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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. 
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1 Recycled concrete aggregate 
2 Rutting 
3 landfills 
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4 Poon 
5 Chan 
6 California bearing ratio 
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?��,*1� �+� L�?��,*1� ?< ��L���< D�< ��� �0!FG ���
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 ��� D!1q�� �

?�B���� k�F�� ���?��,*1� �+� L� D!1q�� .+B� ���
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 L� �� ���,2�+ �+� ?Y ?< �1�< �+�
 V4�7� aC�W�

X��� ?��,*1� ����-E ��B>� ?� ����` d�G �� ���

+�B� ���8 ����<  �d!;>E D� �+ .,�+�+ �� 9-��� V4�7�
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 V4�7��  ��,� ��,;� D���!<

�� 9-��� V4�7� � �U,1Z/�< 100% ?��,*1��-< ��� �

U,1Z/�< ��,� ��,;� D���. D!1q�� .,�+�+ ���� �� �

 ?. ,� zW�� �+ �1�< �+�
 V4�7� ,2�+ �� L� �<

 V4�7�X����� �� L� �U,1Z/�< ��,� ��,;� � .,<� 

?<  ���s� �� 9-��� V4�7�100 % ��1�< �+�
 V4�7�

,�+�+ ?S!�� �� ��U,��� ���. 98�,H ]15[.  � ��<�2

V4�7� �- !L � �-!��-� r�B
 a!2BE ?< ����-�� 

?< �1�< �+�
  D� �+ .,1�
�+�� X��� ?Y V4�7� ��B1�

��,;� �d!;>E 9B=E ^�A3 {�BE �4  �F�� �4�*i �

?��,*1� ?< 	F�� �1�< �+�
 V4�7� ��� �0!FG ���. 

.	��  �+ �1�< �+�
 V4�7� ?. +�+ ���� d!;>E D�

?��,*1� �< ?��;�  ��+�B
�< �L�. 	���;� �� �0!FG ���

< 	!L�u .	��V4�7� ��<�� 	F�� �1�< �+�
  V4�7� ?<

?��,*1�  �+�
 V4�7� f�BE ,2�+ D!1q�� � ���. ��
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 V4�7� �< �1�< �+�
 V4�7� �� �,2�+ �1 *�/

?��,*1� �� �-< �� ��� �< ,��BE*��
 ����  e��

�4�T�`� � ��� �!U,���� ��<� �!bcE  ?. ,��< ?���+

                                                 
1 Bennert 
2 Resilient modules 
3 Elongation 
4 Flakiness 
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 ���SE�� ���

�=
�!g ���SE�� V4�7� @�!2B7
 ?04�=�5  X��� ���<

?��+ ?�+ �
��� �� �,!F�i �!g ��1960 �g`.,+�U �  

�< +B/�  @�;!;>Ef�S��  �,�  �<���� rB7
 �+

< ��,��!!oE � �U,1Z/�9-�  X��� ��U,��� ���

?��,*1�  �.,�� @�;!;>E ���4�T�` �+�
 V4�7� ���H ��

?��,*1� X��� V4�7� �� �+�T��� �!bcE rB7
 �+  ��

 ��� �< �1�< �+�
 V4�7� aC�W� ���,2�+ ���H

�� �< ������ ��� �� L� �� �+�T��,� ����  �=
�!g

 V4�7� D�f�S��  �,�  �!bcE �d!;>E D� �+ .	��

 V4�7� aC�W� ���,2�+ �1 *�/1�< �+�
� ?<  ��/

?��,*1� V4�7�  � �*��
 ��� ��� �< X��� ��8 �-< ��

 (	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   
=    

   
  

)7     (2 2 2
1 2 1 3 2 3

1

3oct ( ) ( ) ( )τ σ σ σ σ σ σ= − + − + −  

 ?=<�� D� �+ ?.octτ	�� ���< �1E � .	�� �Z/�  

�+ D!` 5!��!��-� �H��G ?���- ������ �<�SE 

(MEPDG5)� �4,� ���< a!2BE ��,� �U,1Z/�< 

?��,*1� V4�7� �+�+ }�� �� 	�� .D� ?4+�0� �� �b� 

	W� �U,� �1E ��SH � �� �b� f�� �U,� �1E 

���< �� ���< ^!.�E ��w,��� D��<�1<  �+�;�k2 ,�< 

	Fn� �,1��< �� L� ��� ?< �S1� ��SH �1E 	W� 

�� V4�7� �U,�++�U .D��<  ���Hk3 ,�< �T1� +B� �E 

�b� f�� �U,� �� ,�+ ���� ]22[.  rB7
 �+ +�B� D�

�,�  ���Uzan  �,� �Universal  �,� .	�� {+�2  !�

MEPDG ?< ?=<�� @�B2 8 9<�8 .	�� ��!<  

)8        (               
2 3

1 1
k k

oct
r a

a a

M k p
p p

τθ   
= +   

   
  

 �,�Semi-log !� �,� 5 ?. 	�� �����*4 ?�

?< ?=<�� @�B2 9 �� ��!< +B� ]23[.  

)9   (                            
3

1 2 3

d

a ap p
r aM k p k k

σ σ   
   
   =  

 �,�NCHRP6 1-28  �����*4 f��E �,� 5

	!FnE V4�7� ���<  �1E � �L��>�� �1E ^�H�< �,�

?�� [�BE ?. 	�� ?F��/NCHRP 1-28 �+�+ ?0�BE 

 	�� �,� ]24[.  �,� D�?< ?=<�� @�B2 10 9<�8  ��!<

�.	�  

)10  (                    
2 3

3
1

K K

d
r a

a a

M k p
p p

σ σ   
=    

   
  

�,� �� 5�� P���< �< d!;>E D� �+ �.~ ��� 

���,�� �+�;� ?< �,�  V4�7� �U,1Z/�< ��,� �,� ��!U

?��,*1� X���  aC�W� ���,2�+ ���H �� �+�
 V4�7�

�� 	8+ � 	�T. ��1�<�,� D� �� 5  �<���� +�B� ��

                                                 
5 Mechanistic-Empirical Pavement Design Guide  
6 National cooperative highway research program 



�+�� �>�L � �+�� �1g  119 
 

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

���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�  
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 ��� ������ j=;� (a4�)(AC5-B10-SB15).  f�+ ������ j=;� (x)(AC10-B15-SB20). 
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 fB� ������ j=;� (�)(AC10-B20-SB30).  f��Zi ������ j=;� (@)(AC15-B15-SB20). 
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 �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 �%�,�/
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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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 +�,H6/61  �E5/198 ��� �� L� ^/B� %?�� �*��
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