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ABSTRACT 

  

 This thesis
 
a
 
laboratory study was undertaken to improve Songkhla soft clay 

(SC) with rice husk ash (RHA) and Para rubber wood ash (RWA). The SC was partially replaced 

each ash and combined ashes in proportion varies from 5 to 50wt.% at 5% intervals. Cylindrical 

specimens (38×84 mm) were prepared at optimum moisture content and were cured for five 

periods at age of 1, 7, 14, 28 and 56 days
 
in a moist room having a constant temperature and 

controlled
 
humidity. After curing specimens were tested for physical and mechanical properties 

including of Atterberg limits, particle size distribution, specific gravity, standard Proctor 

compaction, unconfined compression (UCS), unsoaked California bearing ratio (CBR) and 

consolidation tests. Both CBR and consolidation tests were selected the maximum UCS of treated 

samples. In addition, X-ray fluorescence (XRF) and X-ray diffraction (XRD), together with a 

scanning electron microscope (SEM) were analysed in certain samples. 

The
 
study revealed that the values of the maximum dry unit weight and 

engineering properties for the RHA+RWA-stabilized specimen increased with RHA and RWA 

contents and curing times. From the results obtained 20%RHA and 30%RWA replacement of SC 

as an optimum amount. The maximum 28-day UCS was 5.39 ksc and CBR value at 28-day was 

about 21%. Consolidation result of SC obtained compression index value and permeability 

coefficient value was decreased. On the other hand, void ratio value products
 
due to distributed 

capillary in texture of ashes increased. 

While reaction products
 
due to pozzolanic and hydration reactions in treated SC 

are clearly observed calcium silicate hydrate increasing 8%, 11%, 15%, and 16% on curing of 7 

14 28 and 56 days, respectively. They are exhibited denser and void in treated sample based on 
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using SEM. Correlations with multiple regressions for geotechnical properties as functions of 

index properties have been established. 

 

Key words: Songkhla soft clay, Rice husk ash, Para rubber wood ash, soil improvement, 

Pozzolanic reaction  
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 5,000 '�-� ��� 	) ���������� 8,000 '�-�                                     176 
4.69   )	���/���"�8�	���,�+'1+��
������4�1������#��&#�"��&� �,/
�@ �  

RHA20RWA30 ������"&-� 28 
�+ �) ���������� 1,000 '�-� �) ����������   
5,000 '�-� 	) ���������� 8,000 '�-�                                     177 

4.70  )	���/���"�8�	���,�+'1+��
������4�1������#��&#�"��&� �,/
�@ �  
 RHA20RWA30 ������"&-� 56 
�+ �) ���������� 1,000 '�-�   

�)  ����������  5,000 '�-� ��� 	) ���������� 8,000 '�-�                                            178 



 (20) 

���������	
����������� 

 
SC                   =    �	
��
�����
����� (Songkhla Soft Clay) 
LL                   =    #��$	%&����� (Liquid Limit) 
PL                   =    #��$	%&�$���-	% (Plasticity Limit) 
NWC              =    #��#��2345
-�267723�-	 (Natural Water Content) 
OMC              =    #��#��2345
<=��2�>�2 (Optimum Moisture Content) 
RHA               =    �CD�E%�F (Rice Husk Ask) 
RHA               =    �CD�G2D���$�7� (Rubber Wood Ask) 
UCS                =    #��%J��&��&�E%
���� (Unconfined Compressive Strength) 
SEM               =    M�$C���NO�M�#�D��%�D��NO�<77P
Q�	��R%-7�
EFF����%7�� (Scanning 

Electron Microscope) 
XRF               =    �	6-7�N��#QU7>%�F<���#2�D���	67&����%VQW�X���7��V
VQ (X-Ray 

Fluorescence) 
XRD               =    �	6-7�N3
	�E7��D���	6%�7��5���F
7&����%VQ (X-Ray Diffraction) 
MIT                =    �C�F&
�<#]
]��E2�V�VX�V-�Q (Massachusetts Institute of Technology) 
USCS             =    7>FFNJ�E
%�	
��%M�$ (Unified Soil Classification System) 
T               =    ���O%�7F�2, �&
 (Curing Time) 
ε f           =    #��2�#7��<=NO��	F&-	 (Strain at Failure) 
ω                =    U7	2�_#��2345
 (Water Content) 
CSH          =    E#��V�2 V	�	�%- G`��7- (Calcium Silicate Hydrate) 
CAH         =    E#��V�2 �>�X2	�
- G`��7- (Calcium Aluminate Hydrate) 
Gs                   =    #��#��2C���NJ��$�> (Specific Gravity) 
I                      =    �	�G�-Q (Illite) 
E50                   =    #��]2�X�&��4���O�
<=7D���> 50 (Modulus of Elasticity) 
k                      =    #���&2U7>�	<6	c%�7Vd2e��
 (Coefficient of Permeability) 
Cc                    =    #���&3
%�7�&�-&� (Compression Index) 
Cr                        =    #���&3
%�7�&�-&�V5J� (ReCompression Index) 
Cv                                  =    #���&2U7>�	<6	c%�7�&�-&� (Coefficient of Consolidation) 

γ t                   =    �
���
5J��
&%7�2 (Total Unit Weight) 
Q                =    #��-VQ (Quartz) 
 



 (21) 

���������	
����������� (��) 

 
C                     =    E#�GV-Q (Calcite) 
K                  =    �#]��	G
-Q (Kaolinite) 
P'c                =   #��2�&
�	
�#��&�-&�2�%��
 (Pre-consolidation Pressure) 
SiO2  = V	�	#�
G���%GV�Q (Silicon dioxide) 
Al2 O3 = �>�X2	�
�2G���%GV�Q (Aluminum oxide) 
Fe2O3 = G�7�
��%GV�Q (Iron oxide) 
CaO = E#��V�2��%GV�Q (Calcium oxide) 
MgO = E2%
�V�2��%GV�Q (Magnesium oxide) 
γ d = #��2�
�E
�
E�D��X��O� (Maximum Dry Density) 
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����� 1 

 

����	 
 
1.1 ��	��	���������	����	������ 

 

 ������	
������	��
�������������
��������������� ���
����������	��	 �!"�  
#� $�!����	���%
&� %����#'(��'�)$*��#��%�$$ +����#,$%����-���"�  ���%!���$�.������ 
.�� �����	��.�����!%
�������
����������	!%� ������$����##�! %
���$������/!�+���
��	#%��
����$��'$��$� "%�0�%!����� 12	������*� �$��%�$�(�0��.���.���� ����,����3���(�/') 
#���4 ��	$�$��%
 ��"��5#�
/#�$�*��*��������������
����� 

12	� �� �$��,����	�#���4 ������"����$�)�� &�� ���#,� 
�*%��!��0����$�$�
�%�� �$�0, �!�650����!,������ ���3����)��)�� ���*�� �650� �����!#%��$�!��0����$�$� 
��	$�"� !��0����$�$��%
����0�% �!,�,$��� 0��$����!,�� ������"������	���( ��,�����!�05�0��$
�7  7�,������
 %
�650��%������ .���650���	#������	$�� ����( ��,��#���4 
�*%��!��0����$�$� 
)�$  �����0���$���	���( ��,��#���4 ������"����$�)�� -��"��"� �%	�0���&2� #,$����)���*,"���
�� �����$&$�0��$!����� �� �$��,��#���4 !%� �����2�����0�� 12	�"� �����"�650� �$�0, �!)���
���0�� %
��	���( ��,���� $��'$��$������ �
"� �650��'��!��$�$� !%�#�$����� 
 1)  �����!#%��$�$�)�� /!��%  �!"� �*,���7����!��� (Friction Piles) ��	$�"� 
�'��*%��!��0����$�$���)���0��)�$��,����  12	�$�" �$�0, �! �����!#%�
���������7� .�!�
!%��(���	 1.1 
 2)  �����!#%���	
����)$�������	$�"�  /)����,��������*,G���� ���7� 
(Pile Foundation) .#�/)����,��&��&( ���$�(�
�!��!�� "2� �! �����!#%���	������ %� (Differential 
Settlement) !%��(���	 1.2 
 3)  �!)������0��#��-��"��"���	$�"� !��*%��)%���� (!��!����	���!��0����
$�$� �! �����!#%�) ���-��0,&�� �!���!#%� !%��(���	 1.2 
 4)  �! ���%������$��0�������	$�"� !��*%��)%���� (!��!����	���!��0����
$�$� �! �����!#%���	.# #��� %�) ���-��0,�0����� �!���!#%� !%��(���	 1.2 
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 ) 

 

 
�) 

������  1.1  �����!#%��$�/)����,��$�)��  ) $�)�����!,����� �! ��$��������� 2 $���
  
�&����������� 2 .�� �) 
,���% $��%�*%��!��� �! ��$��������� 2 $���
�
  &�� ,��,� 
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 ) )$�����&�����
*�����
����� �,�����#���(�����Q �!���!#%�  

 
 
 
 
 
 

 
 
 

�) &�����
�R�*����
����*��*� ,��,� -��"��"� �! �����!#�����!%
 
 

 
)) &�����0�%�/�����
������� �S 2549  �! ����
%#�.

�&���'��)�����! 

 

������ 1.2  �����!#%��$�/)����,��&��
�*%��!��$�$���$��'$��$�"%�0�%!����� 

��� �	���! "�� 

��� �	�����"����#$�%�	� 

��� �	���! "�����&����	�� 



 4 

 !%��%�� "2�#,$��*,�
�������� �� �$��,���(�����0�������#���4 ������"����
�$��%G0��$$ *��!,���$��)��) ����%
����.���%V��)��'�����!,������ ����$�!��0����
$�$�����%
����.���%V��)��'���$�!��
����������	��	"���� �� �$��,�� ��	$�!�650�0��$��	�
)��'���$�!��0����$�$�!,������ ���3����)��) 12	��6""�
%��!,�� ���*,�)��)�� ����%
����
.���%V��)��'���$�!��0����$�$���!,�� %�0�����3� /!�.
��$$ �!,!%���� 
 1.  ����%
�����&���'���$�!��/!��*,��%����0��$)��	$�"% � � (Mechanical 
Stabilization) 
 2.  ����%
�����&���'���$�!��/!� ����	�0��$�!$��0'(�� (Thermal Stabilization) 
 3.  ����%
�����&���'���$�!��/!� ���*,���"��\\]� 
 4.  ����%
�����&���'��/!� ��#�������	$�0, �!�^� ��������)�� *�� ��
�(���� (Lime Column) ��1���#Q (Cement Column) !��1���#Q (Soil Cement) ���#,�  
 "� ��	 ����������)��) ����%
���� .���%V��)��'���$�!��0����$�$� ��	$ 
�0,��)��'�����!,������ ���!��2��������"����!,�� ���%
����0�%  �! �����!#%� .���!)�� ��
��#%�
�$�!��0����$�$� "2������	���$� �����/)�� ����"%���	$�����$.����� ����%
���� .���%V�� 
)��'���$�!��0����$�$�$� ��3�0�2	� /!� ���*,�%�!���	��$�(��� ������,$�&�	�.����	$�% a��'�� 
.�!�,$� �� ���2 a��!,�*,!��0����$�$�"� 
����������	�������������
����� $��'$��$� 
"%�0�%!����� /!����$�&,�. �
"�  ��-�&���0��$$�G.��&,���,������� 12	��!,"� /�����
.���(���,���������	�����*��$����0�,$#,�����.��-�&��� ��	���	 �!"�  �" ���!%� ������$�(��� ���
��������	 .���������)����*,�0, �!���/�*�Q %
������!,������ ���3����)��)���&2���� ��
�*,��%��� ��0, �!���/�*�Q�(���! -� ����%
����)��'���$�!��0����$�$��!, 7�����&���$�
&,���,�������.��&,�. �
 12	�����a�%�!�0��$�*,"� $�#��0 �����*�%���$�*��!��	��������
�0����.����������/�*�Q���*,�0, �!���/�*�Q .�������&���0�%!)���*,"����� ����%
���� 
��� ���%V���)��)���!,������ ����$�!��0����$�$�/!�)���2�&2���

�����Q���0�% .�,�
�%������&����-���%
�����%V��)��'��!,������ ����$�!��0����$�$���������	$�	�4 �$������
��	���% a���650��$�!��������$�!��� %� 
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1.2 ��"'!������(����	������ 

 

 1) �2 a��b#� ������3����)��)�$�!��0����$�$��������	)��'�� (Undisturbed) 
.�����	���'�� (Disturbed) 
 2) �2 a���
%#���� ��'��.���b#� ���������� ����$�!��0����$�$������ 
-��&,�. �
.��&,���,���������$%#������.��$���
��#��� %� 
 3) �2 a�/)����,��"��'�).��$�)Q��� $
���)���$�!��0����$�$��������	
-��� ����%
���� 

  
1.3  �����"�	������ 
 

 1) !��0����$�$���	������2 a���"%�)�%������������"� 
����������	�������������
 
��������#��
���)������ "%�0�%!�����  7
!��#%�$������	)��'��.�����	������'����	
��!%
)����2  1.5-2.0 �#� "� -��!��!�� 
 2) �2 a�/)����,������G�����)��.����
%#�!,��#%�
��*���$�&,���,������� &,�
. �
.��!��0����$�$��������������
����� /!����)��#��"�$
!,���)��) �����.���%���
$7 1Q (X-ray Fluorescence-XRF)  �������
��%���$ 1Q (X-ray Diffraction-XRD) .����3�'��&���
"�������Q.

��$� ��! (Scanning Electron Microscope-SEM) ���� ���2 a���� ���!�$
��
0,$��^�
%#� ���!�$
��	$0�)����
%#�����G�����!,��#%�
�*�� (Index) �!,. � )���&���"����� 
�� %!.$##$�Q
��Q  .��  �� ��"�����! 
 3)  ��#���� ,$�#%�$�����!�$
!,����3��!�$
 ��
!$%!#��.

��#�G�� 
(Standard Compaction Test) /!�-��&,�.#���*��!.��&,��%���$���� %���$%#������ 5:95 10:90 
15:85 20:80 25:75 30:70 35:65 40:60 50:50 �$� ���&,�.#���*��!.�� 5+5:90 5+5:90 5+10:85 
10+5:85 5+15:80 10+10:80 15+5:80 5+20:75 10+15:75 15+10:75 20+5:75 5+25:70 10+20:70 
15+15:70 20+10:70 25+5:70 5+30:65 15+20 20+15:65 30+5:65 5+35:60 10:30:60 20+20:60 
30+10:60 35+5:60 10+40:50 20+30:50 25+25:50 30+20:50 .�� 40+10:50 �$� ���&,��%���$�
*��!��� %�.��
��'���#,
���� ����0,$��^�
%#� ��"� �%���!�$
������� 5 *������ )�$  
1 7 14 28 .�� 56 �%� 
0���0#� �%5�% a�Q�$�$%#������-��  ���&,�*��!!��� RHA:SC .�� RWA:SC .�� ���&,�

�%���$�*��! RHA+RWA:SC 
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 ���0�%
��
%#����*�� � �!,. �  ���%�$%!. �!��� (Unconfined Compression Strength) 
$%#������ ���%�.
 ���.

.)��\$�Q��� (California Bearing Ratio, CBR) .

���.*�����.�� ��
$%!#%�)������ (Consolidation Test) .

��#�!��� !����� ���!�$
+���$%#������-����	��)�� ���%�
$%!. �!����(���!����%�� 
  ����)���0Q$�)Q��� $
���)���$� ,$��!�$
��	-��&,�.#���*��!.��&,�
�%���$�*��!��� %���	$���
�� 28 �%� !,���)��) �������
��%���$ 1Q (XRD) .��/)����,��"��'�)
�$�#%�$�����!�$
��	��)�� ���%�$%!. �!����(���!��	�� $��� ��
��!,��'��&���"�  �,$�"�������Q
$��7 #�$�.

��$� ��! (SEM) 
    
1.4  ���+�,�(����	 �%	��# -��� 

 

 1) �������*���"%!���$�� ����3���$���
%#�������� ���3����)��) 
 2) ���
.����� ����%
����)��'��!��0����$�$� ��	$������*,������!,��
���� ���3����)��) *�� !��)%���� 0���x6� �
����(�x$� 
 3) ��� �����$��a�%�!���	0��$�*,"� ���$�#��0 ��� �� a#�12	�������(�)��
���*,�0, �!���/�*�Q��������� ��� 
 4) ��� �� ��"%!�a�%�!�0��$�*,����0,��	�.�!�,$���������	
����/�����!��2�� 
 5) ��� ����	��%�!��!.����������� ��� ����� 
 6) ��� ����	�����!,�0, %
 a#� � 
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 2 

 

 

 

2.1  (Soft Clayey Soil) 

 

  (Soft Clayey Soil)  

  ( , 2537)  (Clay 

Minerals)  (Kaolinite)  (Illite)  

(Montmorillonite)  (Hydrous Aluminum Silicate) 

 

 

  

 

  (Songkla Clay)  2.1 

 

2.2  

 

   (2546) 

   

   

  610   220  

  

 64   

 14       

        

   

 10,000  (Chaimanee, 1988) 
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  10  

 

   

  

  

  

   

 2.1 

   

  12  

 

     

  



 9

 1:1,000,000 ( , 2544)  

  2.1 

 
 

 2.1  

:  (2544) 

 

   (Quaternary)     

 

  

 

   

  

  1.6   

 4   

 1)  (Beach Sand Deposits, Qb) 
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 2)  (Mangrove Deposits, Qm) 

 

 

 3)  (Alluviam Deposits, Qa)  

 

 4)  (Terrace Deposits, Qt) 

 

    

 (Host Rock) 

 

2.3   

 

   

  

    

 12   

  (Peat)  3.0-4.0  

 (Marine Clay)  

 2.3 

  

 

  2.2 

 Cox (1970)   

  

  (Marine Clay)  
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  2.2   

: Cox (1970) 

 

 
 

  2.3   

:  (2544) 

Qa =  

          Sand Ridge 

Qb =  

         Alluvium Deposit 

 

Qtf =   
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2.4  

 

  

 20   5  

 

  (Low Strength) 

 (high Compressibility)  

 

 1)   

 (Consolidation) 

 

 2)    

  

 

 

2.5  

 

 United States Airforce (1966) 

 (Plastic Index)  2.1 

   

  (SiO2)  

 (Al2O3)  
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 2.1  

 

  

 

1.  

 

 

 

 

 

 

2.  

 

 

 

 

 

 

 

3.  

 

 

 

 

4.   

 

: United States Airforce (1966) 

 

    

     

   

 

 

 1)  (Portland Cement) 

     

(Cement Hydration)  

   (Cement Gel) 
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 (Calcium Silicate)  

  

 

 2)  (Lime) 

  Hausmann (1990)  

 4  

  2.1  (Hydration) 

    (Quicklime) 

  

  

  2.2  (Flocculation or Ion Exchange) 

    

  (Cation)  

 Ca2+   Ca2+  Na+, H+ 

 (Clay Particle) 

  2.3  (Cementation or Pozzolanic 

Reaction) 

    (Cementation)  

 (Soil Silica)  (Soil Alumina) 

 

 

   

  (Pozzolans) 

    

 

   Ingles (1970)   (CAH) 

 2.4 

    (CAH)  

 

 (CAH) 
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 (CaO)  (Soil Silica)  (CSH) 

 (CAH)  

  (CSH)  

 (CAH) 

  (CSH) 

  2.4  (Lime Carbonation) 

    (Lime Carbonation)  

 (Ca(OH)2)  (CO2) 

 (CaCO3)  CaCO3  (Pozzolanic 

Reaction)    (CSH)  

 

  (Carbonation)  

   

 

  

 3)  (Ash) 

     (Vocanic 

Tuff)  (Pumicite)  (Shale)  

 (Pozzolans)  

 4)  (Bitumen) 
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 2.4  (CSH)  

:  Ingles (1970) 

   

  5)  (Mollas) 

   

 

 

  6)   

     

 

 

  7)   

   

 ( )  

 

 

 

CaSiO3 

 Ca2+ OH¯ 

 SiO2 

 CaSiO3 

 

 ( )

 

 

CaSiO3
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2.5  

 

 Highway Research Board s Committee on Soil-Portland Cement Stabilization 

(1959)  (Cement Treated Soil) 

 

  

 

 1)  (Soil Cement)  

  (Durability) 

 

 2)  (Cement Modified Granular 

Soil Mixture) 

 (Cement Modified Granular Soil) 

 (Plasticity)  (Swell) 

 (Granular Soil) 

 

 1%   

 3)  (Cement Modified Silt Clay 

Soil)   

  

  

  4)   

  

     

  5)  (Cement Treated Soil 

Slurries and Grouts)  

   (Workability) 

 (Grouting Materials)  (Cement Treated Soil) 

  Mud jacking 
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  (Railroad Ballast) 

 (Grouting)  

 

2.6  

 

 Lambe et al. (1959)  Moh (1962)  

 4   C3S C2S C3A  C4AF 

 (Cement Hydration)  (CSH), 

 (CAH)  (Released Hydrate Lime) 

 (CSH) 

 (CAH) 

 (pH)  (Pore Water) 

  (Colloid Gel)  (Cement Gel) 

 (CSH)  (CAH) 

 

  2   

 (Mechanical Interlock)  (Chemical Cementation) 

   

 (CSH)  (CAH)   

 

  (Cement 

Hydration)   (Cement 

Paste)  

 (Mechanical Interlock)  

(CSH)  (CAH)   (Cement 

Paste)  

 

 Herzog and Mitchell (1963)  
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 (Calcium Ions)  

 (Released Hydrated Lime)  

   

   

 Satioh et al. (1985)  

  2.5 

 

 
 

 2.5 Chemical Reaction between Soil and Hardening Agents 

: Saitoh et al. (1985) 

 

 Moh (1965)   

 Cement + H2O --------------------------> CSH + CAH + Ca (OH)2 

 Ca (OH)2   -------------------------->   Ca++ + 2 (OH)- 

 Ca++ + 2 (OH)- + SiO2 (soil Silica)    ------->    CSH 

 Ca++ + 2 (OH)- + Al2O3 (soil Alumina) ----> CAH  

 

 

�ater Clay
Ordinary Portland 

Cement �ater
Slag

Clay Hydration

Adsorbtion and/or Cation 

Exchange 
Ca(OH)2 

Alkaline

Activation 

HydrationPozzolanic

                                   Reaction     C: CaO

                                      Products     S: SiO2 

                                                         A: Al2O3 

                                                         H: H2O 

C-S-H

C-A-H 

C-A-S-H 

C-S-H C-S-H

C-A-H 

C-A-S-H 
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  CSH = Calcium Silicate Hydrate ( )  

  CAH =  Calcium Aluminate Hydrate ( )  

  Ca (OH)2 = Calcium Hydroxide (( ) 

 Pendola et al. (1969)  

 (Physical Chemical)  

  4   

 1)  (Hydration of Cement) 

  

  

  

 2)  (Cation Exchange) 

 (Cation)  (Cation)  

 (Plastic Index)   

(Choesive Soil)   

  

 3)  (Carbonation) 

  (Lime) 

 (Cement Hydration) 

 

 4)  (Pozzolanic Reaction) 

 (Free Lime) 
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2.8  

 

 Mitchell and Jack (1966)  

  2.6  3   

 1)   

(Cement Hydration)   2.6 ( ) 

 2)   

  (Cement Gel) 

 (Released Lime) 

 (Active Soil Silica)  (Active Soil Alumina)  

  2.6 ( ) 

 3) 

  2.6 ( ) 

 

2.9  

 

   

   

(Modulus of Deformation)   

  (Strain Failure) 

  (Water Content) 

 (Total Unit Weight)  

 

  

 (Undrained Shear Strength) 

 (Cement Content)  (Consolidation 

Test)  (Consolidation 

Yield Stress)   

 (Unconfined Compressive Strength)  (Compression Index) 
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 (Consolidation Pressure) 

  

  (Consolidation) 

 

(Chemical Solidification Action)  

(Yield Stress)  (Pre-consolidation Pressure) 

 

 (Over-consolidation) 

 

  

  

 

 

 

2.10  

 

  

 

 2.10.1  

 

  

 

   

 (Sand)  (Silt)  (Clay)  (Sulphate) 

 

    

 1)  (Soil Classification Groups) 

  

 (Unified 
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Soil Classification)  AASHTO 

 2.2  2.3  

 2)  4  Norling and Packard 

(1958)   4 

 

  3   (Coarse Sand) 

 (Fine Sandy Loam)  (Loam  Sand)   

3   4  

 7   2.7  (Loam Sand) 

 (Fine Sandy Loam) 

 4   (Coarse Sand)  

 4  50%  

 3)  Reinhold (1955)  

 0-100%  

 (Modulus of Elasticity)  2.8 

  

  Road Research Laboratory (1952) 

 10%  
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 2.6  

:  (2550) 
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 2.2   

 

 

Unified Soil 

Classification 

Typical Range 

of  Cement 

Requirement 

(% by wt.) 

Typical Cement Content 

for Moisture Density Test 

(ASTM  D558) 

(% by wt.) 

Typical Cement Content 

for Durability Tests 

(ASTM D559 and D 

506) (% by wt.) 

GW, GP, GM, SW, SP, SM 3  5 5 3  5  7 

GM, GP, SM, SP 5  8 6 4  5  6 

GM, GC, SM, SC 5  9 7 5  7  9 

SP 7  11 9 7  9  11 

CL, ML 7  12 10 8  10  12 

ML, MH, CH 8  13 10 8  10  12 

CL, CH 9  15 12 10  12  14 

MH, CH 10  16 13 11  13  15 

: Anon (1990) 

 

 2.3  AASHTO 

 

AASHTO 

Soil Group 

Usual Range in Cement 

Requirement 

Estimate 

Cement Content 

and That Used 

in the Moisture 

Density Test 

Cement Content 

for Wet Dry 

and 

Freeze Thaw 

Tests 

 (% by wt.) (% by wt.) (% by wt.) (% by wt.) 

A-1-a 5  7  3  5  5 3  5  7 

A-1-b 7  9  5  8  6 4  5  6 

A-2 7  10  5  9  7 5  7  9 

A-3 8  12  7  11  9 7  9  11 

A-4 8  12  7 - 11 10 8  10  12 

A-5 8  12  8  13  10 8  10  12 

A-6 10  14  9  15  12 10  12  14 

A-7 10  14  10  16  13 11  13  15 

: Portland Cement Association (1959) 
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 2.7 4  

: Norling and Packard (1958) 

 

 
 2.8  

: Reinhold (1955) 

 

 4)  Diamond and Kinter (1958) 

  Glycerol Retention 

 Freeze Thaw Test  18   

(Silt)  45%  Losses of Weight  10% 
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   2.9  

 

 6  90 /   

 5)   (Liquid Limit)  (Plastic Index) 

   

(Plasticity)  

 

 6)  Davidson (1961)  

  (Cation) 

  

  

 

 
 2.9  

: Diamond and Kinter (1958) 

 

 7)  (Degree of Pulverization)  Ruenkrairergsa (1982) 

 Degree of Pulverization   

 4  80% 
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 Ruenkrairergsa (1982)  

 Proctor  

 (Optimum Moisture Content)  (Maximum 

Dry Density)  

 (γ d) 

  Freeze-Thaw 

  (OMC) 

  

  

 

 3-6 % 

  

 

  

   

 Ruenkrairergsa (1982) 

  

 

 

 

 

 

 2.10.2  

 

 1)  
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  Herzog and Mitchell (1963)  

30%  50 °C  15%  

 60 C 

  

  nnick et al. (1970) 

  

   2.10 

 
 2.10  

: Minnick et al. (1970) 

 

 2)  Leadabrand (1956)  2   

 (Clayey Sandy Soil)  (Silty Soil)  10% 

 2  5   

 

  2.11  Ingle and Metcalf. (1972)  

 

  2.12 
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 2.11 

: Leadabrand (1956) 

 

 
 2.12  

: Ingle and Metcalf. (1972) 

 

 2.10.3  (Mineral Admixture) 

 

   Ruenkrairergsa (1982)  

 (Plastic Index)  
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 Lambe et al. (1959)   (Sodium) 

  

  

 Maclean et al. (1952)  (Liquid Limit) 

 70-75  (Plastic Index)  45-53 

 15- 30%  (Lime)  2% 

  2%  

 

2.11  

 

  ASTM    

 

  (2549) 

 (Ca (OH)2)  

    

    (Fly Ash) 

     

  2   

 1.  (Natural Pozzlanas)   

  (Volcanic Tuff)  (Pumicite)  

 2.  (Artificial Pozzlanas)  

    

 (Shale)    

 

 2.11.1  

 

   (2547)  

 3   
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 1)  (Ion Exchange) 

  Ca 2+  Na+  

  (CaO)  Ca 2+ 

 

 2)  (Flocculation Agglomeration) 

 

 (Double Layer)  

 

 

 3)   (SiO2) 

 (Al2O3)  

 

    

  CaO+H2O    Ca(OH)2 

  3Ca(OH)2+2SiO2   3CaO. 2SiO2.3H2O 

  3Ca(OH)2+2Al2O3   3CaO. 2Al2O3.3H2O 

 

    

 (CaO)  

 

 

 2.11.2  

 

  2.4  58.17% 

 

 ( , 2543) 
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    (CSH) 

 (CAH)  (Cementitious)  

( , 2551) 

 Weiping and Brown (1997)   CSH  CAH 

 

 

 

  (Subbase)  (Base) 

 

 

 

  (2536)   . . 2530 

  . . 2535 

  

 3  10 -11 

 1   

 (Ca(OH)2)  

 (Non-Crystalline Glass)  

 (CSH)  (CAH) 

 2   

 

 

 2.11.3   

 

  (2544) 

  SiO2  87.80% %  Al2O3  Fe2O3 

 0.58 %  0.79 %   2.8 ( ) 
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  (2549)    

 SiO2  93.15 %  Al2O3  Fe2O3  0.41 %  0.20 % 

  2.8 ( )  Tay (1990) 

 SiO2, Al2O3  Fe2O3  34.3 %, 24.6 %  14.9 %  

 Hussin and Awal (1996)  SiO2, Al2O3  Fe2O3  43.6 %, 11.4 % 

 4.7 %   

  

 (Nair et al., 2006) 

  (2543)  

  CaO  

58.17 %  

  2.4 ( )  

 

 2.4   

 

 (%) ( )  ( )  ( )  

MgO 0.49 0.45 4.68 

Al2O3 0.58 0.41 0.25 

SiO2 87.80 93.15 1.61 

P2O5 - - - 

SO3 0.08 - 1.40 

K2O 0.30 2.31 13.68 

CaO 1.88 0.41 58.17 

Fe2O3 0.79 0.20 0.92 

Na2O 2.11 0.08 - 

LOI 2.70 2.77 - 

 

 )  (2544) )  (2549) )  (2543) 
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 2.11.4  

 

  200 . 

 20  40 . 

  

  

 8,000  15,000 .2/ .  

  (SiO2) 

 90  

  

 

   

 

 

  

 

 

  

 20  40  

 

  ( , 2547) 

   

 

 

  (2543) 

  (CaO) 

 58.17 %  

  2.8 ( )  
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2.12  

 

   2545-46 2549-50  562.4 

 (377.51 )  622 .1  (417.7 ) 

  2.69  2549-50  956   622.1 

 (417.65 )  651 /  

  2548-49  0.20  

0.03   0.31 

 2.9�  � � �  

� � �  (  ) 

  2549-50  

124.42    

5.928    

 

  1.186   

 2.13 ) 

 

 2.5   2547-2551 

 

 
 2547 

(2546/2548) 

 2548 

(2547/2548) 

 2549 

(2548/2549)

 2550 

(2549/2550) 

 2551* 

(2550/2551)

 

 ( ) 

 ( ) 

 

56.972 

23.142 

 

57.652 

22.650 

 

57.774 

23.539 

 

57.542 

22.840 

 

57.422 

23.387 

 

 ( ) 

 ( ) 

 

9.432 

6.332 

 

8.914 

5.888 

 

9.903 

6.753 

 

10.074 

6.802 

 

9.529 

6.515 

 

:  (2551) 
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2.13   

 

   

  

  5 

 4.23   12.619   2546  14.792 

  2550  2550  2549  3.17 

   

(  ) 

 2.10                                          

   

 

  

  

  650 /   238,000   

(Great Boiler)  

 22   20  

 2  2.13 ) 

 

 

 2.6  

 

  ( ) 

2546 12.619 

2547 13.021 

2548 13.420 

2549 14.338 

2550 14.792 

 

:  (2551) 
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) 

 

 
) 

 

 2.13  2  )  )  
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2.14  

 

  (Stress caused by a 

point load)  Boussinesq ( . 1883) 

 2.14  r/z 

 2.7  2.1  

 1)  (Homogeneous) 

 2)  (Elastic) 

 3)  (Isotropic) 

 

 

 2.14  Boussinesq 

 

                    2.1 
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 2.7  IB  (r/z) 

 

r/z IB r/z IB r/z IB r/z IB 

0 0.7775 0.26 0.4050 0.70 0.1762 2.40 0.0040 

0.02 0.4770 0.28 0.3954 0.75 0.1565 2.60 0.0029 

0.04 0.4765 0.30 0.3849 0.80 0.1386 2.80 0.0021 

0.06 0.4723 0.32 0.3742 0.85 0.1226 3.00 0.0015 

0.08 0.4699 0.34 0.3642 0.90 0.1083 3.20 0.0011 

0.10 0.4657 0.36 0.3521 0.95 0.0956 3.40 0.0008 

0.12 0.4607 0.38 0.3408 1.00 0.0844 3.60 0.0006 

0.14 0.4548 0.40 0.3294 1.20 0.0513 3.80 0.0005 

0.16 0.4482 0.45 0.3011 1.40 0.0317 4.00 0.0004 

0.18 0.4409 0.50 0.2733 1.60 0.0200 4.20 0.0003 

0.20 0.4329 0.55 0.2466 1.80 0.0129 4.40 0.0003 

0.22 0.4242 0.60 0.2214 2.00 0.0085 4.60 0.0002 

0.24 0.4151 0.65 0.1978 2.20 0.0058 4.80 0.0002 

 

:  (2547) 

  

2.15  

 

 

  

 

 . . 1970   

 (Soil Bearing Capacity)  

(Subgrade)  (Base Course) 
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  (2536)   

   

 (CSH)  (CAH) 

  

  (2543)  

 (CaO)  58.17%  

 

 ( , 2546) 

  (2545)  

 

 (CH)  93.5%  60.2% 

 0.08-0.21 ./ .2   100 

150 200  250 / 2  0.8 

  4 7 14 28 90  180  

 28  

  

  

   CV k Cr  Cc  P'c   

  (2544) 

  3 7 14  28  

  2  

   

 (Cv)  (Cc) 

  

 

  (2550)  

  

  2.29-2.63  73.80-93.00 
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 32.85-46.67  0.10-0.37 ./ .2 

 

 

 

  (2551)  

  

 10    33.93% 

3.88% 017%   207% 1425%  

110-770%   2.15  (CSH) 

 

 
 

 2.15  

:  (2551) 

 

  (2551)  

  

 Basha et al. (2005)  

  

  

   XRD  
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    4-8%  10-15% 

  12%  20% 

 20%   

 Yang et al. (2006) 

 

  

  

 1 3 7 14 28 56   

  

  Circeo et al. (1962)  

   

  

  

 

  Mitchell (1982)  

  

 

   

  

 

    

 

 

  

 

 (Flocculation) 
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  (Organic 

Matter)   

 

    

 (CSH)  SiO2   

 (Cation)  (Calcium) 

 (Ca(OH)2)  

  

  

 

 Gordon (1984)   

  

  

 

 

  

  - - -  

 Metcalf (1977)   

    2.8 

  

 �ilmot (1995)    (In Situ Stabilization) 

 (Recycling)   1950 

   -   

 (Pavement Recycling)  1980 

   

  -  - - 

  New South Wale, South Australia  Queensland 

  2.19 
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 Ruenkrairergsa (1982)   

    

  Ca2+  

   Fe2O3 

 

 Terrel et al. (1979)   (Plasticity Index) 

 

 30%   

 

 (Workability)  

 

 2.8  

 
Designation Fine clays Coarse clays Fine silts Coarse silts Fine sands Coarse sands 

Soil Particle size (mm.) < .0006 .0006-.002 .002-0.01 0.01-0.06 0.06-0.4 0.4-2.0 

Soil Volume Stability Very poor Fair Fair Good Very good Very good 
Type of Stabilisation Application       

LIME       

CEMENT       

BITUMEN       

POLYMERIC-ORGANIC       

MECHANTCAL*       

THERMAL       

      Range of maximum efficiency      Effective, but quality control may be difficult 

* i.e. improvement of soil grading by mixing-in gravels, sands or clays as appropriate 

: Metcalf (1977) 
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 2.9  

 

Admixture 
Crushed 

Rock 

Well 

graded 

Gravel 

Silty/ 

Clayey 

Gravel 

* 

Sand 

Sandy 

Silty 

Clay 

Heavy 

Clay 

Cement A A A B B N 

Blend Cementations A A A A A N 

Hydrate Lime B B A N B A 

Hydrate Lime + Cement N N B N B A 

Polymeric B A A B A B 

Bitumen A A B B B N 

Usually very suitable                 A 

Usually satisfactory  B 

Usually not suitable  N 

* Depend upon grading (Single size sand Require higher additive content) 

: Wilmot (1995) 

 

 Mitchell (1976)  

   

 

 2.16 

 

 
 

 2.16  

: Mitchell (1976) 
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 Awal (1979)  

  

  

 Ruenkrairergsa (1982)  

  

  

  (Calcium Ion)  

 (Organic Matter)   

    

Cellulose   Glucose Trataric Acid 

  

 

 

  

 Sherwood (1958)  

 pH  1  10 

 1   pH   pH 

 12.1  

 

 Lin et al. (2007) 

  

 2% 4% 8%  16%  

  7  

  

 (C φ )  30  50-70 . 

 

 

 Chen et al. (2009) 

 4:1  4  1 
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2% 4% 8%  16%   Atterberg Limit, 

,   

 3  7   

 30  

 

 Sharma et al. (2008) 

   

 0-2% 0-5%  0-16%   

 

-  

0-5%  0-1%  225%  

328%  1%  4%  12% 

 2.17  

         )                                                                  ) 

 2.17  ) 

  )  

: Sharma et al. (2008) 
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 Prabakar et al. (2004)  

  

  

 

   9-46%  

  

  

 Yang et al. (2006) 

 

 

   1, 3, 7, 14, 

28  56    

 

 

 Goktepe et al. (2006) 

    

  

 

  5% 10% 15%  20%   1 7 28  90  

 

 Kolias et al. (2005) 

 (CL  CH) 

    

  90  

  

 

 

 Misra et al. (2005) 

 C 

  C 
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    2 4  

6%  C  5 10  20% 

 

 Lee et al. (2005) 

 

 

  

 (Slurry 

Clay)  

 Murty et al. (2008)  

   

  

    

 

 2  +0.5% +8% 

+1% +6%   

+0.5% +8%  

    

  

 Sariosseiri et al. (2009) 

  

 2.5% 5% 7.5% 10%  

  (Atterberg Limit) 

  

 2.18  
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 2.18 

  

: Sariosseiri et al. (2009) 
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����� 3 
 

��	�
���������������� 
 

3.1 ������������
������ 
 

 ������	
��������� (���������
�	���	
��� SC) ����
���	�� !�����"#�$�����
�%&�
��� ���������' (Subgrade) /��'�#�����������
��������0����"#�$�����
�
1�	��2��3/��'�#�%�2'�4 
1.50-2.00 �'�� ���9��������' �	�3����4:;���	�����<��':�2��	
��� 72 :��$�'���� ��	 �����
��"3���/������ ������������ >�
��?3����
��@33�%�	�
��A�: (Disturbed Sample) @�2
����
��������	
�@33/��A�: (Undisturbed Sample) �����?3����
���0�>�
���� !�/�;������2��?3
�!�
';���;�� !�K�L���� ��?3����
��3���L��KL�:�������	�'��%��KL�%M����� ��������0��������
����
K��:������%M�N��:;��%O�����/��' ;���2��
����������
����� 

 

 
�) 

 
�) 

������ 3.1 ������	
����������%&�����	��0�'�� !�����"#�$� �) ���/��A�:@�2 �) �����	
�A�: 
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 �K!�@��3 � !�K!�@��3�	�Q�!�������0�@��3 (�%�;���!��) ������!�����0��A����'�' 
������������ >�
����0�'���������R	�'��S @�!��0���������9���@��3���
�%&��K!��	����L�
%������?��!�
@�!��#��0�Q%3��!�
>'�1������  �K!�@��3����
���	�3�@�!��#��0�'����9���2@���
'���T���3��S 200 (���������
�	���	
��� RHA)  
 

 

 

 

 

 

 

 

 

 

/) 
 

 

 

 

                     �) �) 
 
 

 ) 
 
 
 
                        �)                                                                                      �)            �) 
 

                                                                                     
 

<) 
 

������ 3.2 �	�'�@�2�������������	
'�K!�@��3 �) �!�� �) @��3 /) �K!�@��3�����9� �) ���9��
 �2@�������<:�2����	��%&��	����L� �) 3��2��	
� <) ���9���2@����3��S 200 @�2 
  ) �K!�@��3�	�� !���������3 
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 �K!�Q'!
��:��� Q�!��3������3��L����>������	�� !Q'!
��:����%&�� ;���:�����
����3Q'!
��:�������"3���0�3�3!��:�L �0��A������Y ������������ >�
�0�'����9���2@���
'���T���3��S 200 (���������
�	���	
��� RWA)  

 
 

        
 

 

                                                                               �) 
 

 

 

 
    
                          �)                                                  �) �) 
 

 

 

 
 

/) 
������ 3.3 �	�'�@�2������	
'�K!�Q'!
��:��� �) �!�Q'!
��:��� �) ���Q'!
��:��� /) �K!�Q'!
��:���
 ���%���/���Q[ �) 9���2@����3��S 200 @�2 �) �K!�Q'!
��:����	�� !���������3 
 

3.2  
��� ���! ����"����
������ 
 
 ������	
'����
�����������3�%&�������	
'����
����������?3����
��@33
�%�	�
��A�: (Disturbed Sample) �0�'�9�'�K!�@��3@�2�K!�Q'!
��:���  @�!��0������������3
���3����@33'���T�� (Standard Proctor) ������	
'�!������
���0����3�������3�0�������
@����	
� (Unconfined Compression Test) ������!�9��"1�
S���� 3.80 �R����'�� �1� 8.41 
�R����'�� %��'��������3 96.4 �R����'��3 ��''���T�� ASTMD 698 >�
� !  Mini Compactor 
��0��������?���2�L!� (Hammer) 0.97 ��>����' �2
2
� 7.5 �R����'�� �0���� ����������2�L!�  
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4  ��� �0����/�����	���2�L!���@��2 ��� 20 /����/ ��� %��'������ Mold @�2:��������������@33
'���T�� �����3 6 ��-R'./R'.3 ����1%�	� 3.1 >�
/��%�	
3��	
3������ !:������������3����
@33'���T�� (Standard Proctor) ��3���� !:�������	�Q�!������3����>�
� !@33 Mini Compactor 
���������	� 3.1 
 ������	
'����
���L�����
��Q�!��3:�����������3���������� ����
���	�� !�2
%�2��3Q%�!�
 ��4	���������	
�������	�
��Q'Q�!%��3%�L��'3���@�2��4	���������	
������ 
�������%��3%�L��'3����!�
�K!�@��3@�2�K!�Q'!
��:��� >�
����������
����	���������9�'
�:��'���Q'� %1�R	�'��S/��0��������1��L��	������������9�'%�2'�4 15-40% �������
�	��#��0����
�����������9�'�:;���2Q�!��?�@��>�!'����������/��0��������	������������9�'�!�
�K!�@��3
@�2�K!�Q'!
��:��� 50% ��;����������
���	�� !���������3�����"#�$��	�@
�����%&����
�������� 
>�
9�'����0��������@�!� ��������#��0������Y���$4S�	�� !�:;��/��' ����� ���@�����������	� 3.2 
��������	
'�!���������
���2� !%��'�4��0��	��L�%��'�4/��' ;����'�2�' (OMC) �!���������
��
�	����	
'���?�@�!��2�0�������L!'�!�
@9�:�������0����3K��'������:;��%O�����/��' ;��Q'��!
�2��
���@�2���!�
@9���1'���	
'�:;�����@���	� �����#�� >�
��KL�:������@�2��?3Q�!������
>['�	�'	N�%M�'�� �� A�
������>[''	���/�3/L'/��' ;�� >�
����0�����>['�	�3���L����
��
Q%@ ��0�Q�!�������0�>�
'	��0��!�'��3����>['�:;��/�3/L'/��' ;��������" 3'����
���%&����� 
1  7  14  28 @�2 56 ��� ��'�0���3������1%�	� 3.2  
 
 ������� 3.1 :�������	�� !�����3����>�
��h	3����@33'���T�� (Standard Compaction Test) 
 @�2���3����>�
� !�%O�3����������?� (Mini Compactor) 
 

#"�$��%�&����!�' Standard Proctor Mini Compactor 

%��'������ Mold (R'.3) 944 96.4 

��0��������?���2�L!� (��.) 2.5 0.97 
�0���� ����������2�L!� ( ���) 3 4 
�0����/�����	���2�L!���@��2 ��� (/����/ ���) 25 20 
�2
2
� (R'.) 30.5 7.5 

:�����������3���� (��-R'./R'.3)  6 6 

 
�	�'�: h���@�2/42 (2548) 
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 ������� 3.2 ��Y���$4S�	�� !������0���������������������
 
 

�� � RHA (%) RWA (%) SC (%) ��=>�
?'@ 

1 0 0 100 SC 
2 5 0 95 RHA5 
3 10 0 90 RHA10 
4 15 0 85 RHA15 
5 20 0 80 RHA20 
6 25 0 75 RHA25 
7 30 0 70 RHA30 
8 35 0 65 RHA35 
9 40 0 60 RHA40 
10 50 0 50 RHA50 
11 0 5 95 RWA5 
12 0 10 90 RWA10 
13 0 15 85 RWA15 
14 0 20 80 RWA20 
15 0 25 75 RWA25 
16 0 30 70 RWA30 
17 0 35 65 RWA35 
18 0 40 60 RWA40 
19 0 50 50 RWA50 
20 5 5 90 RHA5RWA5 
21 5 10 85 RHA5RWA10 
22 10 5 85 RHA10RWA5 
23 5 15 80 RHA5RWA15 
24 10 10 80 RHA10RWA10 
25 15 5 80 RHA15RWA5 
26 5 20 75 RHA5RWA20 
27 10 15 75 RHA10RWA15 
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 ������� 3.2 ��Y���$4S�	�� !������0���������������������
 (��) 
 

�� � RHA (%) RWA (%) SC (%) ��=>�
?'@ 

28 15 10 75 RHA15RWA10 
29 20 5 75 RHA20RWA5 
30 5 25 70 RHA5RWA25 
31 10 20 70 RHA10RWA20 
32 15 15 70 RHA15RWA15 
33 20 10 70 RHA20RWA10 
34 25 5 70 RHA25RWA5 
35 5 30 65 RHA5RWA30 
36 15 20 65 RHA15RWA20 
37 20 15 65 RHA25RWA10 
38 30 5 65 RHA30RWA5 
39 5 35 60 RHA5RWA35 
40 10 30 60 RHA10RWA30 
41 20 20 60 RHA20RWA20 
42 30 10 60 RHA30RWA10 
43 35 5 60 RHA35RWA5 
44 10 40 50 RHA10RWA40 
45 20 30 50 RHA20RWA30 
46 25 25 50 RHA25RWA25 
47 30 20 50 RHA30RWA20 
48 40 10 50 RHA40RWA10 
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                                   �) �) 
 

  
/) 

 
������ 3.4 �L%��4S��� L�����3 Mini Compactor @�2�/�;���';��0����3������	
'�!������
�� 
 �)  ��������� L�����3 Mini Compactor �) ���%�2��3 Mini Compactor @�2 /) 
 �!������
���0����3�������3�0�������@����	
� 
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                                   �) �) 
 
 

 
/) 

 
������ 3.5 ���3'�0����3�������3�0�������@����	
� �) ����
�����L!'�!�
@9�:�������0����3
 K��'�����@�2@9��2�1'���	
' �) ��?3����
��3���L������>[' @�2 /) ���3'����
��
 ������>['���Q�!�������0��	�'	��0��!�'��3�:;��/�3/L'�L4�A1'�@�2/��' ;����':��hS 
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3.3 
�������!�� �C������ 

 

 3.3.1 
�������!�� ����
��D�EC�����%������C>� �F��$
>�$>G�F��H!����E��� 

 

  1) �������3�����
��0�������' (Total Unit Weight) ��''���T�� ASTM 
D 3282 
  2) �������3��%��'�4/��' ;����'����� (Water Content) ��''���T�� 
ASTM D 2216 
  3) �������3/�:�������� (Liquid Limit) @�2/�:����:������ (Plastic Limit) 
��''���T�� ASTM D 4318  
  4) �������3/�/��'K���0��:�2 (Specific Gravity) ��''���T�� ASTM D 854  
  5) ������/��2�S�����2��
�����'?���� (Grain Size Distribution) ��/��/���
����3���/��2�S�����2��
������������LA�/�!�
�0�@�����R��S �/�;���';�����3 Laser Particle 
Size Analyzer (COULTER LS 230), Dry Powder Module ��h	�������3�!����� WI-RES-LSPA-
001 �A��2�������3��������2��
�����LA�/����
���!�
������� (��0�) Run Speed 60 % 
Model Garnet.rfd PIDS included ��''���T�����%u�3���������/��2�S��� >�
"1�
S�/�;���';�
���
�"����S '�����
���
������/�����S 
  6) ����0�@�����@33���A�: (Unified Soil Classification System, USCS) ��'
'���T�� ASTM D 2487 
 
 3.3.2 
�������!�� ��������
>C�����%������C>� 

 

 1) �������3���3����@33'���T�� (Standard Compaction Test) ��'
'���T�� ASTM D 698 
 2) �������3�0�������@����	
� (Unconfined Compression Test, UCT) ��'
'���T�� ASTM D 2166 
 3) �������3�0����@3����@33@/��[��S��	
 (California Bearing Ratio Test, 
CBR Test) ��''���T�� ASTM D 1883 
 4) �������3���������/�
��0� (Consolidation Test) @33 OnewDimension ��'
'���T�� ASTM D 2435 
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3.3.3 
�����#��G%@��#@��G
������#!�C�����%�����"����C>� 

 
 1) �������3��%��'�4��������	
S  (Organic Matter) ��''���T�� ASTM D 632-84 

2) �������3/� pH �/�;���';�����3 pH meter (Sension1) ��h	�������3
�!����� REF-RES-003 Rev.0 �A��2�������3�����������2��
�����LA�/����
���!�
������� 
(��0�) Run speed 60 % Model Garnet.rfd PIDS included ��''���T�����%u�3���������/��2�S��� 
>�
"1�
S�/�;���';����
�"����S '�����
���
������/�����S 
 3) �������3��%��'�4/��Q��S (Chloride) ��/��/�������3 Spectroquant 
�/�;���';�����3 Spectroquant NOVA 60 ��h	�������3�!����� REF-RES-Wet Lab -001 
 4) �������3��%��'�4R���[� (Sulphate) ��/��/�������3 Spectroquant 
�/�;���';�����3 Spectroquant NOVA 60 ��h	�������3�!����� REF-RES-Wet Lab-001 Rev.0 
��''���T�����%u�3���������/��2�S��� >�
"1�
S�/�;���';����
�"����S'�����
���
������/�����S 
 5) ���/��2�S@�%�2��3��������	
�������!�
��/��/�����	�
��3�����	���RS 
�/�;���';���?���
S��[@[��>�'�����S (PHILIPS X|Pert MPD) ��h	�������3��'��
�2��	
� �����
%u�3���������� !�/�;��� (WI-RES-XRF-001) ��''���T�����%u�3���������/��2�S��� >�
"1�
S
�/�;���';����
�"����S '�����
���
������/�����S 
 6) ������/��2�S��/S%�2��3����/'	�!�
 ��/��/�������3�!�
�/�;���';�����3
��?�RS��
S[�1������R��S ��%�>��'�����S (X-Ray fluorescence spectrometer, PHILIPS PW2400) 
��h	�������3�!����� WI-RES-XRF-001 @�2 WI-RES-XRF-002 ��''���T�����%u�3������
���/��2�S��� >�
"1�
S�/�;���';����
�"����S '�����
���
������/�����S 
 
 3.3.4 
�����#��G%@$�"��G
�����F��$
>�$>G�F��H!����E��� 

 

  ������/��2�S��/S%�2��3@��	�%�2��3�
1���K!�@��3@�2�K!�Q'!
��:��� � !��/��/
�����	�
��3�����	���RS �/�;���';�����3 PHILIPS X|Pert MPD ��h	�������3��'��
�2��	
� ��
���%u�3���������� !�/�;��� (WI-RES-XRD-001) ��''���T�����%u�3���������/��2�S��/S%�2��3
���@������ >�
"1�
S�/�;���';����
�"����S '�����
���
������/�����S 
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 3.3.5  
��IJ
?���#@��G
������#!�C���F��$
>�$>G�F��H!����E��� 

 
  ���"#�$���/S%�2��3����/'	>�
� !��/��/�������3 X-Ray fluorescence 
spectrometer �/�;���';�����3��?�R��
S[�1������R��S ��%�>��'�����S (PHILIPS PW2400) ��h	���
����3�!����� WI-RES-XRF-001 @�2WI-RES-XRF-002 ��''���T�����%u�3���������/��2�S��� 
>�
"1�
S�/�;���';����
�"����S '�����
���
������/�����S 
 
 3.3.6  ���#��G%@L#���������>D�#C���F��$
>�$>G�F��H!����E��� 

 
  ���"#�$�>/����!���L�A�/�:;���%&����"#�$�>/����!��:;��T���������L�	��0�'�
%��3%�L����K#�/��'��'�2�'����1%���@�29�����1%������������%u�����
� ��/��/�������3
K�
A�:�L����"�S����?�����@33������� (JSM-5800LV, JEOL) ��h	�������3�!����� WI-
RES-SEM5800-001 @�2 WI-RES-SEM-001 �A��2����3 High Vacuum mode ��''���T��
���%u�3���������/��2�S��� >�
"1�
S�/�;���';����
�"����S '�����
���
������/�����S 
 
3.4 
�������!�� ����
��D�E$>G����
>C�����%�����"����C>�
�'�%>���������� 

  

 3.4.1 
�������!�� ����
��D�E 

 

  1) �������3/�/��'K���0��:�2 (Specific Gravity) ��''���T�� ASTM D 854 
  2) �������3/�:�������� (Liquid Limit) @�2/�:����:������ (Plastic Limit) 
��''���T�� ASTM D 4318 
 

 3.4.2 
������
����� 

 

  �������3���3����@33'���T�� (Standard Compaction Test) ��''���T�� 
ASTM D 698 �:;����/� /��'���@��@�!��1��L� (Maximum Dry Density) @�2%��'�4/��' ;��
�	���'�2�' (Optimum Moisture Content, OMC) �:;��� !��������	
'����
�����L������������
9�' �	�� !���������3�������3�0�������@����	
� (Unconfined Compression Test) �������3
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��������@��@3����@33@/��[��S��	
 (California Bearing Ratio, CRB) @�2����3������/�

��0� (Consolidation Test)  

 
 3.4.3 
������
��>����$
����� 

 

  �������3�0�������@����	
� ��''���T�� ASTM D 2166 ������	
'����
��
���������3�%&�������	
'����
����������?3����
��@33�%�	�
��A�: (Disturbed Sample) �0� 
'�9�'�K!�@��3@�2�K!�Q'!
��:���:�������	�� !�����3����@33'���T�� (Standard Proctor) 
��''���T�� ASTM D 698 ��������	
'����
���2� !%��'�4��0��	��L���'�2�'�1��L� (OMC) 3'
����
���%&����� 1 7 14 28 @�2 56 �����'�0���3 ���L������������9�' @��2��4	����3  
3 ����
�� �:;�����/��2�S��/��0������� /�>'�1������/��'
;��
L� (Modulus of Elasticity) @�2/�
�/�	
��	��L���3��� (Strain at Failure) ���������	
��������4	�	�%��3%�L��'3����!�
�K!�@��3 @�2
�K!�Q'!
��:��� 

 
 3.4.4  
�������� ���"��$��$�
���$��$#>�M��@���� 

 

  �������3�����@��@3����@33@/��[��S��	
 (California Bearing Ratio Test, 
CBR Test) ��''���T�� ASTM D 1883 ������	
'����
�� >�
�������3�%&�������	
'����
��
@33�%�	�
��A�:�0�'�9�'�K!�@��3@�2�K!�Q'!
��:��� :�������	�� !�����3����@33'���T�� 
(Standard Proctor)  ��''���T�� ASTM D 698 ��������	
'����
���2� !%��'�4��0��	��L� OMC 
3'����
���%&����� 1 7 14 28 @�2 56 ��� ��'�0���3 �<:�2������	
��������4	�	�Q'%��3%�L�
�'3��� (SC) @�2������	
�������������%��3%�L��'3����!�
�K!�@��3@�2�K!�Q'!
��:����	���������
�	���!/��0��������1��L�������� @��2��4	����3 3 ����
�� �:;�����/��2�S������ !�%&�����L������ 
 
 3.4.5 
������
���� ��#���N�� 

 
  �������3���������/�
��0� ��''���T�� ASTM D 2435 ������	
'����
����
�������3�%&�������	
'����
����������?3����
��@33�%�	�
��A�:�0�'�9�'�K!�@��3@�2
�K!�Q'!
��:��� :�������	�� !�����3����@33'���T�� (Standard Proctor) ��''���T�� ASTM 
D 698 ��������	
'����
���2� !%��'�4��0��	��L�/��' ;����'�2�' (OMC) 3'����
���%&����� 7 



 64 

@�2 14 ����<:�2������	
�����������4	�	�Q'%��3%�L��'3��� (SC) @�2������	
����������
%��3%�L��'3����!�
�K!�@��3@�2�K!�Q'!
��:����	����������	���!/��0��������1��L�������������
����3� !��0������	�'���2�0���3����
�� 2 ��4	  
  
�'���� 1 � !/��0�������@����	
��1��L��	���
L3' 14 ��� '��%&�/��'����	�'���2�0�
���������
�� (�:;���%&��!�'1��	��2�0�Q%� !�����:;���	�����!�� �:��2�����%&�%����
�0�/�Y�����
�0������������!����:;���	� �#�� !����3'�	���?��	��L��:;����!���/�!����3����0�Q%� !���) 
  
�'���� 2 >�
���%�2
L��S� !��0������	�'���2�0������0���������K
��S3���L� 
(>�
�0������0���������K
��S3���L�%�2�A��	�'	��0������1��	��L� R#���%&�����0������0������	�'�
��2�0�>�
%�2'�4 �:��2�%&���������%�2
L��S� !��0���������K
��S�:	
��������) ��'��3��0�����
������K'�	���2�0��L� A '��%&���0������	���2�0����������
���	���
L3' 7 @�214 ��� ����1%�	� 3.6 
(���L9�� ���	
���3��4	@�� @�������3'��!�!�
���	��';��%�2
L��S� !��3��0������K
��S�	�'���2�0�
��K��) 

 
������ 3.6 ��0������K3���L�:��@�2��0��������K'/������	�'���2�0��� ������%��3%�L��L��	� A 

 
����0�������2�0��	��L� 

A
σ = 

21
σσ +  

=
1

σ �����0������K3���L� �';�� P = 9100 ��. ����'����	� 3.1 �����$�	��� Bossinesq (/". 1883) 
 

21

Z

IP
=σ  (3.1) 

� ! I �';�� 0=β , r = 0 ���������	� 2.7 
 778.00

1

0
====

z

r
I  

 
21

1

9100778.0 ×
=σ = 7080 ��./'.2 
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=
2

σ �����0��������K'/����� �';�� γ  = 2000 ��./'.3 �1� = 1 '. ����'����	� 2 
    
 hγσ =

2
 (3.2) 

 200012000
2

=×=σ ��./'.2 
 908020007080 =+=

A
σ ��./'..2 

  
  �:;�����/��2�S���h�:�����K!�@��3@�2�K!�Q'!
��:�������� �
������������L�
��� >�
/�/����������������%�2��3�!�
 
  1. /�/��'�������/
������'���� (Pre consolidation Pressure, P'c) 
  2. /���'%�2���h����������� (Coefficient of consolidation, Cv) 
  3. /��� �	������ (Compression Index, Cc) 
  4. /��� �	������ (Recompression Index, Cr) 
  5. /���'%�2���h�����R#' (Coefficient of Permeability, k) 

 
 3.4.6 
��IJ
?���#@��G
��$�" 

 

  1) ���"#�$���/S%�2��3@��	������#����'�<:�2��4	�	�%��3%�L��'3����!�
�K!�
@��3@�2�K!�Q'!
��:���  �	���
L���3' 28 ��� ��/��/�������3��?���
S ��[@[�� �� �/�;���';�
����3��?���
S ��[@[��>�'�����S(PHILIPS X|Pert MPD) ��h	�������3��'��
�2��	
� �����
%u�3���������� !�/�;��� XRD (WI-RES-XRD-001) ��''���T�����%u�3���������/��2�S >�
"1�
S
�/�;���';����
�"����S '�����
���
������/�����S 
  2) ���"#�$���/S%�2��3@��<:�2���������	�����
����!/��0��������1��L�������� 
�	���
L���3' 7 14 28 @�2 56 �����'�0���3 �!�
��/��/�����	�
��3�����	���RS �/�;���';� PHILIPS 
X|Pert MPD ��'��
�2��	
� �����%u�3���������� !�/�;��� XRD (WI-RES-XRD-001) 
 

 3.4.7 
��IJ
?�L#���������>D�# 

 

 ���"#�$�>/����!���L�A�/�	���
L���3' 7 14 28 @�2 56 ��� ��'�0���3�<:�2���������	���!
/��0��������1��L�������� ������/��2�S>/����!���L�A�/�:;���%&����"#�$��������@�@/��R	
'R������ 
Q����� (CSH) @�2@/��R	
'�2�1'����Q����� (CAH) ��/��/�������3���K�
A�:�L����"�S
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����?�����@33������� (JSM-5800LV, JEOL) ��h	�������3�!����� WI-RES-SEM5800-001 
@�2WI-RES-SEM-001 �A��2����3 High Vacuum mode ��''���T�����%u�3���������/��2�S 
>�
"1�
S�/�;���';����
�"����S '�����
���
������/�����S 

 
 3.4.8 
��������������������I�
��! 

 

  ������0������������3��/��0�������@����	
�������1%�	� 3.7 �) ����0��������
����3 CBR ������1%�	� 3.7 �) @�2�������3���������/�
��0�������1%�	� 3.7 /) 

 

                             
                                                         �)                                                                    �) 

 

 
/) 

������ 3.7 �������3�������
�� �) �������3�0�������@����	
� (UCT) �) �������3�0����
 @3����@33@/��[��S��	
 (CRB Test) @�2 /) �������3���������/�
��0� (Consolidation 
 Test) 
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 ��L%��������������3@�2���������/��2�S���������	
���������/��A�:
@�2�%�	�
��A�:>�
���3�������@������1%�	� 3.5 ��������������3@�2���������/��2�S�K!�@��3
@�2�K!�Q'!
��:��� ���@������1%�	� 3.6 @�2��L%��������������3@�2���������/��2�S������
���	
����������	�%��3%�L��!�
�K!�@��3 �K!�Q'!
��:���@�2�K!�������� ������@������1%�	� 3.7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

������ 3.8 ��������������3������	
���������/��A�:@�2�%�	�
��A�: (3����) 


������%�#"��!�� � "��Q C�����%������C>�(SC) ��


�'�#��D�E��!$>G�����D�EL�
����� 

�!�� ����
��D�E �!�� �����#!� �!�� ������I�
��! 

���!�'#��!�&N� �!	��!�� � 

#��!F"������E�G 

AtterbergUs Limits 


��
�G���C��C���!X�� 

����
����� 

����
��>����$
����� 

������ ���"��$�
���$��

$#>�M��@���� 

������ ��#���N�� 

M>�������YX� @�������
Y@ (XRF) 


���>�N������������
Y@ (XRD) 

D�EF"����>���I�@���>X
 ���$���"��
�� 

(SEM) 

�����������@ 

pH $>GY�>�M  

���#��G%@C��!�>$>G

�����'@̂ >
��IJ
?� 

����^> 

����!������
��IJ
?� 
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������ 3.9 ��������������3�'3������� ����K!�@��3@�2�K!�Q'!
��:���  
 
 
 
 
 


������%�#"��!�� ����
��D�E$>G�#!�C���F��$
>�$>G�F��H!����E���  

�!�� ����
��D�E �!�� �����#!� 

#��!F"������E�G 

D�EF"����>���I�@���>X
 ���$���"��


�� (SEM) 

 


��
�G���C��C���!X 
 

M>�������YX� @�������
Y@ (XRF) 

 


���>�N������������
Y@ (XRD) 
 

E&N� �̂�����E�G$>G#��!E���

����E�G 

����!������
��

IJ
?� 

���#��G%@C��!�>$>G

�����'@^>
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?� 

����^> 
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������ 3.10  �����������0��������"#�$�������	
�������������%��3%�L��!�
�K!�@��3 �K!�Q'!
 
��:���@�2�K!�������� ��� 

AtterbergUs Limits 


������%�#"��!�� � "��Q C�����%�����"����C>�%>�������������

�F��$
>� (RHA) �F��H!����E��� (RWA) $>G�F����N������� 

�� ���"��^�! RHA5SC95, RHA10SC90, RHA15SC85, RHA20SC80, RHA25SC75, RHA70SC30, RHA35SC65, 

RHA40SC60, RHA50SC50, RWA5SC95, RWA10SC90, RWA15SC85, RWA20SC80, RWA25SC75, RWA70SC30, 

RWA35SC65, RWA40SC60, RWA50SC50, RHA5RAW5, RHA5RWA10, RHA10RWA5, RHA5RWA15, 

RHA10RWA10, RHA15RWA5, RHA5RWA20, RHA10RWA15, RHA15RWA10, RHA20RWA5, RHA5RWA25, 

RHA10RWA20, RHA15RWA15, RHA20RWA10, RHA25RWA5, RHA5RWA30, RHA15RWA20, 

RHA20RWA15, RHA30RWA5, RHA5RWA35, RHA10RWA30, RHA20RWA20, RHA30RWA10, RHA35RWA5, 

RHA10RWA40, RHA20RWA30, RHA25RWA25, RHA30RWA20, RHA40RWA10 ��!������ ����"�� 720 
��� 

�����"! 1 7 14 28 $>G 56 ��� 

�!�� ����
��D�E �!�� �����#!� �!�� ������I�
��! 

#��!F"������E�G 


��
�G���C���!X 

����
����� 

����
��>����$
����� 

CBR Test 

����
���� ��#���N�� 


���>�N������������
Y@ (XRD) 

D�EF"����>���I�@���>X
 ���$���"��
�� (SEM) 

����^> 

���#��G%@C��!�>$>G�����'@

^>
��IJ
?� 

����!������
��IJ
?� 
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 4  

 

 

 

4.1   � � 

 

   (Subgrade� 

 

 1.5-2.0    72  

    

  

 4.1.1  

 

   

 (Quartz�  68.0%  (Kaolinite�  8.0% 

 (Illite�  24.0%  4.1  (2550� 

  

 (2550� 

  

 (Montmorillonite�  70%   

  . . 2542 

  

 

 4.1.2  

 

  

 (X-Ray Fluorescence�  (SiO2�  

52.95%  (Al2O3�  14.52%  
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   Fe2O3  

9.09% K2O  1.82% Na2O  0% TiO2  1.44% MgO  0% Cl  0.52% 

 SO3  5.92%  (Loss on Ignition, LOI�  

0%  4.2  (2550� 

 

  SiO2  48.69%  Al2O3  16.79% 

  

 

 4.1.3  

 

    pH   3.15 

   3.50  ./ .  

 38.99 ./ .  2.31 ./ .   4.1 

 (2550� 

  pH  3.41  2.81 ./ . 

 

  (2544� 

  

 

 

 4.1.4  

 

   (Natural 

Water Content NWC�  76.44%  (LL�   53.37% 

 (PL�  28.36%  (PI�   25.01% 

 (Gs�  2.64  

 MIT  (Sand�  0.06-2 .  3.00%  

(Silt�  0.002-0.06 .  86.40%  (Clay�  < 0.002 . 

 10.60%  4.1  
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4.1  (Unified Soil Classification� 

 MH 

  

 4.1.5  

 

   

(Total Unit Weight,γ t�  1,491 ./ 3  (Unconfined Compression 

Test�  0.16 ./ 2. 

 (E50�  2.22 ./ 2.  (Strain at Failure, ε f�  

9.80%  4.1  

 

 4.1.6   

 RHA20RWA30 

 

    

  20%  30%  

RHA20RWA30  

 Cu = 10 > 6  Cc = 0.8 < 1  20% 

 30%  

  

  Cu = 6.3 > 6  

Cc = 2.96  1-3  4.2  (2551� 

 

 10%  10% 

  Cu = 11.11 > 6  Cc = 

0.3 < 1  
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 4.1   

 

   

1�  

 (NWC� 76.44% 

 (LL� 53.37% 

 (PL� 28.36% 

 (PI� 25.01% 

 (Gs� 2.64 

 200 (0.075 .�  98.84 

 (  MIT�   

 (Sand�  0.06-2 . 3% 

 (Silt�  0.002-0.06 . 86.40% 

 (Clay�  <0.002 . 10.6% 

 (Unified Soil Classification� MH 

2�   

 ( tγ � ( ./ .3� 1.491 

 (UCS� ( ./ .2� 0.16 

 (E50� ( ./ .2�  2.29 

 (ε f� (%� 9.80 

3�   

 (pH� ( ./ .� 3.15 

 (Chloride� ( ./ .� 3.50 

 (Organic Matter� ( ./ .� 38.99 

 (Sulphate� ( ./ .� 2.31 
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 4.1  �  (SC� �  (RHA�  � 
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 4.2  (SC�  (RHA� 

  (RWA� 

 

 SC �%� RHA �%� RWA �%� 

MgO - 0.35 3.43 

Al2O3 14.52 1.34 0.08 

SiO2 52.95 86.45 0.87 

P2O5 - 0.85 1.73 

SO3 5.92 0.47 5.57 

Cl 0.52 0.20 0.77 

K2O 1.82 1.06 12.45 

CaO 0.18 2.11 45.01 

TiO2 1.44 0.12 - 

MnO2 - 0.44 1.08 

Fe2O3 9.09 1.38 0.20 

SrO - - 0.14 

CuO 0.04 0.08 0.19 

Na2O 0.02 0.02 0.08 

LOI - 5.13 28.58 
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0
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 � .�

 
 �%

�
RHA

SC

RWA

RHA20RWA30

            

 4.2  (SC�  (RHA�  

 (RWA�  RHA20RWA30 

 

4.2  

    

 4.2.1  

 

   5.02% 

 2.41   

 MIT  (Sand�  0.06-2 .  20.45% 

 (Silt�  0.002-0.06 .  71.82%   < 

0.002 .   7.73%  4.3  4.1   

   2.39% 

 2.86 

 MIT  (Sand�  0.06-2 .  14.50% 

 (Silt�  0.002-0.06 .  78.44%  < 

0.002 .  7.06%  4.3  4.1 � 
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 0.008-0.6 .  

  

 4.3   

 

 
 

  

 (NWC� 5.02 2.39 

 (Gs� 2.41 2.86 

 

  0.06-2 . 20.45% 14.50% 

  0.002-0.06 . 71.82% 78.44% 

  <0.002 . 7.73% 17.06% 

 (Specific Surface Area� ( . ./ .� 37.628 4.535 

 (Porosity�  0.00186 0.00019 

 

 4.2.2  

 

  

 73%  27%  4.1 � 

  76.80% 

 (Arcanthite�  14.10%  (Portlandite�  1.0% 

 (Hydroxylapatlte�  0.1%  4.1 � 

  

 

 4.2.3   

 

   

(X-Ray Fluorescence�   

SiO2    86.45% CaO   2.11% SO3   0.47% Al2O3  1.34% Cl   
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0.20% TiO2   0.12%  MnO2  0.44% 

  (Loss on Ignition, LOI�  5.13%  

4.2  Murty and Praveen (2008� 

 89.32%  2.73%  

0.81%  4.22%   Sharma et al. (2008� 

  SiO2 

 90%  CaO  4.50%  Al2O3  2.50%  

  

  CaO  45.01%  K2O  12.45% MgO  3.43% 

P2O5  1.73% MnO2  1.08% SO3  5.57% Fe2O3  0.20% Al2O3  

0.08% SrO  0.14%  Cl  0.77%  Loss on Ignition (LOI� 

 28.58%  4.2  

 (2543�   CaO 

  58.17%    K2O  13.68%   

  SiO2 Al2O3    Fe2O3  89.17% 

  SO3  0.47%   Na2O  Loss on Ignition (LOI�   5.13%  

  ASTM  C 618    

Class N   4.4   

  (RWA�  SiO2 Al2O3  Fe2O3  1.15% 

 SO3   5.57%  Na2O  Loss on Ignition (LOI�   28.58% 

 ASTM  C 618 

 4.4   CaO   45.01%  

CaO 

  LOI 
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 4.4  (RHA�  (RWA�  

  ASTM C 618  

 

 Class C Class F Class N RHA RWA 

SiO2 + Al2O3 + Fe2O3  (%�   50 70 70 89.17 1.15 

SO3  (%� 5.0 5.0 4.00 0.47 5.57 

Na2O3  (%� 1.5 1.5 1.50 - - 

LOI  (%� 6.0 12.0 10.00 5.13 28.58 

 

 4.2.4  

 

 

  4.3 

   

 

  4.4 

 

 

 (Mechanical Interlock� 
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� � 

 

 
 

� 

 4.3  �  500  �  1000  � 

  2000  
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   �                                                                             � 

 

 
 

 � 

 4.4  �  500  �  1000  

 �  300  
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4.3   

 

 4.3.1   

 

 1�    

   (GS�   

 2.64  2.41  

2.86 

  4.5   

  

  

  

 

 

 4.5    

  

  

 5%  

 

 

 4.6  

  2�  

     

(Liquid Limit�  53.37%  (Plastic Limit�  28.36% 

 (Plastic Index�  25.01%  

(Non-Plastic� 

 4.5 
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5-50%  

  

10-50%  

  

  

  31.1%  4.5  4.7  

   

 

  

 

 5-50%  32.43% 

 10-50% 

  

  

 4.5  4.8 

 Redus (1958�   

 

  Awal (1979� 

   

  

Kolias et al. (2005�  (PI�  2  

  PI  

  Sariosseiri and Muhunthan (2009� 

  

 10% 11.5%  13%  

   (2551� 

   PI 
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  Basha et al. (2003�  

 3  

  
 

 4.5  
 

   

   

�%� 

 

�%� 

 

�%� 

SC 2.64 53.37 28.36 25.01 

RHA5 2.41 52.42 31.84 20.58 

RHA10 2.35 52.11 32.28 19.83 

RHA15 2.31 51.84 33.19 18.65 

RHA20 2.28 51.61 35.15 16.46 

RHA25 2.26 51.33 37.31 14.02 

RHA30 2.24 51.20 39.36 11.84 

RHA35 2.22 50.85 41.32 9.53 

RHA40 2.20 50.61 42.24 8.37 

RHA50 2.15 50.19 43.26 6.93 

RWA5 2.34 44.69 32.00 12.69 

RWA10 2.36 44.83 31.74 13.09 

RWA15 2.37 44.98 31.44 13.54 

RWA20 2.39 45.11 31.02 14.09 

RWA25 2.42 45.28 30.66 14.62 

RWA30 2.44 45.43 30.06 15.37 

RWA35 2.45 45.62 29.81 15.81 

RWA40 2.47 45.86 29.69 16.17 

RWA50 2.51 45.95 29.05 16.90 

RHA5RWA5 2.39 51.29 42.00 9.29 

RHA5RWA10 2.37 50.94 41.61 9.33 

RHA10RWA5 2.34 51.44 41.84 9.60 
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 4.5  ( � 

 

   

 
 

 
 

�%� �%� 

 

�%� 

RHA5RWA15 2.38 48.46 38.78 9.68 

RHA10RWA10 2.36 49.39 37.73 11.66 

RHA15RWA5 2.33 50.81 38.11 12.70 

RHA5RWA20 2.41 49.69 37.51 12.18 

RHA10RWA15 2.37 49.91 37.64 12.27 

RHA15RWA10 2.35 50.44 37.91 12.53 

RHA20RWA5 2.31 51.67 38.15 13.52 

RHA5RWA25 2.42 47.36 35.37 11.99 

RHA10RWA20 2.40 48.19 35.56 12.63 

RHA15RWA15 2.38 49.01 36.03 12.98 

RHA20RWA10 2.33 49.75 36.27 13.48 

RHA25RWA5 2.32 51.46 37.96 13.50 

RHA5RWA30 2.43 47.11 34.14 12.97 

RHA15RWA20 2.40 47.62 34.54 13.08 

RHA20RWA15 2.36 49.11 35.01 14.01 

RHA30RWA5 2.34 50.66 35.47 15.19 

RHA5RWA35 2.44 46.42 32.62 13.80 

RHA10RWA30 2.38 47.65 33.33 14.32 

RHA20RWA20 2.33 50.01 35.09 14.92 

RHA30RWA10 2.28 50.92 35.88 15.04 

RHA35RWA5 2.22 52.52 37.12 15.40 

RHA10RWA40 2.41 45.53 29.76 15.77 

RHA20RWA30 2.34 49.90 33.46 16.44 

RHA25RWA25 2.31 51.74 34.94 16.80 

RHA30RWA20 2.28 55.02 37.84 17.18 

RHA40RWA10 2.24 55.69 38.45 17.24 
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 4.5  � RHA 5-50% 

  RHA+RWA 10-25%  � RHA+RWA 30-50% 

2.30

2.35

2.40

2.45

2.50

2.55

2.60

2.65

0 5 10 15 20 25

 �%�

RHA+RWA=10 RHA+RWA=15
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�SC�
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�RHA15RWA10�

�RHA20RWA5�

�RHA5RWA5�
�RHA5RWA15�

�RHA10RWA10�

�RHA15RWA5�

�RHA5RWA10�

�RHA10RWA5�
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2.15

2.20

2.25

2.30

2.35
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2.50
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 �%�

RHA+RWA=35 RHA+RWA=40

RHA+RWA=50 RHA

�RHA30RWA5�
�RHA20RWA15�

�RHA10RWA40�
�RHA15RWA20�

�RHA40RWA10�

�RHA5RWA30�

�RHA30RWA20�
�RHA25RWA25�

�RHA20RWA30�

�RHA5RWA35�

�RHA10RWA30�

�RHA20RWA20�

�RHA30RWA10�

�RHA35RWA5�

�SC�

�RHA5SC95�

�RHA10SC90�

�RHA15SC85�

�RHA20SC80�
�RHA25SC75�

�RHA30SC70�
�RHA35SC65�

�RHA40SC60�
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 4.6  � RWA 10-

 50%  RWA+RHA 10-25%  � RWA+RHA 30-50% 
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 4.3.2  

 

  (Standard Proctor�  

(SC�  (γ d�   1,510 ./ .3  

(OMC�  26.78% 

 4.6 

 

 1�   

   

(RHA�  (RWA�  

 5-50%  

  

3.12-22.92%  10-50% 

  

  

 3.85-21.73%  4.6  4.9   

   

  

 5-50%  

 1.46-11.2%  

 10-50% 

  

 

  10% 15% 20% 25% 30% 35% 40%  50%  3.85% 

4.57% 5% 5.3% 5.04% 6.56%  14.97%   4.6  4.10 

 

 2�   
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 5-50%  

 

 7.8%-55.78%  10-50% 

  

 

 4.6  4.11  

   

 

 5-50%  

 5%  

 10-50% 

   

  

 4.6  4.12  

   2  

 

 

  

  

(NWC�   (ω � 

  (2551� 
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 4.6  

 

 
 �γ d� 

� ./ .3� 

 �OMC� 

�%� 

SC 1510 26.78 

RHA5 1463 28.87 

RHA10 1437 29.37 

RHA15 1416 31.54 

RHA20 1376 32.58 

RHA25 1322 34.27 

RHA30 1288 35.96 

RHA35 1259 36.69 

RHA40 1249 37.01 

RHA50 1164 41.70 

RWA5 1488 28.80 

RWA10 1479 28.78 

RWA15 1470 28.72 

RWA20 1461 28.66 

RWA25 1451 28.55 

RWA30 1425 28.43 

RWA35 1391 27.98 

RWA40 1351 27.59 

RWA50 1341 27.41 

RHA5RWA5 1452 28.86 

RHA5RWA10 1441 28.76 

RHA10RWA5 1436 29.31 

RHA5RWA15 1435 28.90 

RHA10RWA10 1423 30.41 

RHA15RWA5 1397 31.56 

RHA5RWA20 1431 28.81 

RHA10RWA15 1424 28.97 
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 4.6  ( � 

 

 
 �γ d� 

� ./ .3� 

 �OMC� 

�%� 

RHA15RWA10 1385 29.46 

RHA20RWA5 1264 31.14 

RHA5RWA25 1434 29.04 

RHA10RWA20 1413 29.90 

RHA15RWA15 1378 30.71 

RHA20RWA10 1340 33.38 

RHA25RWA5 1289 34.32 

RHA5RWA30 1421 30.11 

RHA15RWA20 1411 30.89 

RHA20RWA15 1368 32.07 

RHA30RWA5 1244 33.84 

RHA5RWA35 1408 29.53 

RHA10RWA30 1377 31.00 

RHA20RWA20 1347 32.36 

RHA30RWA10 1285 35.61 

RHA35RWA5 1253 36.54 

RHA10RWA40 1284 30.61 

RHA20RWA30 1263 33.00 

RHA25RWA25 1225 34.78 

RHA30RWA20 1195 36.51 

RHA40RWA10 1182 39.00 
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  4.9  

 � RHA+RWA 10-30%  � RHA 5-50%  RHA+RWA 35-50% 
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( � 

  4.10 

  � RWA+RHA 10-30%  � RWA 5-50%  RWA+RHA 35-50% 
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  4.11 

  � RHA+RWA 10-30%  � RHA 5-50%  RHA+RWA 35-50% 
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  4.12 

  � RWA+RHA 10-30%  � RWA 5-50%  RWA+RHA35-50% 
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 Kolias et al. (2005�  2  

 CL  CH  

   

 

 4.3.3  

 

  

 (Standard Proctor�  (OMC� 

  1  7 14  28  56   0.47 0.48 0.49 0.51  

0.51 ./ .2  

  20%   30% 

  1  7  14  28   56  

 1.72 3.11 3.80 5.39  5.52 ./ .2  

 1  7 14   28  56  

  4.7 

  (CSH�  (CAH� 

 (Cementitious�  

 

 1�  

  

  

 5-50% 

  6%  28%   

  

 

  5-50% 

  3%  21%   

   

 10-50% 
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 11%  27%  

  

 

 

 2�   

  

 

 5-50%  5-40% 

 3.75  132%  50% 

 

  CaO 

 SiO2 

  CaO 

 10-50% 

  

  

 

 4.7  4.13 

   

 5-50%  5-40% 

 4.25  134%  50% 

   Mitchell (1976�  

 SiO2   

 SiO2 

    CaO   SiO2 

  

 10-50%  

  

 12  65%  
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 4.7  4.14 

  

  

 CaO   CaO 

 Ca(OH2�  SiO2  Al2O3 

  

 (CSH�   (CAH�  

   

 (2551� 

 

  218% 

 20%  56  

  Basha et al. (2005� 

 

 20%  4% 

 540 kPa  110%   

20%   Lin et al. (2007� 

 

 

 3�   

   

  

 20%  30% 

  1 7  14  28   56     331.91  547.91  

673.47 956.86    982.35%   28  

 4.7   4.13  4.22  
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  4.7  

 

  

� � 

 

�%� 

 

�kg/m3� 

, UCS 

�ksc.� E50 �ksc.� 

 εf   

�%� 

0 28.76 1503 0.47 4.83 12.88 

7 28.73 1501 0.48 4.72 12.68 

14 28.71 1508 0.49 4.99 12.71 

28 28.70 1503 0.51 5.14 12.80 

SC 

56 28.59 1509 0.51 5.16 12.84 

0 28.17 1416 0.49 5.53 13.04 

7 28.43 1414 0.59 5.52 13.12 

14 27.81 1457 0.88 9.84 13.06 

28 27.74 1414 0.92 25.49 13.01 

RHA5SC95 

56 27.66 1442 1.10 26.11 12.91 

0 29.11 1294 0.55 5.25 13.54 

7 29.02 1309 0.60 5.81 13.40 

14 28.91 1335 0.96 11.43 13.30 

28 28.84 1330 1.11 26.92 13.15 

RHA10SC90 

56 28.75 1350 1.21 30.12 13.02 

0 31.14 1245 0.61 5.96 14.62 

7 31.06 1283 0.72 6.04 14.21 

14 30.84 1295 1.05 12.02 14.04 

28 30.84 1317 1.22 27.61 14.00 

RHA15SC85 

56 30.65 1326 1.30 30.56 13.92 

0 32.20 1235 0.67 6.27 14.79 

7 32.12 1241 0.75 6.08 14.51 

14 32.00 1248 1.11 12.48 14.22 

28 31.87 1256 1.34 28.43 14.11 

 

 

RHA20SC80 

56 31.72 1287 1.41 32.89 13.94 



103

  4.7  ( � 

 

  

� � 

 

�%� 

 

�kg/m3� 

 UCS 

�ksc.� 

 

E50 �ksc.� 

 εf   

�%� 

0 34.02 1224 0.72 6.60 15.94 

7 33.82 1217 0.79 6.70 15.61 

14 33.60 1227 1.18 13.46 15.24 

28 33.45 1231 1.43 29.03 15.11 

RHA25SC75 

56 33.32 1234 1.49 33.24 15.08 

0 35.55 1219 0.77 7.21 16.11 

7 35.34 1221 0.85 6.85 16.04 

14 35.26 1224 1.23 15.48 15.89 

28 35.12 1227 1.61 30.51 15.79 

RHA30SC70 

56 35.00 1230 1.70 35.00 15.61 

0 36.43 1139 0.89 8.02 16.98 

7 36.31 1145 0.99 7.95 16.71 

14 36.12 1201 1.28 21.34 16.62 

28 36.01 1173 1.82 31.21 16.44 

RHA35SC65 

56 35.88 1178 1.89 41.02 16.26 

0 36.81 1118 1.12 15.44 17.41 

7 36.71 1130 1.23 13.71 17.22 

14 36.62 1138 1.35 30.67 17.09 

28 36.52 1144 1.93 35.08 16.83 

RHA40SC60 

56 36.41 1142 2.08 44.53 16.74 

0 41.56 1086 1.09 10.40 18.21 

7 41.38 1096 1.14 12.39 18.01 

14 41.21 1107 1.47 23.32 17.86 

28 41.11 1101 1.87 9.98 17.71 

 

 

RHA50SC50 

56 41.00 1117 1.92 41.87 17.57 
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  4.7  ( � 

 

  

� � 

 

�%� 

 

�kg/m3� 

 UCS 

�ksc.� 

 

E50 �ksc.� 

 εf   

�%� 

0 28.71 1467 0.49 5.20 12.57 

7 28.63 1470 0.52 4.37 12.21 

14 28.51 1465 1.00 18.38 12.11 

28 28.41 1464 1.10 21.24 11.92 

RWA5SC95 

56 28.33 1471 1.21 21.79 11.86 

0 28.43 1359 0.52 5.92 11.99 

7 28.33 1376 0.55 4.88 11.80 

14 28.16 1386 1.14 20.84 11.64 

28 28.02 1379 1.20 24.17 11.47 

RWA10SC90 

56 27.93 1350 1.29 29.41 11.21 

0 28.36 1343 0.68 6.25 10.94 

7 28.21 1370 0.89 7.85 10.71 

14 28.04 1380 1.21 24.21 10.62 

28 27.91 1371 1.27 27.96 10.55 

RWA15SC85 

56 27.62 1349 1.34 36.00 10.43 

0 28.20 1330 0.76 14.96 10.44 

7 28.02 1366 0.96 11.40 10.20 

14 27.92 1375 1.69 30.05 10.05 

28 27.74 1360 1.72 31.65 9.98 

RWA20SC80 

56 27.62 1335 1.80 44.04 9.86 

0 27.98 1320 0.84 19.27 9.57 

7 27.86 1352 1.16 16.06 9.02 

14 27.69 1362 1.75 38.69 8.66 

28 27.54 1348 1.82 33.91 8.46 

 

 

RWA25SC75 

56 27.42 1305 1.91 48.55 7.61 
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  4.7  ( � 

 

  

� � 

 

�%� 

 

�kg/m3� 

 UCS 

�ksc.� 

 

E50 �ksc.� 

 εf   

�%� 

0 27.74 1315 0.93 19.39 8.35 

7 27.67 1345 1.20 18.12 8.03 

14 27.51 1338 1.81 40.21 7.83 

28 27.29 1333 1.94 62.04 7.77 

RWA30SC70 

56 27.15 1297 2.02 65.84 6.86 

0 27.52 1310 1.04 23.17 7.21 

7 27.41 1338 1.3 28.38 6.76 

14 27.29 1334 1.88 43.09 6.12 

28 27.09 1313 2.02 84.64 6.04 

RWA35SC65 

56 26.94 1235 2.11 97.85 5.26 

0 27.41 1300 1.14 50.00 5.47 

7 27.13 1321 1.32 45.83 4.71 

14 27.01 1310 1.92 45.14 4.22 

28 26.89 1308 2.12 104.40 4.15 

RWA40SC60 

56 26.75 1229 2.31 111.23 4.06 

0 27.08 1288 1.01 42.03 5.41 

7 26.88 1306 1.10 23.40 4.28 

14 26.74 1303 1.81 37.12 4.08 

28 26.54 1287 1.54 56.25 4.01 

RWA50SC50 

56 26.40 1198 1.64 61.65 3.84 

0 28.46 1278 0.56 5.2 12.57 

7 28.34 1295 0.79 11.83 12.31 

14 28.24 1351 1.07 19.93 12.05 

28 28.11 1352 1.19 23.34 11.96 

 

 

RHA5RWA5 

56 28.01 1343 1.28 25.71 11.88 
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  4.7  ( � 

 

  

� � 

 

�%� 

 

�kg/m3� 

 UCS 

�ksc.� 

 

E50 �ksc.� 

 εf   

�%� 

0 28.66 1330 0.64 9.47 11.84 

7 28.51 1328 1.03 22.54 11.61 

14 28.38 1324 1.54 29.66 11.32 

28 28.21 1308 2.16 71.14 11.15 

RHA5RWA10 

56 28.11 1303 2.28 82.46 11 

0 29.11 1300 0.59 7.05 12.21 

7 29.04 1295 0.89 18.09 12 

14 28.28 1290 1.18 21.08 11.74 

28 28.62 1285 1.98 52.24 11.68 

RHA10RWA5 

56 28.51 1280 2.05 59.77 11.41 

0 28.61 1327 0.81 10.48 11.36 

7 28.51 1332 1.15 17.52 11.15 

14 28.40 1334 1.70 25.76 11.09 

28 28.30 1354 1.96 67.12 7.32 

RHA5RWA15 

56 28.22 1358 2.11 70.67 7.01 

0 30.22 1271 0.72 11.00 12.82 

7 30.11 1274 0.90 14.00 12.72 

14 30.01 1301 1.61 23.64 12.04 

28 29.84 1295 1.72 26.67 11.88 

RHA10RWA10 

56 29.72 1301 1.82 69.34 10.44 

0 31.44 1259 0.52 7.56 13.07 

7 31.36 1245 0.88 8.69 13 

14 31.24 1269 1.14 12.28 12.88 

28 31.08 1285 1.39 21.00 12.68 

 

 

RHA15RWA5 

56 30.98 1292 1.46 32.13 12.53 
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  4.7  ( � 

 

  

� � 

 

�%� 

 

�kg/m3� 

 UCS 

�ksc� 

 

E50 �ksc� 

 εf   

�%� 

0 28.61 1308 0.91 12.81 11.22 

7 28.28 1303 1.23 20.59 11.08 

14 28.10 1298 2.11 23.18 9.14 

28 27.89 1293 2.41 63.66 7.04 

RHA5RWA20 

56 27.74 1289 2.62 94.05 6.81 

0 28.84 1300 0.98 15.24 11.91 

7 28.69 1284 1.52 48.86 10.80 

14 28.54 1279 2.42 50.21 7.55 

28 28.42 1273 2.95 77.84 6.14 

RHA10RWA15 

56 28.30 1269 3.10 121.83 5.66 

0 29.38 1281 0.83 13.08 12.86 

7 29.22 1277 1.04 17.07 12.74 

14 29.06 1263 1.96 46.08 12.61 

28 28.91 1257 2.12 54.23 11.32 

RHA15RWA10 

56 28.80 1251 2.64 81.88 8.87 

0 32.03 1244 0.64 10.52 13.42 

7 31.92 1268 0.96 14.55 13.30 

14 31.74 1254 1.06 33.62 13 

28 31.61 1249 1.88 31.37 12.84 

RHA20RWA5 

56 31.51 1235 2.22 62.75 10.14 

0 28.88 1334 0.88 10.71 11.01 

7 28.76 1328 1.66 21.77 9.87 

14 28.58 1350 2.38 39.27 8.88 

28 28.41 1371 2.54 61.93 7.94 

 

 

RHA5RWA25 

56 28.24 1362 2.65 58.84 6.58 
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  4.7  ( � 

 

  

� � 

 

�%� 

 

�kg/m3� 

 UCS 

�ksc.� 

 

E50 �ksc.� 

 εf   

�%� 

0 29.67 1271 1.16 15.09 12.09 

7 28.63 1307 1.96 27.22 9.21 

14 28.52 1318 2.95 54.44 8.11 

28 28.34 1351 3.08 78.22 7.23 

RHA10RWA20 

56 28.20 1350 3.12 65.72 6.79 

0 30.54 1326 1.10 14.29 12.88 

7 30.36 1286 2.24 32.94 12.70 

14 30.22 1294 2.45 47.10 12.52 

28 30.08 1314 2.84 49.77 10.48 

RHA15RWA15 

56 29.93 1304 2.91 60.67 10 

0 33.18 1225 1.07 12.02 13.11 

7 33.01 1246 1.54 17.78 13 

14 32.92 1251 2.21 32.45 12.8 

28 32.74 1268 2.51 26.87 12.55 

RHA20RWA10 

56 32.61 1278 2.55 36.99 10 

0 34.03 1206 0.79 6.87 13.98 

7 33.86 1230 1.15 10.46 13.73 

14 33.69 1230 1.45 16.15 13.54 

28 33.51 1244 1.52 17.13 12.9 

RHA25RWA5 

56 33.40 1248 1.64 18.81 11.12 

0 30.03 1296 0.71 26.41 10.82 

7 29.89 1292 1.67 42.63 10.08 

14 29.74 1282 2.05 75.44 7.26 

28 29.51 1262 2.81 64.54 6.78 

 

 

RHA5RWA30 

56 29.40 1255 2.54 97.87 6.55 
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  4.7  ( � 

 

  

� � 

 

�%� 

 

�kg/m3� 

 UCS 

�ksc.� 

 

E50 �ksc.� 

  εf   

�%� 

0 30.79 1277 0.98 32.81 12.02 

7 30.61 1247 2.02 56.44 9.41 

14 30.42 1242 2.89 83.87 6.82 

28 30.22 1239 3.06 92.61 5.84 

RHA15RWA20 

56 31.10 1234 3.22 134.44 5.71 

0 31.98 1241 0.81 24.04 13.93 

7 31.81 1240 1.42 31.34 13.40 

14 31.65 1234 2.14 39.69 12.18 

28 31.51 1221 2.76 44.54 10.07 

RHA20RWA15 

56 31.39 1212 2.84 94.08 9.86 

0 33.75 1210 0.62 16.41 14.12 

7 33.62 1231 1.06 27.44 14 

14 33.55 1227 1.94 30.45 13.8 

28 33.52 1200 2.22 35.67 12.44 

RHA30RWA5 

56 33.42 1193 2.14 61.14 11.89 

0 29.48 1321 1.21 25.45 9.39 

7 29.32 1332 1.94 29.21 9.21 

14 29.10 1321 2.85 79.88 6.17 

28 29.00 1334 2.94 91.23 6.06 

RHA5RWA35 

56 28.88 1326 2.98 89.17 5.36 

0 29.81 1259 1.36 29.38 9.80 

7 29.72 1254 2.64 42.71 8.79 

14 29.54 1275 3.26 86.24 6.09 

28 29.48 1279 3.41 121.09 5.98 

 

 

RHA10RWA30 

56 29.34 1318 3.49 115.11 5.58 
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  4.7  ( � 

 

  

� � 

 

�%� 

 

�kg/m3� 

, UCS 

�ksc.� 

 

E50 �ksc.� 

 εf   

�%� 

0 32.10 1197 1.24 26.07 13.74 

7 32.02 1245 2.46 38.46 11.32 

14 31.89 1241 3.14 58.15 9.59 

28 31.70 1256 3.23 113.53 9.34 

RHA20RWA20 

56 31.58 1304 3.34 83.33 5.95 

0 35.12 1136 1.06 15.90 14.85 

7 35.02 1180 1.52 14.05 14.00 

14 34.84 1202 2.26 29.58 12.64 

28 34.64 1211 2.61 86.84 12.03 

RHA30RWA10 

56 34.51 1257 2.68 35.35 8.79 

0 36.24 1122 0.81 7.05 15.22 

7 36.11 1149 1.48 13.86 14.90 
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56 35.71 1206 2.65 15.74 13.64 
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14 30.21 1287 3.07 86.51 7.76 

28 31.11 1277 4.64 181.75 2.77 
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56 30.05 1302 3.02 40.16 2.18 

0 32.81 1206 1.72 34.95 10.46 

7 32.61 1212 3.11 100.65 9.01 

14 32.47 1256 3.80 178.01 6.22 

28 32.37 1245 5.39 249.46 2.27 

 

*** 

RHA20RWA30 

56 32.20 1277 5.52 267.96 2.04 
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� � 

 

�%� 

 

�kg/m3� 

, UCS 

�ksc.� 

 

E50 �ksc.� 

 εf   

�%� 

0 34.59 1164 1.35 24.47 12.54 

7 34.33 1177 2.83 38.59 12.00 

14 34.28 1206 3.72 71.54 11.06 

28 34.04 1221 4.41 131.55 5.05 

RHA25RWA25 

56 33.91 1239 4.61 136.68 5.01 

0 36.34 1141 1.22 12.99 13.68 

7 36.12 1141 1.36 14.75 13.08 

14 35.94 1169 2.88 43.50 12.00 

28 35.81 1188 3.15 65.69 6.38 

RHA30RWA20 

56 35.70 1192 3.21 77.03 5.18 

0 38.88 1101 1.11 11.36 14.88 

7 38.74 1124 1.27 13.04 14.00 

14 38.50 1117 2.46 32.45 13.21 

28 38.38 1129 2.93 25.39 7.97 

RHA40RWA10 

56 38.26 1161 3.02 40.16 7.18 
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 4.13  

 1  � RHA 5-50%  RHA+RWA 10-25%  � RHA+RWA 30-50% 
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  1  � RWA 5-50%  RWA+RHA 10-25%  � RWA+RHA 30-50% 
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  7  � RHA 5-50%  RHA+RWA 10-25%  � RHA+RWA 30-50% 
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  7  � RWA 5-50%  RWA+RHA 10-25%  � RWA+RHA 30-50% 
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 14  � RHA 5-50%  RHA+RWA 10-25%  � RHA+RWA 30-50% 
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 14  � RWA 5-50%  RWA+RHA 10-25%  � RWA+RHA 30-50% 
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  28  � RHA 5-50%  RHA+RWA 10-25%  � RHA+RWA 30-50% 
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  28  � RWA 5-50%  RWA+RHA 10-25%  � RWA+RHA 30-50% 
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 56  � RHA 5-50%  RHA+RWA 10-25%  � RHA+RWA 30-50% 
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  56  � RWA 5-50%  RWA+RHA 10-25%  � RWA+RHA 30-50% 
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 SiO2  Al2O3    
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/
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                                      Reaction     C: CaO 

                                      Products     S: SiO2 

                                                                     A: Al2O3 
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 Terrel et al.  (1979�  (2550� 

   pH 
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  4.11  28   

 

 �%� 

       CSH 

RHA5SC95 21.84 21.63 56.53 - - - - 

RHA10SC90 34.48 35.66 29.86 - - - - 

RHA15SC85 44.45 21.85 33.70 - - - - 

RHA20SC80 34.87 34.64 30.49 - - - - 

RHA25SC75 37.86 37.08 25.06 - - - - 

RHA30SC70 37.04 36.08 26.88 - - - - 

RHA35SC65 34.56 33.68 31.76 - - - - 

RHA40SC60 47.63 22.07 30.30 - - - - 

RHA50SC50 36.95 28.40 35.65 - - - - 

RWA5SC95 44.97 18.91 - 4.71 - 31.41 - 

RWA10SC90 59.54 16.68 - 10.20 - 13.58 - 

RWA15SC85 47.47 12.30 - 15.59 - 24.64 - 

RWA20SC80 56.08 11.61 - 18.45 - 13.86 - 

RWA25SC75 50.93 11.74 - 17.53 - 19.80 - 

RWA30SC70 33.34 8.45 17.02 20.51 20.68 - - 

RWA35SC65 43.66 6.03 - 20.02 8.06 33.23 - 

RWA40SC60 22.96 27.88 - 17.57 5.65 25.94 - 

RWA50SC50 23.41 17.41 15.63 25.57 7.75 - 10.23 

RHA5RWA5 48.77 12.56 33.35 5.32 - - - 

RHA5RWA10 44.24 16.40 - 18.25 - 21.11 - 

RHA10RWA5 50.69 18.34 - 10.37 - 20.60 - 

RHA5RWA15 44.67 12.76 32.36 10.21 - - - 

RHA10RWA10 42.37 14.68 33.79 9.16 - - - 

RHA15RWA5 42.77 14.43 35.74 7.06 - - - 

RHA5RWA20 45.69 12.26 - 18.82 - 23.23 - 

RHA10RWA15 52.58 11.32 - 16.76 - 19.34 - 

RHA15RWA10 43.54 16.05 - 15.16 - 25.25 - 
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  4.11  28  ( � 

  

 �%� 

       CSH 

RHA20RWA5 53.87 11.66 - 12.90 - 22.38 - 

RHA5RWA25 36.83 12.70 27.05 16.74 - - 6.68 

RHA10RWA20 40.37 9.77 31.71 12.65 - - 5.50 

RHA15RWA15 37.24 23.60 21.87 11.97 - - 5.32 

RHA20RWA10 44.05 10.98 29.15 11.75 - - 4.07 

RHA25RWA5 41.89 13.72 35.40 5.74 - - 3.25 

RHA5RWA30 27.10 3.82 19.54 28.67 20.87 - - 

RHA15RWA20 38.10 24.64 - 21.34 8.67 7.25 - 

RHA20RWA15 49.45 13.99 - 19.43 - 17.13 - 

RHA30RWA5 54.65 16.53 - 17.67 - 11.51 - 

RHA5RWA35 29.55 31.74 - 15.84 15.55 - 7.32 

RHA10RWA30 25.45 37.31 20.39 9.85 - - 7.00 

RHA20RWA20 27.75 31.68 22.81 12.80 - - 4.96 

RHA30RWA10 39.82 26.84 20.86 8.52 - - 3.96 

RHA35RWA5 33.55 34.40 24.16 5.62 - - 2.27 

RHA10RWA40 32.31 9.96 - 32.72 13.40 - 11.61 

RHA20RWA30 28.38 19.09 17.82 19.06 - - 15.65 

RHA25RWA25 39.84 9.95 - 19.78 20.23 - 10.20 

RHA30RWA20 43.73 10.71 - 20.37 16.73 - 8.46 

RHA40RWA10 43.16 13.40 - 20.42 15.16 - 7.86 
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 4.12  RHA50SC50 
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 4.13  RWA50SC50 

  7 14 28  56  

 

 

� � 
   �%� 

  28.94 

 36.31 

   22.33 
7 

 12.42 

  20.13 

  26.16 

  24.99 

 16.04 

14 

  12.68 

  23.41 

 25.57 

 (CSH�  10.23 

  17.41 

  15.63 

28 

 7.75 

  26.10 

  32.13 

  23.63 
56 

 18.14 

 

 

 

 

 

 



165

 4.14  RHA20RWA30 

  7 14 28  56  

 

 

� � 
   �%� 

  29.79 

  17.93 

***  8.79 

  24.06 

7 

  19.43 

  27.88 

  16.40 

***  10.68 

  25.66 

14 

  19.38 

  28.38 

  19.06 

***  15.65 

  19.09 

28 

  17.82 

  26.08 

 19.72 

***   16.03 

  20.45 

56 

  17.72 

 

 

 

 

 



166

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4.56  

 RHA50SC50   �  7   �  14    �  28     �  56   

 

 

 

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

10000
11000
12000
13000
14000
15000
16000
17000
18000
19000
20000
21000
22000
23000
24000
25000
26000
27000
28000
29000
30000
31000
32000
33000
34000
35000
36000
37000
38000
39000
40000

0 10 20 30 40 50 60 70 80 90 100

Position �2Theta�

Co
un

ts/
s

RHA50SC50

7 Days

RHA50SC50

14 Days

RHA50SC50

28 Days

RHA50SC50

56 Days

I K I

K

Q

C I    C  K    I       C      K      Q     K    Q

I K I
K

Q

I C   I   K   C      K     Q      K    I       K

Q = Quartz           K = Kaolinite

C = Calcite            I = Illite

J = Jarosite

I K I
K

Q

I            I     K  Q   K     K     I        K           Q

K J
K

Q

C             I   C  K      I     J        K     Q            Q

�

�

�

�



167

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  4.57  

 RWA50SC50    �  7   �  14    �  28     �  56   

 

 

 

 

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

10000
11000
12000
13000
14000
15000
16000
17000
18000
19000
20000
21000
22000
23000
24000
25000
26000
27000
28000
29000
30000
31000
32000
33000
34000
35000
36000
37000
38000
39000
40000

0 10 20 30 40 50 60 70 80 90 100

Position �2Theta�

C
ou

nt
s/s

RWA50SC50

7 Days

RWA50SC50

14 Days

RWA50SC50

28 Days

RWA50SC50

56 Days

C = Calcite        Q = Quartz

A = Arcanite     K = Kaolinite

I = Illite

Q  C

Q  C

A      K    C    Q     CKA      K       C        K   A     Q         K

Q C

Q   C

A I  A   K     C QK        C    Q      I    I             K

A    I     A     KCQ     K        C    Q      I    I             K

A    I     A     KCQ        K        C    Q      I    I             K

�

�

Q C

Q C

�

Q C

Q C

�



168

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  4.58  

 RHA20RWA30   �  7   �  14    �  28     �  56   

 

 

 

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

10000
11000
12000
13000
14000
15000
16000
17000
18000
19000
20000
21000
22000
23000
24000
25000
26000
27000
28000
29000
30000
31000
32000
33000
34000
35000
36000
37000
38000
39000
40000

0 10 20 30 40 50 60 70 80 90 100

Posittion �2Theta�

C
ou

nt
s/s

RHA20RWA30

Curing at 7 days

RHA20RWA20

Curing at 14 days

RHA20RWA30

Curing at 28 days

RHA20RWA30

Curing at 56 days

I K I
Q

C

Q

CSH

I CSH K Q  C I C CSH C  K   Q          Q    I

I K I

Q

CSH

 I CSH Q C I C CSH C K   Q     Q         I
Q

I K I
Q

CSH

CSH

Q

CSH

I CSH K Q C I C CSH C K  Q   Q    C     I

I K I
Q

CSH

CSH

Q

I CSHK Q C I C CSH C K  Q  Q    C     I

Q = Quatz           C = Calcite

K = Kaolinite        I = Illite

CSH = Calcium Silicate Hydrate

�

�

�

�



169

 4.3.7  

 

 

 

  RHA50SC50 RWA50SC50 

 RHA20RWA30  7 14 28  56  

  

    

  RHA50SC50  7  

   

 4.59  14 28 56  

 4.60 4.61  4.62 

  RWA50SC50  7  

   

 4.55 

 4.63  14  

 4.64  28   

 

 4.65  56   4.66 

  RHA20RWA30  7  

 

  (CSH�  4.67  

14   

 

  4.68  28  

 

  

  4.69 

 56   

 4.70 



170

             
                                     

� � 
 

 
� 

 4.59  RHA50SC50 

  7  �  1000  �    5000    �  8000   



171

       
  

 � � 
 

 
 

� 
 

  4.60  RHA50SC50 

  14  �  1000  �  5000   �  8000  



172

       
  

 � � 
 

 
 

� 
 

  4.61  RHA50SC50 

  28  �  1000  �  5000  �  8000   



173

       
  

 � � 
 

 
 

� 
 

  4.62  RHA50SC50 

  56  �   1000   �  5000  �   8000  



174

       
  

 � � 
 

 
 

� 
 

  4.63  RWA50SC50  

  7  �   1000  �   5000  �    8000   



175

       
  

 � � 
 

 
 

� 

 4.64  RWA50SC50  

  14  �  1000  �  5000   �   8000   



176

       
  

 �                                                                           � 
 

 
 

� 

  4.65  RWA50SC50  

  28  �  1000  �   5000    �  8000  



177

       
  

 � � 
 

 
 

� 

  4.66  RWA50SC50  

  56  �   1000  �   5000  �  8000   



178

       
                                   

  � � 
 

 
 

� 

  4.67  RHA20RWA30   

 7   �    1000    �    5000    �    8000   



179

       
                                    

 � � 
 

 
 

� 

 4.68  RHA20RWA30  

 14  �    1000   �   5000    �    8000   



180

       
                                    

 � � 
 

 
 

� 

  4.69  RHA20RWA30  

 28   �  1000   �    5000    �    8000   



181

       
                                     

 �                                                                             � 
 

 
 

� 

  4.70  RHA20RWA30   

 56  �  1000   �    5000     �    8000   



182

4.4   �Multiple Variable Regression� 

 

   Unconfined 

Compression Test  (Multiple Variable Regression� 

  SPSS 16.0 (Statistical Package for 

Social Science�  Multiple Coefficient  of 

Determination  (R2�   

 1�  (UCS� ( ./ .2� 

 2�  (E50 � ( ./ .2� 

 3�  ( fε �  (%� 

 4�  ( tγ � ( ./ .3� 

 5�  (PI� 

 6�  (GS�  

 7�  (ω � (%� 

 8�  (T� ( � 

 9�  (RHA�  (%  � 

 10�  (RWA�  (%  � 

  R2  

Draper and Smith (1966� 

 R2 < 0.25   

 R2 = 0.25  0.55  

 R2 = 0.55  0.80  

 R2 > 0.80   

    

UCS     R2 = 0.629   4.15  

 E50    R2 = 0.724   4.16 

 fε     R2  = 0.829 

 4.17  UCS  

 fε     
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 4.15  UCS  ( � 

 

Equation

Model 
Regression  Equation R2 

Linear UCS=0.002PI-2.422Gs.+0.006γ t-0.194ω +0.021T+0.108RHA 

+0.064RWA+2.687 

0.629 

 

  4.16  E50  ( � 

 

Equation 

Model 
Regression  Equation R2 

Linear E50=0.086PI-58.216Gs.-0.125γ t-7.116ω +0.846T+3.006RHA 

+2.15RWA+143.407 

0.724 

 

  4.17 fε   ( � 

 

Equation 

Model 
Regression  Equation R2 

Linear fε =-0.067PI+0.649Gs.-0.005γ t-0.025ω -0.441T-0.050RHA 

-0.083RWA+8.927 

0.829 

 

  

 UCS    R2 0.602 1.000 

 4.18  E50  

   R2  0.607 1.000  4.19  fε   

  R2 0.692 0.990  4.20 
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  4.18  UCS  ( � 

 

 Regression   Equation R2 

SC UCS=1.012γ t +0.006ω +0.001T+0.292 1.000 

RHA5SC95 UCS=0.002γ t -0.276ω +0.007T+5.370 0.783 

RHA10SC90 UCS=-0.001γ t -2.742ω -0.003T+82.087 0.850 

RHA15SC85 UCS=-0.002γ t -1.592ω -0.002T+50.109 0.994 

RHA20SC80 UCS=-4.431ω -0.015T 0.966 

RHA25SC75 UCS=0.008γ t -0.600ω +0.001T 0.946 

RHA30SC70 UCS=0.006γ t -867ω -0.004T+24.351 0.886 

RHA35SC65 UCS=0.008γ t -3.579ω -0.010T+139.914 0.873 

RHA40SC60 UCS=0.077γ t -10.994ω -0.020T+491.968 0.963 

RHA50SC50 UCS=-0.049γ t -1.988ω -0.022T-136.435 0.998 

RWA5SC95 UCS=-0.029γ t -1.636ω +0.004T+90.031 0.895 

RWA10SC90 UCS=-0.006γ t -3.497ω -0.019T+108.322 0.797 

RWA15SC85 UCS=0.002γ t -1.485ω -0.003T+40.574 0.950 

RWA20SC80 UCS=0.006γ t -1.862ω +45.670 0.966 

RWA25SC75 UCS=0.004γ t -2.532ω -0.005T+66.674 0.907 

RWA30SC70 UCS=0.006γ t -2.540ω -0.006T+64.041 0.714 

RWA35SC65 UCS=0.004γ t -2.500ω +64.227 0.761 

RWA40SC60 UCS=0.001γ t -1.519ω +0.006T+41.430 0.648 

RWA50SC50 UCS=-0.071γ t -17.699ω -0.320T+572.015 0.633 

RHA5RWA5 UCS=0.003γ t -1.265ω -0.001T+32.709 0.987 

RHA5RWA10 UCS=-0.015γ t -3.376ω -0.011T+116.891 0.991 

RHA10RWA5 UCS=-0.011γ t -2.375ω -0.003T+83.626 0.863 

RHA5RWA15 UCS=-0.006γ t -5.019ω +152.423 0.989 

RHA10RWA10 UCS=+0.021γ t -2.426ω -0.012T+47.452 0.998 

RHA15RWA5 UCS=-0.009γ t -3.935ω -0.011T-135.021 0.968 

RHA5RWA20 UCS=-276γ t +2.710ω -0.022T+284.079 0.959 
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  4.18  UCS  ( � ( � 

 

 Regression   Equation R2 

RHA10RWA15 UCS=0.027γ t -8.45ω -0.028T+209.528 0.988 

RHA15RWA10 UCS=-0.043γ t +0.039ω -0.010T+53.971 0.999 

RHA20RWA5 UCS=0.001γ t +2.595ω -0.083T-83.724 1.000 

RHA5RWA25 UCS=-0.024γ t -8.962ω -0.059T+291.388 0.998 

RHA10RWA20 UCS=0.016γ t -0.555ω -0.002T-3.262 0.602 

RHA15RWA15 UCS=-0.008γ t -4.678ω -0.022T-155.218 0.938 

RHA20RWA10 UCS=-0.065γ t -12.071ω -0.036T+481.733 0.910 

RHA25RWA5 UCS=0.004γ t -1.564ω -0.006T+49.622 0.851 

RHA5RWA30 UCS=0.040γ t -8.521ω -0.03T+202.216 0.947 

RHA15RWA20 UCS=-0.023γ t-3.145ω -0.017T+127.577 0.937 

RHA20RWA15 UCS=-0.018γ t -4.622ω -0.022T+171.090 0.996 

RHA30RWA5 UCS=-0.034γ t -13.492ω -0.062T+497.580 0.935 

RHA5RWA35 UCS=-4.989ω -0.023T-149.484 0.985 

RHA10RWA30 UCS=-040γ t -8.218ω +0.008T+297.076 0.879 

RHA20RWA20 UCS=-0.028γ t -6.795ω -0.080T+186.241 0.793 

RHA30RWA10 UCS=0.008γ t -3.808ω -0.029T+125.926 0.990 

RHA35RWA5 UCS=-0.013γ t -6.196ω -0.008T+240.606 0.909 

RHA10RWA40 UCS=-0.114γ t -16.659ω +0.024T+652.142 0.860 

RHA20RWA30 UCS=0.0.22γ t -10.555ω -0.014T+374.032 0.865 

RHA25RWA25 UCS=0.032γ t -4.454ω -0.041T+117.993 0.966 

RHA30RWA20 UCS=0.037γ t -1.714ω -0.018T+21.705 0.907 

RHA40RWA10 UCS=0.022γ t -4.106ω +0.013T+185.134 0.997 
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  4.19  E50  ( � 

 

 Regression   Equation R2 

SC E50=0.018γ t -0.228ω +0.012T-16.457 0.771 

RHA5SC95 E50=-0.230γ t -20.635ω +0.270T+914.843 0.920 

RHA10SC90 E50=-0.638γ t -157.809ω +0.094T+5422.691 0.877 

RHA15SC85 E50=-0.053γ t -37.322ω +0.237T+1230.586 0.617 

RHA20SC80 E50=-2.215γ t +51.625ω +2.903T+1083.265 0.966 

RHA25SC75 E50=0.529γ t +60.379ω +0.695T-2668.972 0.646 

RHA30SC70 E50=0.216γ t +53.180ω +0.674T-2127.548 0.886 

RHA35SC65 E50=0.090γ t +27.31ω +0.668T-1081.601 0.873 

RHA40SC60 E50=-5.504γ t -487.52ω -0.575T+24145.130 0.663 

RHA50SC50 E50=1.226γ t +172.581ω +1.162T-8467.935 0.668 

RWA5SC95 E50=-1.184γ t -34.454ω +0.141T+2731.301 0.893 

RWA10SC90 E50=3512.033γ t -0.318ω -108.117T+3512.033 0.837 

RWA15SC85 E50=0.271γ t -95.66ω -0.380T+3083.206 0.865 

RWA20SC80 E50=0.020γ t -14.747ω +0.412T +401.480 0.666 

RWA25SC75 E50=-0.164γ t -83.662ω -0.371T+2576.316 0.907 

RWA30SC70 E50=-0.195γ t -166.800ω -0.994T+4904.255 0.998 

RWA35SC65 E50=-0.485γ t -300.107ω +2.426T -8918.315 0.980 

RWA40SC60 E50=1.922γ t +321.318ω +7.355T-11257.031 0.969 

RWA50SC50 E50=-4.783γ t -1046.986ω -19.988T+34552.093 0.607 

RHA5RWA5 E50=0.088γ t -37.035ω -0.044T+947.089 0.987 

RHA5RWA10 E50=-2.162γ t -33.497ω -0.090T+3845.221 0.984 

RHA10RWA5 E50=0.033γ t -61.420ω +0.314T+1752.99 0.755 

RHA5RWA15 E50=2.159γ t -18.434ω -0.222T+2327.961 0.988 

RHA10RWA10 E50=+0.450γ t +114.122ω +1.882T-230.707 0.998 

RHA15RWA5 E50=0.104γ t +3.395ω +0.412T+2530.658 0.982 

RHA5RWA20 E50=-3.129γ t +55.005ω +1.300T+2530.658 0.853 
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  4.19  E50  ( � ( � 

 

 Regression   Equation R2 

RHA10RWA15 E50=-1.247γ t +69.565ω +1.840T-367171 0.916 

RHA15RWA10 E50=-1.422γ t +37.766ω +0.876T+724.828 0.996 

RHA20RWA5 E50=-0.137γ t -23.074ω +0.641T+920.876 0.725 

RHA5RWA25 E50=0.304γ t -114.239ω -0.604T+2904.748 0.957 

RHA10RWA20 E50=1.319γ t +24.110ω -0.306T-2377.280 0.774 

RHA15RWA15 E50=-0.150γ t -90.610ω -0.217T+2979.453 0.964 

RHA20RWA10 E50=-0.879γ t -138.166ω -0.190T+5675.055 0.938 

RHA25RWA5 E50=-0.072γ t -31.850ω -0.103T+1178.627 0.884 

RHA5RWA30 E50=3.343γ t -272.346ω +0.707T+3869.061 0.701 

RHA15RWA20 E50=-0.541γ t -26.571ω +1.060T+1540.884 0.926 

RHA20RWA15 E50=1.616γ t+19.759ω +2.313T-2614.477 0.976 

RHA30RWA5 E50=-0.381γ t +42.647ω +1.665T-1884.067 0.999 

RHA5RWA35 E50=-0.698γ t -194.147ω -0.736T+6665.053 0.824 

RHA10RWA30 E50=0.810γ t -309.998ω -0.015T+10282.129 0.761 

RHA20RWA20 E50=-0.112γ t -387.319ω -2.325T+12591.638 0.869 

RHA30RWA10 E50=-0.899γ t -374.647ω -1.826T+14198.86 0.727 

RHA35RWA5 E50=0.478γ t -232.04ω -2.595T+7871.624 0.611 

RHA10RWA40 E50=-5.210γ t -618.280ω +2.855T+25423.714 0.949 

RHA20RWA30 E50=-2.139γ t -624.474ω +0.746T+23076.188 0.847 

RHA25RWA25 E50=1.122γ t -110.063ω -0.460T+2507.898 0.862 

RHA30RWA20 E50=0.967γ t +0.804ω -0.072T-1119.527 1.000 

RHA40RWA10 E50=-0.179γ t -37.371ω +0.255T+1661.516 0.717 
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  4.20  fε   ( �   

 

 Regression   Equation R2 

SC fε  =-0.003γ t +0.082ω +15.680 0.632 

RHA5SC95 fε  =0.001γ t +0.094ω -0.002T+9.649 0.703 

RHA10SC90 fε  =0.003γ t +1.697ω -0.001T-39.679 0.992 

RHA15SC85 fε  =-0.010γ t +0.139ω -0.004T+22.952 0.859 

RHA20SC80 fε  =-0.027γ t +4.138ω +0.046T 0.944 

RHA25SC75 fε  =-3.321X10-5γ t +1.908ω +0.009T 0.995 

RHA30SC70 fε  =0.002γ t +0.248ω -0.005T+9.196 0.999 

RHA35SC65 fε  =0.002γ t +1.568ω +0.002T-43.043 0.904 

RHA40SC60 fε  =0.017γ t +4.272ω +0.009T-159.120 0.981 

RHA50SC50 fε  =-0.015γ t +1.576ω -0.010T-63.689 0.852 

RWA5SC95 fε  =-0.044γ t +4.306ω +0.020T-46.805 0.957 

RWA10SC90 fε =0.001γ t +0.761ω -0.006T-11.195 0.999 

RWA15SC85 fε  =0.004γ t +0.177ω -0.007T+11.663 0.992 

RWA20SC80 fε  =-0.003γ t +0.769ω -0.003T-7.670 0.943 

RWA25SC75 fε  =0.013γ t -1.600ω -0.054T+71.424 0.977 

RWA30SC70 fε  =-0.005γ t -1.593ω -0.044T+58.674 0.917 

RWA35SC65 fε  =-0.011γ t -1.043ω -0.061T+50.484 0.844 

RWA40SC60 fε  =0.006γ t +5.373ω +0.041T-149.916 0.995 

RWA50SC50 fε  =-0.110γ t -20.272ω -0.449T+695.904 0.777 

RHA5RWA5 fε  =0.004γ t +1.235ω -0.001T-17.895 0.970 

RHA5RWA10 fε  =-0.003γ t +1.959ω -0.003T-39.864 0.968 

RHA10RWA5 fε  =-0.052γ t -0.076ω +0.004T-53.625 0.947 

RHA5RWA15 fε  =-0.221γ t -5.640ω +0.003T+466.433 0.989 

RHA10RWA10 fε  =-0.023γ t -3.603ω -0.062T+151.036 1.000 

RHA15RWA5 fε  =0.005γ t +1.323ω -0.003T-35.271 0.951 

RHA5RWA20 fε  =1.034γ t -14.082ω +0.052T-938.031 0.954 
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  4.19  fε   ( � ( � 

 

 Regression   Equation R2 

RHA10RWA15 fε =-0.111γ t +28.338ω -0.098T-660.476 0.936 

RHA15RWA10 fε =0.015γ t -2.379ω -0.105T+102.325 0.987 

RHA20RWA5 fε =0.004γ t +4.259ω -0.095T+144.241 0.898 

RHA5RWA25 fε =0.021γ t +8.736ω -0.010T-269.431 0.999 

RHA10RWA20 fε =-0.024γ t +2.067ω -0.005T-18.693 0.961 

RHA15RWA15 fε =0.028γ t +4.200ω -0.015T-78.150 0.811 

RHA20RWA10 fε =-0.061γ t -12.068ω -0.120T+448.013 0.982 

RHA25RWA5 fε =-0.001γ t -1.820ω -0.070T+76.242 0.999 

RHA5RWA30 fε =0.073γ t +16.741ω +0.056T-397.596 0.714 

RHA15RWA20 fε =0.037γ t +11.917ω -0.64T-402.589 0.966 

RHA20RWA15 fε =0.178γ t+4.362ω +0.067T-346.601 0.995 

RHA30RWA5 fε =0.039γ t +5.952ω +0.008T-233.534 0.941 

RHA5RWA35 fε =0.071γ t +10.271ω +0.027T-387.294 0.940 

RHA10RWA30 fε =0.001γ t +17.650ω +0.073T-515.342 0.999 

RHA20RWA20 fε =-0.047γ t +4.846ω +0.001T-85.835 0.851 

RHA30RWA10 fε =-0.018γ t -1.146ω -0.084T+75.342 0.959 

RHA35RWA5 fε =0.013γ t +5.269ω +0.002T-190.309 1.000 

RHA10RWA40 fε =0.261γ t +22.871ω -0.155T-1016.439 0.866 

RHA20RWA30 fε =0.017γ t +17.460ω -0.003T-582.061 0.625 

RHA25RWA25 fε =-0.019γ t +8.748ω -0.030T-266.863 0.766 

RHA30RWA20 fε =0.100γ t -9.460ω -0.177T+471.460 0.707 

RHA40RWA10 fε =0.054γ t +5.118ω -0.147T+243.763 0.657 
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ABS�RAC�:  The application research of rice husk ash (RHA), rubber wood ash (R�A) and both ash 

combinations for Songkhla clay stabilization was performed. The clay specimen was replaced with RHA 

and R�A in proportion of 0, 5, 10, 20, 30, 40 and 50% by dry weight of soil and the mixtures were 

stabilized in control ambient for a period of 1, 7, 14, 28 and 5� days. Atterberg limits, standard Proctor 

compaction and unconfined compressive strength (UCS), California bearing ratio (CBR), consolidation 

tests, X-ray diffraction and scanning electron microscope analysis were carried out on the RHA-R�A 

stabilized clay samples. Generally optimum moisture content and plasticity index of the treated clay 

samples decreased and reduced the plasticity index with addition of RHA and R�A. It was found that 

the addition of 20% RHA and 30% R�A obtained the maximum UCS of 540 kPa. �hile the optimal 

stabilized clay specimen yielded 28-day CBR value about 21% and 7and 14-day pre-consolidation 

pressures up to �15 and 820 kPa. 

KEYWORDS: Songkhla clay, Rice husk ash, Rubber wood ash, California bearing ratio, 

Consolidation 
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Abstract 
Stabilization of Songkhla clay (SC) is studied by 

chemically using standalone rice husk ash (RHA), 

rubber wood ash (RWA) and combinations were 

partially replacement of 0, 5, 10, 20, 30, 40 and 

50 wt.% SC at 1, 7, 14, 28 and 56 days curing 

periods. Experimental investigation includes the 

evaluation of such properties of the natural and 

treated SC specimens as Atterberg limits, standard 

Proctor compaction, unconfined compressive strength 

(UCS), California bearing ratio, consolidation tests 

and X-ray diffraction (XRD) and scanning electron 

microscope analysis (SEM). Test results reveal 

that both RWA and RHA reduce the plasticity of 

SC. In term of compactability, addition of RWA 

and RHA decreases the maximum dry density and 

increases the optimum moisture content. From the 

viewpoint of plasticity, compaction and California 

bearing ratio characteristics for typical subgrade 
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materials, addition of 20% RHA and 30% RWA is 

recommended as an optimum amount. 

Keywords: Songkhla clay, Stabilizer, Rice husk 

ash, Rubber wood ash, Subgrade materials 

 
1.  
  

 

 

 

 

  (Songkhla Clay-SC) 

 (Mangrove Deposits) 

 

 

 

 

 

 

     

   

 (silica fume) 

  

  

  

  

 

 

 [1]  

 CaO  58.17% 

 

 [2]  

  

(Pozzolan)  Zhu and Liu [3] 

  

  

  

 [4] 

 

  Lee et al. [5] 

 

 Basha et al. [6] 

  

  6-8  10-15 

 

 

 [7]  [8] 
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2.  
2.1  

 (SC) 

  1.50-2.00  

  

 (RHA)  .

   

(RWA) 

  .  

 

 200 (75 ) 

 32   (  1) 

 50  

 1  

RHA (%) RWA (%) SC (%)  

0 0 100 SC100 

5 0 95 RHA5 

10 0 90 RHA10 

20 0 80 RHA20 

30 0 70 RHA30 

40 0 60 RHA40 

50 0 50 RHA50 

0 5 95 RWA5 

0 10 90 RWA10 

0 20 80 RWA20 

0 30 70 RWA30 
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 1 ( ) 

RHA (%) RWA (%) SC (%)  

0 40 60 RWA40 

0 50 50 RWA50 

5 5 90 RHA5RWA5 

5 15 80 RHA5RWA15 

10 10 80 RHA10RWA10 

15 5 80 RHA15RWA5 

5 25 70 RHA5RWA25 

10 20 70 RHA10RWA20 

15 15 70 RHA15RWA15 

20 10 70 RHA20RWA10 

25 5 70 RHA25RWA5 

5 35 60 RHA5RWA35 

10 30 60 RHA10RWA30 

20 20 60 RHA20RWA20 

30 10 60 RHA30RWA10 

35 5 60 RHA35RWA5 

10 40 50 RHA10RWA40 

20 30 50 RHA20RWA30 

25 25 50 RHA25RWA25 

30 20 50 RHA30RWA20 

40 10 50 RHA40RWA10 

 

2.2  
 RHA  

RWA    

 (X-Ray Fluorescence) 

 (X-Ray Diffraction) 

 

 RHA  RWA 

  

  (Standard 

Proctor Test)  ASTM D 698 

 (Optimum 

Moisture Content, OMC)  (Unconfined 

Compressive Strength, UCS)  ASTM D 2166 

  (Standard Proctor Test) 

 ASTM D698 

 

1, 7, 14, 28  56  

 (California Bearing Ratio, CBR) 

 (Unsoaked)  ASTM D 1883 

 UCS  SC 

 (Consolidation Test)  

ASTM D 2435  

SC   UCS 

  14  

 

2.3  
 RHA  RWA 

 (  1) RHA  SiO2, Al2O3  

Fe2O3  89.17  ASTM C 

618  N  SC 

 RHA  

RHA  5.13  6 

 CaO  (45.01%)  

SiO2, Al2O3  Fe2O3  1.15  (  1)  

 

3.  
3.1  

SC 

 (  2) 

  SC 

  

  [3] 

 [8] 

 

 3 

  

 SC (%) 
RHA 

(%) 

RWA 

(%) 

SiO2 52.95 86.45 0.87 

Al2O3 14.52 1.34 0.08 

Fe2O3 9.09 1.38 0.20 

CaO 0.18 2.11 45.01 

SO3 5.92 0.47 5.57 

Cl 0.52 0.20 0.77 
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 3 ( ) 

 
SC  

(%) 

RHA  

(%) 

RWA 

(%) 

K2O 1.82 1.06 12.45 

P2O5 - 0.85 1.73 

TiO2 1.44 0.12 - 

MnO2 - 0.44 1.08 

MgO - 0.35 3.43 

LOI - 5.13 28.58 
 

 2  

  

, %  76.44 

 (Liquid Limit -LL), % 53.37 

 (Plastic Limit -PL), % 28.36 

 (Plastic  Index -PI), % 25.01 

 (Gs) 2.64 

 (Total Unit  

Weight -γt) 

1.491 

 (UCS) / .2 0.16 

 (pH) 3.15 

 (Chloride)  /  3.50 

 (Organic Matter),  

/  

38.99 

 (Sulphate),   /  2.31 

              
3.2  

  

 LL, PL  PI  

 LL, PL  PI 

  

 LL, PL  

 PI   1  

 LL, PL 

  PI  (  1 ) 

 Terrel et al. [9]   PI 

  

(Workability) 

 Ali et al. [10] 
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3.5  
 (CBR) 

 RHA20RWA30   CBR 
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3.6  
 RHA20RWA30 

 Pc ,  5920%, 

122.96%   6 

 (Compressibility Parameter) 

 5  Gurtug and 

Sridharan [12] 

 

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

0.10 1.00 10.00

 ( ./ .
2
)

SC ( )

�

0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0 1 10 100 1000

 ( ./ .
2
)

SC ( )
RHA20RWA30  14 

�
 6  

 )  )   )  RHA20RWA30 

  14  
 

 �  
 (SC� Compressibilit

y Parameter   RHA20RWA30 
Pc (ksc) 0.50 13.50 30.10 

Cc 0.271 0.477 0.500 

Cr 0.0625 0.056 0.0714 

 

3.7   
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