently the 
compressive strength of the soil increases. 
 
Keywords:   lead (II) nitrate, Zinc nitrate, metakaolin, Pozzolan, Soil 
contamination. 
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Numerical Investigation of the Flow Field on the 
Ogee Spillway under the Influence of the Crest 
Shape and Slope of the Upstream Face of the 
Spillway 
 
In this study, the ogee spillway flow pattern under the influence of 
the spillway curve shape and upstream slope changes was 
evaluated using Flow-3D numerical simulator software. Thus, two 
ogee spillways with elliptical crest and USBR pattern were 
simulated in two vertical and oblique upstream modes with a 
slope of 3H:3V and three different heads, and the results of 
changes in effective parameters such as flow, velocity and 
pressure in the length of each spillway was examined. Validation 
of the results of the numerical model with the results of the 
Maynord experimental model showed that the Flow-3D numerical 
model has a high ability to simulate the flow field on the ogee 
spillway. Comparison of flow rate from numerical model with 
experimental data showed that the average computational error 
was less than 3% of the numerical model. Examination of the 
pressure field showed that at the height of the head equal to the 
design head, the pressures are close to atmospheric pressure and 
no negative pressure is created on the spillway crest, but at the 
head higher than the design head, negative pressure will be 
created on the spillway. The amount of negative pressure created 
at the beginning of the USBR spillway crest is higher than the 
negative pressure value of the elliptical spillway crest due to the 
lack of continuity in the crest and further separation of the flow 
lines from it.  The results also showed that the ogee spillway with 
oval crest has a relatively better performance in the flow over the 
spillway and in these spillways it is possible to pass more 
discharge with higher safety and sloping the upstream side of the 
spillway causes a change in the discharge coefficient and finally 
the flow rate of the spillways. 
 
Keywords:   Ogee Spillway, Numerical simulation, Flow-3D, Volume 
of fluid (VOF), Pressure distribution. 
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Evaluation of the Effect of Nano-Organosilane 
Zycotherm and Deviation of Aggregate 
Gradation on Aphallt Film Thickness and 
Moisture Sensitivity of Hot Mix Asphalt 
 
The durability of asphalt mixtures depends to a large extent on the 
asphalt film thickness. Stripping is the separation of the asphalt 
binder film from the aggregate surface due to the action and 
penetration of water. In this study, a gradation was prepared from 
basalt crushed aggregates. Then, by applying upper and lower 
allowable deviation tolerances to the fine aggregates of it, two 
gradations were produced. Nano-Organosilane Zycotherm was 
used as a liquid antistripping additive.  The guidelines of the MS-2 
Journal of the Asphalt Institute, NCHRP 567 report, Austroads 
and VicRoads reports were used to calculate the asphalt film 
thickness. Scanning Electronic Microscopy (SEM) was also used 
to show the asphalt film thickness of the three asphalt mixtures. 
The Marshall Stability Ratio and Indirect Tensile Strength Ratio 
tests according to AASHTO T283 were used to evaluate the 
moisture durability of asphalt mixtures. The results showed that 
the gradation changes in the fine aggregates caused a 12.9% 
decrease in asphalt film thickness in asphalt mixtures with upper 
allowable deviation tolerances and a 17.7% increase in asphalt 
film thickness in asphalt mixtures with lower allowable deviation 
tolerances, and these changes necessitate durability tests.  Also, in 
the evaluation of moisture durability, all three asphalt mixtures 
were able to strip according to MSR and TSR indexes. Although 
Zycotherm had a positive effect on the MSR index of all three 
asphalt mixtures, according to the TSR index, the asphalt mixture 
with the lower allowable deviation tolerances was still able to 
stripe. Therefore, the moisture damage due to the gradation 
changes in this asphalt mixture is not improved by the Zycotherm 
additive. 
 
Keywords:   Allowable deviation tolerances, Asphalt film thickness, 
Marshall Stability Ratio, Indirect Tensile Strength Ratio, Moisture 
sensitivity. 
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Investigation of the Lateral Soil Pressure on the 
Basement Walls Constructed Based on Top-
down Method 
 
The method for retaining the excavated pit could have a 
significant effect on the soil pressure acting on the retaining 
walls; For this purpose, since the Top-Down construction method 
is widely used, In this study, a series of numerical analyses has 
been conducted to investigate the effect of the excavation method 
and the distribution of the structural elements on the soil pressure 
distribution. Generally, for engineering purposes, active and at-
rest soil pressure distribution and the Peck apparent pressure 
distribution (in the case of retained walls) are used for soil 
pressure determination. The results of the study suggest that in 
contrast to the at-rest and active soil pressure distribution, the 
pressure distribution on retaining walls has no similarity with the 
triangular distribution and the Peck's APD provides an 
acceptable estimation of soil pressure and its distribution. The 
results also show that with the increase of deformation due to the 
construction of the wall, as an example in one case, a 60% 
increase in ground settlement reduced the soil pressure acting on 
the walls by up to 15%. It's also noteworthy that this study focuses 
only on a special type of soil, So the result might be inapplicable 
to other circum-stances. 
 
Keywords:   Lateral soil pressure, Top-Down method, Peck's APD, 
Arching effect. 
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Investigation of the Effect of Nano Graphene 
Oxide on Fracture Resistance of Asphalt 
Mixtures with a Fracture Energy Approach 
 
In recent years, extensive studies have been conducted on 
the effect of different nanomaterials on the performance of 
asphalt mixtures. Also, in the present study, Nano graphene 
oxide (GO) in the amounts of 0.2, 0.5, and 0.8% by weight of 
bitumen was used to improve the fracture resistance of HMA 
asphalt mixture against cracking at negative temperatures. 
Nano graphene oxide (GO) has been introduced as the 
material of the century due to its very unique and excellent 
properties. For this purpose, to investigate the effect of this 
nanomaterial on the fracture resistance of the asphalt 
mixtures, the semi-circular bending (SCB) fracture test at 
temperatures of -5 and -15°C and four different loading 
modes have been used. In addition, conventional bitumen 
tests were performed to investigate the effect of Nano GO on 
pure bitumen in this study. The conventional bitumen tests 
showed that the addition of Nano GO to pure bitumen 
increased the softening point, viscosity, and specific gravity 
and reduced the penetration and ductility in pure bitumen. 
Also, the semi-circular bending (SCB) fracture test results 
indicate that using Nano graphene oxide increases the 
fracture energy of asphalt mixtures and improves the 
resistance of asphalt specimens to cracking. So that mixtures 
containing 0.5% of this additive have the best performance. 
The results show that the use of this amount of additive in 
the asphalt mixture at -5°C and pure loading mode I 
increases by 105% and at -15°C and pure loading mode II 
increases by 60% in the fracture energy. 

 
Keywords:   Nano graphene oxide, fracture energy, low temperature 
cracking, SCB fracture test, asphalt mixture. 
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