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��  ��
 A1!�� ��@��S �3���@�

X�   �����
 ��� �v� :�3
 ��  ��Z"
 � �� (���H ��H
)Balan, 1995 .(  

  

4 .H:
 � I��/  

4-1 .��H \�H�!����  

C�� ^47F
 ]	�� �3v�
 �� :��4! '����8  �� B�� =��

9�� (�� ���! �8F�
 +���
3�G�H ) OU�6 .( �47F
 �

=�� ��H �o�: B�� +� (���: O�U�! +�V&� � �

�� W�"� �H ����:�@ ����� ���
3�G�H �: (�
J 9�:

 I��&1 9�� (�� �`��� .g!��� ���
3�G�H ���  (:�, ��

C�� �)��
 '���jJ '�!���H���� � ��3@�@: '�G�� ( �

(�� O�U�! �n���5 � V!�3H �H��� ���8
��� . ���8
 ^����Z!

C�� (:�, �� �66-54 ���� '22-7  ���
� �25-17  �o�:

�
��� .(:� �� �&3! � C�� ���+��� '���
3�G�H W��� +�

��  +��
3�G�H��  L� 9�� L�"U�
)Pettijohn, 2000( .

 �� V�� (�62 ��V�
 ^����Z!2-8 �
 �o�:��� . ��� ����

 �G��U� �� �� ���: �H 9�� �"�#�H R3� �� g!��� ���
3�G�H

9�� (:�H Op"
 .(�  �:� +�(�62 � � .
H (�62 VH�
 '�

���: ��� OP�P! � (��� �  ����9�� (�� �62 +� .

(:�, (:�, R3� �� �"��� :3&3
 �G�� +� � �U�J +�

�
 ��3@�@:�"5�@ ���E �!���H mU��!
 �: �H �������.  

  

&�!6 1. �� W�"�C�� ����� �� (�
J 9�:���� +���
3�G�H :�3
 �47F
 

(��� 

B3�� 

V!�3H 

(%) 

�n���5 

(%) 

(:�,C��  

(%) 

�"�#�H ���� 

(%) 

�!���H mU��!
 

(%) 

(�62 

(%) 

Tc1 1 1 66 7 18 7 

Tc2 1 0 58 13 22 6 

Tc3 1 0 53 18 25 3 

Tc4 1 0 53 22 22 2 

Tc5 1 1 64 10 17 7 

Tc6 1 1 63 11 18 6 

Tc7 1 1 63 7 20 8 

Tc8 1 0 61 15 19 4 

OE��2 1 0 54 7 17 2 

��H��2 1 1 66 22 25 8 

��G��
 1 5/0  62/59  87/12  12/20  37/5  
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E)'6. ��3p! � 3U���U�
 =��+� B�� +���
3�G�H :�3
 �47F
  

MAT): 'mU��!
 SRF: (:�, ��
 '�G�� CRF  :(:�, C�� '�U�J MRF: (:�, C�� '��3@�@: VRF: (:�, C�� '���jJ CC: ���� '�"�#�H SHF: 

(:�, ���� 'Voi:  '(�62Qt : � V!��3HF :�n���5(  

  

4-2 . �"5� ^47F
 W�"�  

�� W�"������ �� (�
J 9�: I��& �: �"5� +�2  (�� �`���

9�� .���: (����� Y�3"
 �mm 3/6  � Y�3"
 �@���3& �

���: OU�:�@ �:�@ ���� ! (���
 (����� . ��� d�!

���:�73t R�3�� �� �c�N
 '- �F8� � d�b
 '�48
 +�

�81t �
 +���C�� �: �H :3� c3, �@���3& � +�

�
 ��� �"��� � d�! R3� �� �3b2 OP�P! �H ��:

 9�� �"5� X�H +��5 I.N�� ����3�)Bell, 1978( . �:

 d�!�F8� � '+���: �  d�! �F8� L� �: �G��U� �� 91#�

 � ����:��� ��3@ (:�,  ��
 �: I.N�� � �@���J �  (��:

��� :3� . c�N
 d�! �: - 9P� ���: �48
  ���: ���: �� �!

]�� �: �@�� (:�, � I.N�� ��3� �H +�3t �� (:�H j36� �!

 ���: 9�#E L�)�48
 9�#E ( :3&� ��
� J�� . ��3@ ���

���: ��� )H��! � �@:��5 (���: ��� d�! O�U�! +�

9�� C�� (���:.  � )H��! ^�� X��V5� � d�b
 d�! �:

���: �G"�1�� '����: �  (:�, � (:�H j36� �G��U� �:�� �@

 :3&� �� �� �5�t �:
� ����J . ��� d�! ON
 �	�"� �:

���:  (��: d�b
 ^�3o �� �
� :3� . ��V�
 972 ��� �:

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 

Tc
1
 Tc

2
 

Tc
3
 Tc

4
 

  

  
  

  

  

  

  

    

CRF 

SHF 
CC   SRF 

MAT 

VRF MRF 

Voi 
  CC 

  CRF 

  Voi 

  MRF 

  VRF 

  SRF 
F 

  SRF 
  SHF 

Qt 
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 ���  X�H ^�� �� mU��!

� ��H )����  '1385 .( ����

 d�! ���Z!�F8� � � ��5 X��V5� ���� �G��� d�b
 ! +

9�� ^�3�� �: )H��! . )H��! ��H��2 d�b
 d�! �:

���: ��� ��
 �: �H +�3t �� 9�� (�� :	�� I.N�� ���J�5 �

������ (Pressure dissolution)  ^�3o
� @�:� . R3� ��� ��

������ )H��! '�@:��5 (Chemical compaction) 
 �
 ���3@

)����  '1385 .( �5: q�� � V�w�: �� d�b
 R3� �� d�!

 c�N
 � �73t R3� �� d�! O�8
 �: ':��: 97Q: :��- 

:��: 97Q: Y�3"
 q�� �� �48
 )Bell, 1978( . �:

 �:3� �1�"�  mU��!
 �� �&3! � '�47F
 :�3
 +���
3�G�H

�: ��� d�! ��V�
 '��J�� �
 ��`  �d�! \7/ � ��� �� �

�F8� R3��
 +����� . X���J � �7GS X���J +Q� ��:8


)��
 ��� �� mU��!
 � ���� ��`  +3"N
 '��3&  ���:

���: �H(�� )UN
 )� �: � ���)Ulusay et al., 1994( . �:

 � ���� ���8
 ��
 ��3U4
 A1!�� �-2 X��� 

� mU��!
 )� X���J � �7GS X���J :��: :3&� ��3&

) OU�7(.  

  

  

  

  
E)'7. )� X���J � �7GS X���J � mU��!
 � ���� �o�: A1!����3&  

  

d�! '�47F
 :�3
 +���
3�G�H �:�F8� +� ���8
 � +�

 Y�3"
43/72 d�! 'd�! R3� ���"��� �o�: � �73t +�

 Y�3"
 ���8
6/15  d�! � ����: ���E +�4� (:� �: �o�:

 � ���b
7/2 �
 d�! R3� ���"�H �o�: ���.  

  

  

y = -1.8067x + 66.286
R² = 0.8044
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 �
���

�
 �

�	

�

(%
)

 �����(%)

y = -3.6211x + 115.9
R² = 0.8437
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30

45

60

16 19 22 25

 �
���

�
 �

�	

�

(%
)

 �������(%)

y = -0.7463x + 19.73
R² = 0.7571

2

6
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14

18

5 10 15 20 25

 

	�

�
 �

� 
�

�	

�

(%
)

 �����(%)

y = -1.3618x + 37.527
R² = 0.6581

2

6

10

14

18

16 19 22 25

 

	�

�
 �

� 
�

�	

�

(%
)

 �������(%)
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&�!62. �@���+� �"5� +���
3�G�H :�3
 �47F
  

 (���

��3�� 
Mgs 
(mm) 

���: OU� �(%)  

 

���: ��� d�! R3� �(%)  

 

���: ��� d�! 9��
 �(%)  

 

   ���: X���J �(%)  

Ang Rou Lo Cc Su Ta GG GC GM VC MV Pd Pp 

Tc1 2 6/21  3/78  5/19  5 4 71 62/7  14/13  61/47  53/5  73/7  5/41  7/7  

Tc2 4 2/22  8/77   9/5  7/2  8/1  5/89   82/5  61/29  40/63  97/9  65/12  20 57/6  

Tc3 7 8/23  2/76   2/8  2/7  1 5/86   00/3  95/58  98/54  46/22  40/18  46 4/12  

Tc4 6 5/14  4/85   17 4/15  25/1  25/66   60/1  77/49  15/60  70/13  87/6  5/45  5/9  

Tc5 7 3/6  6/93   1/22  3/19  14/2  42/56   43/7  97/26  84/22  57/9  16/9  6/48  3/16  

Tc6 10 7/7  3/92   5/25  2 5/2  70  23/8  00/19  80/32  64/11  80/5  5/57  5/16  

Tc7 12 4/5  6/94   10 6/6  3/8  75  12/11  79/12  77/41  12/7  16/10  6/43  8/7  

Tc8 3 5/12  5/87   6/16  16 38/1  78/64   44/10  20/35  36/5  00/12  45/4  5/41  2/4  
                 

Min 2 4/5  2/76   9/5  2 1 42/56   60/1  80/12  36/5  53/5  45/4  5/20  2/4  

Max 12 8/23  6/94   5/25  3/19  3/8  5/89   10/11  90/58  4/63  4/22  40/18  5/57  5/16  

Ave 37/6  3/14  6/85   6/15  27/9  7/2  43/72   78/6  70/31  90/38  00/12  13/10  2/42  35/10  

Mgs :���: (����� ��G��
 '�Ang :����� '��:Rou : '(�� :�@Lo : '�73tCc :c�N
-  '�48
Ta :�F8� '+�GG : '���: �� ���:GC : '���� �� ���: GM : �� ���:

 'mU��!
VC : '���� �� (�62MV : '(�62 �� mU��!
Pd : '�7GS X���JPp :)� X���J��3&  

  

4-3 .�@��������
 +�  

 +�3F��� I��& �: �H3  ��
�: '9�� (�� (:�: ���

��3�� L�, �7GS ^����Z! �60/2- 53/2  R1�� �7GS �

64/2-57/2 �
 \4U
 �"��"�� �� ]�@��� . OP�P! ��:8


 �� �[3
87/3-43/2 9�� ��Z"
 �o�: .(����� ��:8
 +��@

 (��UCS  ��MPa 13/68  !48/37 �
 ���Z! ���8
 � ��H

 �J ��G��
24/50 �
 IU� G
��� .�72 �: ��:8
 �H

(����� (�� +��@ E ��GPa  27  !10 �
 ���Z!H ���8
 � ��

 �J ��G��
GPa 11/15 �
��� .(����� ��:8
 ���T�� +��@

 (�� Is(50) ��MPa  75/5  !96/3 �
 ���Z! ���8
 �H ��H

 ��G��
�JMPa  82/4 �
��� . � C�� I��
 ��:8
 ��  ��

L! +��5 9
�8
 �: �47F
 :�3
 +���
3�G�H '+�3N


 +��5 9
�8
 +���: L�, 972L!  ! )H +�3N


(:� �: �H ��"#� Y�3"
 �7��
 91#� � Y�3"
 +���

)Deere and Miller (1966(:� �: 'DM  ! CM  ���E

�
 ����@. �F8� �� M,� �� �&3! �(:� � L�, +� +���

)Deere (1968( Y�3"
 �"
�8
 (:� �: �8F�
 +���
3�G�H '

�
 ���E Q� ! ����@.  

  
&�!63. �@���+� �����
 +���
3�G�H :�3
 �47F
 

��3�� (��� γd (kN/m3) γsat (kN/m3) n (%) Is(50) (MPa) UCS (MPa) Et (GPa) 

Tc1  30/25 50/25 45/2  96/3 20/46 66/16 

Tc2 20/25  50/25  89/2  75/5  08/48  95/16  

Tc3 
50/25  90/25  87/3  16/5  21/58  4/14  

Tc4 
40/25  70/25  51/2  91/4  13/68  27  

Tc5 
91/24  30/25  32/3  03/4  31/44  6/12  

Tc6 
81/24  21/25  54/3  85/4  83/46  10  

Tc7 
91/24  21/25  28/3  05/5  48/37  69/9  

Tc8 
30/25  60/25  43/2  85/4  73/52  14  

Min 81/24  21/25  43/2  96/3  48/37  10 

Max 50/25  90/25  87/3  75/5  13/68  27 

Ave 11/25  40/25  3 82/4  24/50  11/15  
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5 .(D�D �%�K E��:��  

�@��� ��
 �F��� B�: +����@��� � �"5� +� �U�V�5 +�

��3�� �U��U
 � =�� � ��J ��
 �F, �G"#1�� '�

��S �3���@� (�� (:6"�� (��Z"
9�� . �3���@� ���T��

��S �F, +���Z"
 :��4! X�H +��� ]@ �� ]@ (��Z"


��S �3���@� Y���� �: +:��� 9���E X�H ���� '(��Z"


X� 9�� (�� (:�� �H �� '����.  

  

5-1 . �G"#1�� O��N! ��V	! � �F, �3���@� 

 :��4! X���  ��� �:18 ��Z"
 �� �"5� +��� ��@��& �3t

�@��� � A1!�� ���E (:6"�� :�3
 �U��U
 � �U�V�5 +�

 I��& �: �J W�"� �H 9�� �"5�@4 9�� (�� �`��� . �� �,��

�@��� � �� +�U�J �G"#1�� ��"
��  � �U�V�5 +�

�
 ��� �U��U
���: .���: ������5 � L�, �7GS +�

H O�7: �� (�� :�@ +���: �@�� :�@ X��V5� � OP�P! X�

 ����� A1!��)52/0-r = (���: ������5 � � '����� +� �� ��:

����� � OP�P! X��V5� O�7:���: �:3� ��: A1!�� +���: �

 )�8"#
)55/0r= (�
��� . �G"#1�� L�, �7GS ���T��

)� X���J � ���8"#
 � ��:�4
 ��3&)80/0r=  (:��:.

  

6&�!4. �@��� ��
 �F, �G"#1���@��� � �"5� +����
3�G�H �U��U
 � �U�V�5 +�  

�����L�  ��� �'  
 

������)�0�� ��  
 

������)�/)� ��  

γd 
(kN/m3) 

γsat 
(kN/m3) 

n 
(%) 

Is(50) 
(MPa) 

UCS 
(MPa) 

Et 
(GPa) 

  ���: (����� ��G��
 �)mm(  05/0-  10/0-  42/0   43/0  52/0-  18/0-  

E)' 

�/�D�  
(%)  

(��:�@   52/0-  68/0-  52/0   57/0-  39/0-  52/0-  

�������:   55/0  64/0  22/0-   17/0  18/0  47/0  

@���  
 P$�  
  ��
  

�/�D�  

(%)  

���: �� ���:   07/0  21/0  08/0   14/0  28/0  00/0  

���� �� ���:   06/0-  44/0-  02/0-   04/0  09/0  12/0  

 ���:mU��!
 ��   06/0  04/0  02/0   00/0  24/0  02/0-  

���� �� (�62   04/0  05/0  09/0-   03/0  02/0  01/0  

(�62 �� mU��!
   00/0-  15/0-  05/0   06/0  14/0  09/0-  

Q�/  
P$�  

��
  
�/�D�  

(%)  

 �73t   27/0-  23/0-  03/0   08/0  08/0-  17/0-  

c�N
- �48
   27/0  24/0  22/0-   12/0-  06/0  03/0  

d�b
   08/0-  07/0-  14/0   09/0-  08/0-  26/0  

�F8�+�   12/0  12/0  11/0   08/0  09/0  09/0  

R��%K 

�/�D�  
(%)  �7GS X���J   67/0  61/0  59/0-   61/0  53/0  68/0  

��3& )� X���J   80/0  77/0  73/0-   69/0  57/0  74/0  

�/�  
 � �'  

(%) 

(:�,��C   17/0-  04/0-  17/0   13/0  09/0-  01/0  

����   49/0  02/0  24/0-   43/0  36/0  39/0  

mU��!
   14/0-  00/0  21/0-   09/0-  06/0  11/0  

(�62   16/0  01/0  78/0   17/0-  13/0-  07/0  

  

)� X���J ��H �3F� '�7GS X���J � ��3& �G"#1��

 ����t� �&�: � )	2 �2�� ��� � +��:�4
95 % ���

�
 �
 �>7 '���: ��� :��J�� +��� (�� :� +���Z"
 �� ��3!

:3�� (:6"�� )	2 �2�� . � OP�P! ��
 d3U4
 �G"#1��

 �7GS X���J)59/0-r =  ()� X���J � ��3&)73/0 -r =  (

�
 ������: �S�� �H ��:�� � L�:V� )� ���8
 '���� �!

�
 �"�H OP�P!:3� .�@��� +��5 9
�8
 � �H �"5� +�

L!�
 ��� +��:�4
 �G"#1�� +�3N
  X���J O
� ���:
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)� ��3&)55/0r =  ( �7GS X���J �)52/0r =  (�
��� .

)� X���J � �7GS X���J X��V5� � ���� 9
�8
 '��3&

��3�� +��5�
 X��V5� V�� �� ��)Bell, 1978a( . ��G��


���: (����� ��3U4
 �F��� +�3N
 L! +��5 9
�8
 � �

)52/0-r=  (�
 ��� �� 9
�8
 X��V5� �G��� �H ��:

L! +��5 ���: (����� X�H � +�3N
9�� .�@��� +�

 ����: �"�#�"�Q� I��
 +�� �� �� ��[! ���"��� �H �"5�

)� X���J �� ��!�1�& ��3)74/0r=( �7GS X���J '

)68/0r= (:�@ '���: �@�� �)52/0-r= (����� ' �:3� ��:

���: �)47/0r=  ( ���� �o�: �)39/0r =  .(��� �H �3t

�
 �v"�� �"�#�"�Q� I��
 '9#P� �"
��  �: X��V5� � ':��

�
 X��V5� V��:�@ �H ��� �� �&3! � � ��� \&3
 �@��

 )��:���: �"��� ��� (:��5 )H��! � �)X��H X��V5� (

�
 ��� �� '::�@:��: �"�#�"�Q� I��
 � d3U4
 �F��� ��.  

  

5-2 .��S �3���@�]@ �� ]@ =�� �� �F, (��Z"
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 +�  

γ sat (kN/m3) 
 

γd (kN/m3) 

MAE RMSE R 	�?���D�%�  ��  MAE RMSE R �?��	�D�%�  ��  

011/0  014/0  74/0  (i)= Pp, Round 012/0  017/0  81/0  (i)= Pp, Pd 

007/0  011/0  74/0  (ii)= Pp, Round, Angular  013/0  019/0  82/0  (ii)= Pp, Pd, Angular 

003/0  006/0  75/0  (iii)= Pp, Round, Angular, Pd  011/0  021/0  84/0  (iii)= Pp, Pd, Angular, Round 

002/0  005/0  75/0  (iv)= Pp, Round, Angular, Pd, G-C  088/0  016/0  84/0  (iv)= Pp, Pd, Angular, Round, Cem 
         

Is(50) (MPa)  n(%) 
MAE RMSE R 	�?���D�%�  ��  MAE RMSE R 	�?���D�%�  ��  

330/0  448/0  78/0  (i)= Pp, pd 211/0  321/0  82/0  (i)= Pp, Pd 

275/0  494/0  79/0  (ii)= Pp, pd, Round  100/0  214/0  82/0  (ii)= Pp, Pd, VOi, ,  

257/0  509/0  79/0  (iii)= Pp, pd, Round, Mz  086/0  199/0  83/0  (iii)= Pp, Pd, VOi, Round 

238/0  611/0  79/0  (iv) = Pp, pd, Round, Mz, Cem  090/0  241/0  85/0  (iv)= Pp, Pd, VOi, Round, Mz,  
         

Et (GPa)  UCS (MPa) 
MAE RMSE R �D�%�  ��	�?�� MAE RMSE R �D�%�  ��	�?�� 

308/3  81/5  86/0  (i)= Pp, Pd  416/4  47/7  76/0  (i)= Pp, Pd 

3 25/5  87/0  (ii)= Pp, Pd, Round  528/4  85/7  77/0  (ii)= Pp, Pd, Mz 

233/2  65/4  88/0  (iii)= Pp, Pd, Round, Angular  225/4  65/8  77/0  (iii)= Pp, Pd, Mz, Round 

278/0  1 88/0  (iv)= Pp, Pd, Round, Angular, Cem  416/4  68/9  78/0  (iv) = Pp, Pd, Mz, Round, Cem 

Pp :)� X���J'��3& Pd : '�7GS X���JAngular :����� �o�: '�:3� ��:Round ::�@ �o�: '�@��Cem : '���� �o�:VOi : '(�62 �o�:Mz :���: (����� Y�3"
 '�

G-C :���� �� ���: d�! 9��
.  
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Constant 

�@���C�� +�����  

PP Pd Angular Round Cem G-C Voi Mz 

steps 
(i) 

γd 15/5-  16/5  - - - - - - - 

γsat 84/2  58/9  - - - - - - - 

n 85/7  64/6  - - - - - - - 

Is(50) 63/4-  79/5  - - - - - - - 

UCS 90/2  26/5-  - - - - - - - 

Et 33/11  58/9  - - - - - - - 

 
steps 
(ii) 

          

γd 77/4-  12/5  54/1-  - - - - - - 

γsat 69/2  14/3  - - 40/2-  - - - - 

n 54/5  39/6  50/0  - - - -  - 

Is(50) 82/3-  08/5  42/0-  - - - - - - 

UCS 20/2  61/2-  06/1-  - - - - - - 

Et 86/11  57/8  83/0-  - - - - - - 

steps 
(iii) 

          

γd 59/3-  96/3  09/0-  52/1  - - - - - 

γsat 64/2  39/2  - 40/2  26/0  - - - - 

n 30/4  41/4  69/1-  - - - - 62/0  - 

Is(50) 75/2-  78/3  29/0  - 66/0-  - - - - 

UCS 28/3  01/3-  98/0-  - - - - - 52/0-  

Et 25/9  88/5  68/0  - 07/1-  - - - - 

steps 
(iv) 

          

γd 34/1-  35/3  09/0-  22/1  51/1-  - - - - 

γsat 71/0  84/2  12/1-  88/1  61/0  - - - - 

n 71/3  66/3  20/2-  - 09/2  - - 25/0  - 

Is(50) 17/2-  86/2  37/0  69/0-  - - - - - 

UCS 12/1  42/3-  74/0-  - 25/0  - - - 44/0  

Et 67/8  23/4  66/0  07/1  71/0-  - - - 46/0-  

 
steps 
(v) 

          

γd 42/0-  02/3  04/0-  68/1  50/0  43/1  - - - 

γsat 47/0  76/2  09/1-  22/1  14/0  - 89/0  - - 

n 44/3  18/3  82/1-  - 06/0  - - 92/0  52/1  

Is(50) 58/0-  15/3  41/0  - 47/0-  81/1  - - 88/0  

UCS 21/0  25/2-  68/0-  - 51/0  46/0-  - - 59/0-  

Et 58/5  06/4  57/0  93/0  10/1-  53/0  - - - 
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  '�F,+��� X� ���� �@��� +� �����
  

R2 
 

�F���  (��� 

94/0  γd (kN/cm3) = –63.12 – 0.003 Pp + 1.17 Pd + 1.18 Angular – 0.005 Round – 0.004 Cem 1 

77/0   γsat (kN/cm3) = 17.53 – 0.13 Pp – 0.092 Round – 0.138 Angular – 0.082 Pd – 0.006 G-C  2 

90/0   n (%) = –8.6 – 0.092 Pp + 0.267 Pd – 0.031 VOi + 0.013 Round + 0.015 Mz  3 

64/0   Is (50) (MPa) = –1.44+ 0.043 Pp + 0.069 Pd + 0.047 Round + 0.036 Mz + 0.079 Cem  4 

48/0   UCS (MPa) = 284.68 – 1.90 Pp – 1.43 Pd – 1.55 Mz – 1.89 Round – 4 Cem  5 

97/0   Et (GPa) = 63090.3 – 1928 Pp –1925 Pd – 17.3 Round + 1.82 Angular + 1.49 Cem  6 
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y = 9.9547x - 23.253
R² = 0.9443
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y = 0.4853x + 1.3254
R² = 0.7726
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y = 0.9454x + 0.1537
R² = 0.9041
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