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Development of Predicting Model for Clay 
Subgrade Soil Resilient Modulus based on the 
Results of Cone Penetration Test using 
Evolutionary Polynomial Regression Method 
 
Accurate determination of resilience modulus (Mr) of pavement 
subgrade soil is one of the important factors for successful design 
of pavement structure. This parameter is usually measured using a 
dynamic triaxial test, which is a complex and expensive 
experiment. In this study, the evolutionary polynomial regression 
(EPR) method has been used to develop a model for predicting the 
resilient modulus of clay subgrade soils based on the results of 
cone penetration test (CPT). By means of the developed model, the 
resilient modulus of subgrade soils can be estimated by having the 
parameters of cone tip resistance (qc), slave friction resistance 
(fs), moisture content (w) and dry density (γd). The results of this 
study show that the model developed by the exponential function is 
the best model constructed. Based on the developed model, the 
coefficient of determination (R2) for training set, testing set and 
total set was 0.9808, 0.9714 and 0.9785, respectively. The 
sensitivity analysis performed also showed the very good 
agreement of the developed model in predicting the resilient 
modulus of subgrade soil. The results of sensitivity analysis 
showed that the moisture content is the least important parameter 
for predicting the resilient modulus of fine-grained soils and the 
importance of other parameters is almost the same. In this study, 
the effect of different parameters on the resilient modulus of 
subgrade soil has also been evaluated using parametric analysis. 
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8- Gene Expression Programing 
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11- Evolutionary Polynomial Regression  
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12- Genetic Algorithm 
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13- Least-Squares 
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14- Sum of Squared Estimate of Errors 
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15- Crossovr 
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16- Mutation 
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17- Root Mean Square Error 
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18- Coefficient of Determination 
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19- Average Error 
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 0.28204 .sech w  0.47286q . 3.1956

. γ

= + × − − ×

+ + × +

d
r

s

s

s d

f sech

f
sech f sech  

����  ( ) ( )
( )

0.5  
r c

0.5  
c

M 0.37163exp 0.5q 0.5 w 0.39131w exp w

0.16289q expγ 0.074953

= −×

×

+ − +

+ −
s

d

f

  
	�����   0.5  0.5  0.5  

c c c
r 0.5  0.5  

c

0.47396 w 0.33276 q γ 0.37232 q 0.20852 q
M tan

0.25154 q γ 0.35871  

 − + + +
=   − +

× ×

× × 

d s

s d

f

f  
qc :��)h1 )� ��1��� 	1��h1 K-� e��H1 T�C�� MPa.  

fs :��)h1 ��1�� )�� 	1��h1  T�C�� ���)7 �,�2W5�MPa.   

w :��)h1 ��1�� )��  .)5�0 T�C�� K�
 	�-D�  
γ d :��)h1 ��1�� )��  T�C�� K�
 :/
 �;�3akN/m3.  

Mr :1��)h ��1�� )�� ��)1 S)+!7��� K�
 ��� �<��0?  T�C��MPa.  

  

�0�h1 AF�)C � ��,�)C :�� �� ����1���� �0 

)7�� 4  ��/��0�0  �)� .	��  G8+`��z-�  �)1 <c���

EPR �0 �)1 ��� 	��2� ��;-��|8�: 	�����  

��;-��|8�: ��3;�� XD84� � ��� �<� W��� Y�-5< )27 (

��  �)1 �0 �<� 	��� W��� Y�-5< )28.)� <�N�S �b� �0 ( 

 Y�8c?7 ���b+ 8�  �)� �� <4�-  �����)1 �� :  <� ��

 ��)7 V��4 	��.  

)22(  ( ) ( )( )i 0Y sum a . X1. X2. X1 . X2 a= +f f
 

)23(  ( )( )i 0Y tan a . X1. X2 a= +sum
 

 �)+��� �0�)Z1�,f �)�  ��)7 �04 4 88G )++, �

 � �W
t8W
����� G8+`�� � �)1 �0-� � �3�

 ��1���� � �0��� �����1���� G8� d-241 � �8h��1

.	�� �7��
  

5-2- ��� ��#�%� �-�. 	�  

)7 �0�� 5�� �0�2@�� �����1���� ��)1 �� :  ��

�0�0 ���� T8 �  <� �0�0 A, � �-1�_ �E�-1_ ���  ���,f 

�)� .	�� ���� �-D �1 <bCv1 <,  �0-� �1�� �)1 �� 

 �0�8� �8+)+!7�� ��)1 � �SK�
 �� ��<��0?  0�2@��

 ��)1 G8� ��-
 ��8�� �3��X�� � )���0 ��-@W1

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

.0��0 0-7�   

���� �h1�< �8G �)1 �� �)1 G��!� p�H��� �� 

�� ��v� <��h1 ����1����� 0�2@���� 0���S � �)18? 

0��0 	8���. 18��? S0��� � �8`8�) �0-� : �)1 

�� d�����kT ��- �� Y��X� 0�)4  ��� �X7 <W��� � �

 ��1���� � �0��� �����1���� G8� �8h��1�8t � �8h��1

 �7��
4 88G 1� 0-� .  

�h1 ��<� �8G �)1  ����)1 �0�. �)� d����� i��  

����� <, �0  ��)73  ��/��0�0  �)� <� �	��  ��-+�

�0�� G�  )� p�H��� �)1 .�G @� �)1� �t� �<2+ 
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�kT G884  )R2���, (�  	X��<�  	��2� �)1

��;-��|8: ;0 <� �0��08A �0��  � �0-�  0�)4 )Y���X� 

�X7� ���, � 3��X��� h��18� ��< 0���� �� �� 

7��
�<� ( !� �)1 ��-+�8<+  p�H����1 00�S.  

 ��)74-  Y�8c?7����1���� ���� ��8b+  ��)1 ��  

5- 8U ����1����  
b+ 8� ����1����  

:8;-��|�� 	��2� �� 	����� ;-��|8:  ��3;�� XD84�  ����  	�����   

�0�)Z1 ����)+  [-1,-0.5,0,0.5,1]  [-1,-0.5,0,0.5,1] [-1,-0.5,0,0.5,1] [-1,-0.5,0,0.5,1] [-1,-0.5,0,0.5,1] 

0�)4  Y���X�  5  5  4  4  5  

��)h1 ��d�  1956/3  57493/0  44115/0  074953/0-  35871/0  

h18d� ����1����  [0,1]  [0,1] [0,1] [0,1] [0,1] 

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

�0�0 E�-1_ ��� 

�)1 ��  COD  AVG  RMSE  SSE  R2 

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

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

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

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

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

�0�0 �-1�_ ���  

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

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

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

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

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

�0�0 A, ��  

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

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

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

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

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

  

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

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

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

�-1�_ � E�-1_ �0��_ �)� 	��.  

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

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

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

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

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

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

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

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

    
:8;-��|�� 	�����  i��  (U;�)  

    
)p (�48XD ����3; i��   

    
:8;-��|�� 	��2� i��  (�)  

    
���� i��  (Y)  

    
	�����  i��  (�)  

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

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

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

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

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

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

W��� �� �0�0 ��< )24 <X��Z1 ()0�S:  

)24(  | |−=
M P

i i
i M

i

Mr Mr
AEP

Mr  

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

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

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

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

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

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

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

 �� �����0/28 .	�� )5�0  

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

    
 (�):8;-��|�� 	��2�   (Y)����  

  
 (�)	�����   

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

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

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

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

6 -  �.�) �- ��@ ���� 9)($ ��� A.���

��� �4  

<� �-b+1  �-8��S� E�� ����-  ������

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

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

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

 .)0�S 

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

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

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

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

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

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

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

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

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

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

)0�S �0����� .  

 ��)7 �06 G884  T�k �0�h1 )R2(  �R7 �

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

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

	�� �)� �0�0 .  

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

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

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

��W
 G���, ����0 RMSE  <�-�.1 I->
 �0

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

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

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

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

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

.	�8� T��+1 ���0  

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

��hhZ1  E��  
R2  RMSE  

E�-1_  �-1�_  E�-1_  �-1�_  

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

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

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

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

  

7- +�)�AC D��E$  

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

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

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

                                                 
21

20- Cosine Amplitude Method 

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

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

0�, <X��Z1:  

)25(  
1

2 2

1 1

.

.

=

= =

=


 

n

ij jj
i n n

ij jj j

x y
R

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

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

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

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

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

� �� ��8G 1� 0��.  

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

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

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

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

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

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

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

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

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

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

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

1� )�0.  

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

8- G.�5��	�1 D��E$  

0�)Z1	 ��� ��1�� ?� �<+ �� +`�� �8G 

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

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

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

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

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

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

0��� ��1����� 7��
 ��� .	�� �)1   

���� � �0 �)� �,f ^vXF <, �-DG ����� 

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

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

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

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

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

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

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

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

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

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

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

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

A2� 6  ��/��0�0  �)� .	��  

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

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

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

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

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

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

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

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