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

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

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

.	�� �+� a�8�� D!���D�  

 ��+W2- �+��!� �!> � ���7 �!> S�=E�� 6���7 �� �+� ���E���  

S�!0D=
  
�
*�e�  

��8� *�+9  *��+�����  
���7 �!>  6���7 �!>  

 }D=E� ���)٣gr/cm(  03/1  04/1  - ASTM D-70 

 ��*) |D;� 6W�*�1!� ���(  66  29  60-70 ASTM D-5  

 6W�*) ���� 6Ae������ *��U(  50  61  49-56 ASTM D-36  

�����) ��-�� 	!0�
 (���  +100  34   �� ���!@100 ASTM D-113  

��.��� 6Ae� ) 6W�*����� *��U(  305  280  h� @ �7  ��232 ASTM D-92 

 ���* �* 6�
�D,�
�135 ����� 6W�*  *��U)Pa.s(  360/0  783/2   �� ���\3 AASHTO T 316 

 ��+W3- �*�;��� *�D� �����DW S�=E��  

 Rf�����!U )V(  
��DW {D� ���  

*��+�����  S�=E��  

5/15  ASTM D 445  �* 4!7��/!\ ������U100 ����� 6W�*  �*��UcSt 

290  ASTM D 92 ��.��� 6Ae�  

r�;� *��   - ���  

925 ASTM D 1298  �* }D=E� ���15 ����� 6W�*  �*��UKg/m3 

 

 H1�E� �!> +0�* 6� 6�:�U �X� �* �@ 6��*� �*

��D� P�� �� 610�9 �!> +0�*)  � D!�6/0  � o�@ +0�*

 CT�
� _�` CD1E� �� ���@ (�< R!
��CD1E� ��  �@

P�� ) �+� �*�.�� CT�
� _�`BMD ( �+� a�8��

 .	����  h�DY��� �U+���!� �
���<6@ �DX/�  �@�
���

 �
���< � �U+���!� �@��@ �* 	���e�I-FIT 6@ �DX/� 

c�7 �@��@ �* 	���e� �@�
��� �U*�D
 .	�� �+� �*�;���  

3 -1- �&
23 ���.��� �4�$ �

5,  

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

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

P�� ���  � p���* �* �aD��� ��!�@�\  �
6/ 6@ �DX/� 

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

 ���� 6Ae� ��� +��@6@ ��eeB� �� ���!�@ .  R!!.7 �DX/�

��DW +0�* ��DW �6/![@ ���  �+��!� �!> 6@ n�:�0 �� ���

�� 6:��� ��DW �* �� +
+W �!> �e� � +//\  �!� �!> ����

��� �X� �* �+�  �[� R
� 6@ d!eB7 R
� �* ��� +��!U

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

.7!!R �+� +��.  

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

 .*D� �@�
��@ � ���E��� 6���7 m5�=� �� 6���7 �+��!� �!>

R�\���\� ��-��* q�D7 �+�@�24 *��+����� d@�A� 

AASHTO T164  �T9 �� �*�;��� �@�7� 7���1\!R125 

6��+-/� �� �!>  �+W 6���7 ����� *D� �*�;��� �@ vw� .

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

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

 �!>�� +��@  ��-��* �@ ��\ R
� 6\��
�I �+//\�!EY727 

 *��+����� d@�A�ASTM D5404 vw� � ��-��* 

�D�@�28 *��+����� d@�A�  ASTM 1856 +��D
 a�8��

                                                 
24 Extraction 
25 Trichloroethylene 
26 Centrifuge 
27 Rotary evaporator 
28 Abson 
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 �� ��
D=7 .+���-��* ���  V,� �* �*�;��� *�D�3 

.	�� �+� �*��<  

 
 V,�3 -  �6���7 �-/� m5�=� �� �!> �@�
��@ � ���E��� V9���

)1) �R�\���\� ��-��* (2) ��D!:����� ��-��* (3 ��-��* (

) � �����* �+//\�!EY74 �D�@� ��-��* (  

6���7 �+��!� �!> �@�
��@ �� v�  H1�E� b!\�7 �*

 ���+0�* vw� � �+� �*��< +
+W �!> � �+��!� �!>

��DW H1�E�  ���6@ S�D0  6@ 6��U�+W�< ��  � �+� 6:���

 .	�� �+
*�U R!!.7 �����DW 6/![@ ��+e�\�7!b �� �

 H1�E� ��!>6�
�� �+� 6@ S�D0 :	�� �
�  

 b!\�7 (H5�25 �+� �@�
��@ �+� �!� �!> +0�*  ��

6���7 6@ 6:��� 75 +
+W �!> +0�* 

)25%RAPB+75%VB.( 

 b!\�7 (s50  �+� �@�
��@ �+� �!� �!> +0�* ��

 6���76@ 6:��� 50  +
+W �!> +0�*

)50%RAPB+50%VB.( 

��DW +0�*  H1�E� b!\�7 �* |D;� 6W�* 6\ ����

�� �!>  �< ���� 6W�* � �+���� (+
+W) +��� �!> ��+e� 6@

) +��� �!> ���� 6Ae� ���@ �*146  �7152  6W�*

����� *��U��DW +0�* ��D/� 6@ *�!U ���> (  6/![@ ���

 s�E����� *D�. 

 �* V,�4 R!!.7 �DB�  +0�*[@!6/ ��DW �  ���

 ���� �!> b!\�7 �� ���@�*�*  �+� .	�� ���� �D`  6\

 6X9T��� *D� � H5� b!\�7 ���@ 6/![@ �����DW +0�* �

s�  b!7�7 6@1/4  �2/5 .	�� �+�< 	�+@ +0�*  

   
(H5�)  (s) 

 V,�4 - 6/![@ �����DW +0�* R!!.7 �(H5�)  ���9 b!\�725 � �+��!� �!> +0�* (s)  ���9 b!\�750 �+��!� �!> +0�*  

3 -2- 6$��7 ��'� �.�8. �9  

d!eB7 r+� 6@ 6��@ �H1�E� S�e!eB7 �*�  6���7

�� ���> �*�;��� *�D� �;1�E� ���+0�* �*  �y\� .*�!U

 6���7 �� �*�;��� �o�@ � R!
�� +0�* R!@ ��� �@�/�

 �� ��5�;�<25 �*�\ �:�.� +0�* +�� ]23 ,24[ �:�` �� .

 �� ���!@ �*�;��� �7�e!eB750  6!0D7 �� 6���7 +0�*

�*�,� +�� ]25[ .6@ ��D/� ��y�  P�� UFHWA-ICT-12-

002  ���������� �X� �� b��/� CD1E� R���* ���@

 �o�@ ���+0�* �* 6���7 �� �*�;��� �*�,1�� � ��89

50 	�� �*�,� 6!0D7 �� +0�* ]26[ R
� �* R
��@�/@ .

d!eB7�  +0�* �* �* 6���725  �50  CD1E� V\ +0�*

 +0�* .	�� 6�:�U ���> �*�;��� *�D� ��5�;�<25 

6@  �*�;��� *�D� 6���7 �o�@ � R!
�� +9 ��!� ��� �DX/�

 +0�* �50   !�r+��@ *�;��� 6���7 �o�@ +0�* �� �

 R!/��� .	�� �+
*�U s�E��� �:�=� 6@ ���!U Rf�� ��
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	�� �+� �*�;��� �����DW ��D/� . �����DW d!eB7 R
� �*

 �* 	��� �* 6\ ��5�;�< 6���7 6@ *D
 6/![@ +0�* �*

 .+� +��D
 6:��� 	�� 6�:�U ���> CT�
� ���* �*

 {D�8�g/� CD1E�  ��+W �* �+� �:�.�4  �@�
��� *�D�

.	�� 6�:�U ���>   

3 -3- :;�<� =(> �
?(?�' 1�� �3  

 6!5�� �9��` d!eB7 R
� �*6�� CD1E� ���  ��5�;�<

 P�� 6@ 4
 mA� CT�
� _�` d@�A� D!���D�

���*��+�����AASHTO M323 ]27[  �AASHTO 

R35 ]28[  � �9��` �6!5�� ����* *�+.7 .	�� �+� a�8��

 b!7�7 6@ ��
 \��8 �100  �160 �X� �*  �+� 6�:�U

 CT�
� ���* .	�� �\��7 � �@��@ b!7�7 6@147-153  �

138-142  6W�*����� *��U  d@�A� .	�� �+� R!!.7

 *��+�����AASHTO R30�  �\��7 �� VY>CD1E� ��� 

6�D�� �6/![@ �!> +0�* R!!.7 ���@ ��5�;�<  	��� �* ��

�+� �*�* ���> �\��7 ���* �* .+�� ��+W �* 5  �����!.�

 _�`CD1E� ���  D!���D� P�� 6@ ��5�;�< �+� �*��<

.	��  

 ��+W4- a�� CD1E� ���QU ��  

H
*� CD1E� 6���7 +0�*  a�� CD1E� ���QU  

1  +��� 6�D�� C 

2  ���9 CD1E�25 �����DW ��+@ 6���7 +0�*  25% RAP 

3  ���9 CD1E�25 ���!U Rf�� �����DW � 6���7 +0�*  25%RAP+V 

4  ���9 CD1E�50  6���7 +0�*�����DW ��+@  50% RAP 

5  ���9 CD1E�50 ���!U Rf�� �����DW � 6���7 +0�*  50% RAP+V 

 ��+W5- D!���D� P�� 6@ CT�
� _�` �����!.�  

.�!���� ��89 S�=E�� 

4 +0�* Va 

V>�+9 14+0�* VMA  

65-75 +0�* VFA 

6/0-2/1   �!> 6@ �1!: 	Y��)F/Pbe( 

4ID\ �7 
� ����� 89 +0�* Gmm@Nini=8 

4ID\ �7 
� ����� 98+0�* Gmm@Nmax=160 

  

 *�D� ��D7��
� �+//\ �\���� ��-��* �� ��
D=7

 � �!> ��-�
���< 6@ d1.�� 6\ d!eB7 R
� �* �*�;���

CD1E�  ���	./0 � �1� ��-���* ��5�;�< ���
� �� +��@ 

 V,� �*5 .	�� �+� �*��<  

CD1E� 6/![@ �!> +0�* � ��89 ����������  �* ��

 ��+W6 ���� .	�� �+� �*��<  xE�� g
��� �� 6\ �D`

 �� �*�;��� �	��25  �50  6/![@ �!> +0�* �6���7 +0�*

 b!7�7 6@ ��10  �19 .	�� �*�* �
� :� +0�*  
  

 V,�5 -  *�D� ��D7��
� �+//\ �\���� ��-��* �� ��
D=7

) d!eB7 R
� �* �*�;��� ��-��* � �!> ��-�
���<CD1E� ��� 

(���
� 	./0 � �1� ��-���* ��5�;�<  
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 �+��!� �!> *DW� �6/![@ �!> +0�* �
� :� V!5* �*

 6���7�� +��@� ��� 6\  CD1E� �* �� ���7 �!> �e� +��D7

��DW �� �*�;��� �@ ��� .+/\ �;
� 6/![@ �!> +0�* ��� 

CD1E� �� ���\ +@�
. ��DW 6\��I  �+���� bWD� ���

 68!�� �* � +� +��D
 ���7 �!> 6@ �+� �!� �!> S�=E��

��DW 6\ ��5�9 6@ 	Y�� 6/![@ �!> +0�*  �*�;��� ���

��� *D� +��D
 ���\ .	:�
  �*�+B� �* ��������� �
��

 ��+W) D!���D� P�� 6@ CT�
� _�` �X� *�D�5 (

�� +��@.  

 ��+W6- D!���D� P�� 6@ CT�
� _�` g
���  

H
*� CD1E�  Pb  Gmm Gmb VMA VFA F/Pbe 

1 C  91/4 484/2 385/2 37/14 16/72 89/0 

2 25% RAP 42/5 438/2 340/2 35/15 94/73 80/0 

3 25% RAP+V 29/5 437/2 340/2 27/15 80/73 81/0 

4 50% RAP 86/5 413/2 316/2 57/15 32/74 78/0 

5 50% RAP+V 42/5 416/2 319/2 07/15 46/73 81/0 

  

3 -4 - 6�+ @$�5�� :;�<� =(>  

 �@ ��89 �9��` P�� �� d!eB7 R
� �*

[@!6/ ��� �*�,1��29  *��+����� �* �D\Q�AASHTO 

PP 105 ]29[ 6@ �DX/�  �+� �*�.�� CT�
� _�`

CD1E� ���  _�` V9��� .	�� �+� �*�;��� ��5�;�<

CT�
�  6@ d!eB7 R
� �* �*�;��� *�D� �+� �*�.��

 S�D0a�U 6@ a�U :	�� S��Y�  

1-  R!!.7 D!���D� P�� 6@ 6/![@ �!> +0�* �+�@�

�� .**�U 

2-  6�D�8� ���
���< ��� �+� ��!@  *��+����� �*

AASHTO MP 46 ]30[� �
���< ���  �D\Q�

 ��+W �*7  6@  �@��@ �* 	���e� �@�
��� �DX/�

c�7 � �U+���!�  .	�� �+� s�E��� �U*�D


6@ CD@�� S�!
 W �
���< R
�  +/@ �* ��4  _��

.	�� �+� �*�* 

3- @ CD1E� ���  �
� �* �+� �\| �!> +0�* 6�

 6�
���� *D�  	B7 ��
���< ���  �* �D\Q�

 ���> a�* a�U�� +��!U. 

•  ��[/� 6/![@ �!> +0�*6/0 +0�* )B-0.6(  

                                                 
29 volumetric design with performance optimization 

• 6/![@ �!> +0�* )B(  

• 6:��� 6@ 6/![@ �!> +0�* 6/0 +0�* 

)B+0.6( 

4-  6ll\ ��ll!> +ll0�* ���ll@ �llX� *�Dll� ��ll���!.�

�
���< ���  �U+l���!� �  c�l7    6l@ �� �U*�Dl


�� S�D0 *��� �*��<�@ �����  �!> +0�* ��D/� 6@

 *�D� �����!.� .+� +��D
 P�� U CD1E� 6/![@

 ��+W �* �
���< �� �X�7 .	�� �+� �*��< 

4- A����7 �9  

�
���< 	��> R
� �*  d!eB7 R
� �* �+� a�8�� ���

 �*�* _��.	�� �+� 

4-1 -  A����7FTIR  

� �*
R eB7!d 5��< ��!  FTIR30 6@ ���/� �DX/��
 

��DW �� � �����!R �D` .7!!R ���U ��� 1���� > �* 6\!� 

� � +���* *DW�� +/��D7 � *�,1�� �*!U+��� ]^7!� UQ�� 

��� �� �*�;��� �@ .	�� �+� �*�;��� +/��@
g FTIR 

�� ��D7 ��[@ c�*� @ V��.7 ��!R >!� ��DW � .	��* ���  

                                                 
30 Fourier transform infrared (FTIR) 
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 ��+W7- �
���< ���  �� �@�E����
���< ���  *�D�z�7!+  *��+����� �*AASHTO MP 46 

*��+�����  �
���< ���*  ��!.�  r+� �
���<  �
���< a��  

AASHTO T 324 
50  6W�*

����� *��U  

 �� v� �U+���!� d��10 

 �� ���\ V,!� �� �5/12 

�1!� ��� +��@  

 �@��@ �* 	���e� �@�
���

�U+���!�  
Y��� �U+���!�Dh�  

AASHTO TP 124 
25  6W�*

����� *��U  
FI ≥ 5 

 �@��@ �* 	���e� �@�
���

c�7 �U*�D
  
I-FIT 

  

� :�
� Y�� 	X1f� 1��� ���U �*� �D@�\!V31  �

�\D;5D�!+32 eeB� q�D7!R �@!���  ��D/� 6@

x
�� ��� �\�!��+!�D �U+��!� �  ���> �*�;��� *�D�

�� U!+��� 	9��� .
�  6@ CD@�� �D� *+� ��
4  ���U

1���� ��� 6@ 	Y�� xE��	9  ��D/� 6@ V\

x
�� ���
 6@ �e� �DX/�
6� � *�,1��!U+��� >!���� 

� ���> �*�;��� *�D� H1�E�� U!+�� ]2[x
�� . ��� 

�D@�\!V �\D;5D� �!+  q@��� d@�A�1  �2  � 6Y��B�

6�:�U���> �*�;��� *�D� .+�� 

)1(  Carbonyl Index�I����: A����
∑ A�  

)2(  Sulfoxide Index�I����: A��� 
∑ A�  

 q@��� R
� �* 6\∑ A :�� 	�� S��Y�  

!" = "���� + "�%�� + "�&%� + "���� + "��� +
"'(% + ")%% + ")�& + "� �  

�* 1��� ���U� �D@�\ �[�!V �\D;5D� �!+ .�!�� 

�\�!��+!�D Y��� <�: �D` �*
+/ �!U+��� �� +/��@ .

 �YA> x
�� +!�\D;5D� � V!�D@�\ x
�� {D�8� 6@

 6�;U�� *D� 6@  !� x
�� R
� �� �  �@�
��� �DX/�

 �*�;��� ���!> �U+��!��� *D� ]2[.  

4-2 -  A����7 AB3 ��2C �3 (
) ���'��� $���.��'�

)SARA(   

                                                 
31 arbonyl 
32 sulfoxide 

 6I�U� 87
6 1B7�!V \�7!b �!�!��
 i7 �!!S�� 

���
��� �!> �@!�� �!�!�+  �	��
4 ��
*�,  � �*��

� *�@��\��
R  6\ 	�� �� �`D1E� S�D0 6@ �!> � W ��[I

R�5�;�<334!7����< �34R
�� �35 {�Y�� S�Y!\�7 �36  �*

*D� 6�:�U �X� ]2[. �
���< SARA37  R!!.7 r+� �@

 � W ��[I R
� +0�* *��+����� d@�A�ASTM D4124 
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