
Civil Infrastructure Researches, Vol. 8, Issue. 2, Winter 2023, pp. 69-83 

 

                                                 
* Corresponding author 
Received 06 January 2022, Revised 14 June 2022, Accepted 15 June 2022. 
DOI: 10.22091/cer.2022.7756.1349 

 
Stabilization of Lead and Zinc Contaminated 
Clay Soils with Metakaolin 
 
Soil pollution due to various factors is one of the world's problems 
in different countries, especially industrialized countries, which 
has attracted much attention in the form of various researches. To 
solve this problem, in this study, metakaolin was used to stabilize 
low-plasticity (CL) clay contaminated with lead and zinc nitrate. 
The present study consists of two main stages. The first stage 
examines the soil to identify the most critical concentrations of 
contaminated soils and soils contaminated with lead nitrate and 
zinc nitrate in a ratio of 1: 1 and with concentrations of 1000, 
5000 and 10000 ppm with a curing time of 7 days. The results 
obtained in the first stage showed that increasing the 
concentration of pollutants has a negative effect on soil 
geotechnical parameters, which can be reduced to the maximum 
uniaxial compressive strength and reduced soil CBR resistance. 
This step aimed to identify the most critical concentration of 
contaminated soil, which was 100 ppm. The second stage 
examines the resistance tests of contaminated soil with a 
concentration of 10000 ppm and its stabilization with metakaolin 
at a rate of 5% by weight and with a curing time of 7, 14 and 28 
days. The purpose of curing time is to investigate the effect of time 
on soil geotechnical parameters during the presence of 
metakaolin in the soil. In general, according to the results of these 
experiments, the maximum uniaxial compressive strength and soil 
CBR strength increased with increasing curing time. As the curing 
time increases, the soil adhesion increases and consequently the 
compressive strength of the soil increases. 
 
Keywords:   lead (II) nitrate, Zinc nitrate, metakaolin, Pozzolan, Soil 
contamination. 
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 /5 ������/5

 �
� M� <4 	�� �:�5 �, N
� .,,�.!� <0!1; 	;>@� �

<�!���, ��� �; ���/0u �!c�3 	oDp  .,��U2 ��� ��
 4��

 �� !� ���4 <; ��>�!� �/�- 	�/; r
��� �.
, ��

�; �D
�, I�9\B� <
��� � �2/0K�u  	oDp �
� M�

�/0
H-  ,�4 ����� �0;�4��/!� ���]12[ .��/!K�11  �

����9��  �� <A:�\� �,�.
,  m�� [���!� �c� ����; <;

/0�
�,�� ������� ��� <
H ��� �;.  j�� ���, ����;

 �9
 !M ���������� �
�; ��� �; �/0
H- 	oDp � ���-

 .	�� �,>; ?!GX3 N
� �, �DB� Z�/�� �� ��, l� <���

                                                 
10 Li  
11 Abidoye 
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 � m�� [���!� 	oDp �
� M� �/�/!� ���� r
��� ���,

j��  �
� M� � ��
 4�� <�!���, ���4 _��; ���-

<�>�� �, �!��e!:�4 ��;��; 	!M�}  .,>�!� �,>:- ���

 m�� [���!� 	oDp � ���- j�� ���, �
� M� N!0O��

 �/
,�2 <0!1; 	;>@� ���4� �
� M� _��; |!3�3 <;

 	��]13[. >u12 � ����9��  ���.�
���- ����; 8
 �,

<; ����; � N!�E3 ���������� 	���G� ���; �, ��14�
 

�,>:- �; �,�e��� �� |
�n 	
�/� �9
��9:� /0�
�,��. 

���; N
� �>o0� I�
 �; <� N!.0� DM �m�� ��� � 

�!�,�4 �,>:- �/� � <�>�� ��� �,>:- <; [/� 48 	��� 

�, ���, ~�3� /�� <�M�2���k .r
��� ���� /�/!� [� DM 

N!.0� _��; �
� M� 	���G� ���; � �2/0K�u �, 

I�
 ,>�!�. N!0O�� �; �
� M� 	oDp �/0
H- �� 

[��!!L3 ����!; �����������, �����G� jB�5 ,>�!�. 

r
��� ��1�
���- 	���G� �9
��9:�  !� ���� /�/!� <4 �; 

�
� M� 	oDp �/0
H- �� 	���G� �9
��9:� ���4 �� 

/;�
 ]14[ . �.
, ������ �,  ��eD�E� �����, � ���;��

/!;��413  v� <; �,>:- I�
 	!Kd3 ���; N!:>b�4��� �

 �,�e��� �- �2,>:- <=�, �; ?;�\�/
,�2.  ����� r
���

 <4 ,�/!� ���� ��GGX� N
�PH  �; I�
 �
� M� �; �� !�

/!;��4 ���;�� (CA) ��>�X� ���4 � N:>b�4���  �
� M�

/;�
 �� ]15[. ����14 ����9�� �  �� <A:�\� �,��; <;�� 

� �, 8�- �0� � 8�- �G�!��3��/!�> ��4� ��� ��� 

���; �� �E;�c�� ��4� ��� ��� ��;� Kd3!	 /��= /

����  ��� ��As  (8!0��-) �Pb (m��)  I�
 �,

�,>:- ./0�
�,��  ��/; T�� 8
 ~>M ����� �D4 �>@ <;

 <; �,>:- I�
 ����/��=/	!Kd3 ���; ���!� �� �,�e���

As  �Pb  ��>0� <; l� I�
 ��/A� ,�>� �� �,�e��� �; ��

 <b��� N;�4 �4 ��g3� ,�>�,�,  	;�c ����� N
� r
��� �

 <4 ,�4 ��� �B�0� �c>� �>@ <; l� I�
 ��/A� ,�>�

��  ��� �,�4 	!Kd3M�4 ��/G� <4 	�� �4z <; ]�H�  8�-

                                                 
12 Chu 
13 carbide slag 
14 Wang 

��;� �@�!��0  ������/��= Kd3 � m>D\�!	 H-
�/0 ��  �,

�� [H>gX�
< l�-�/004/��=/�/004 	!Kd3 � ,�>�!�� 

	��]16[ .  �, ����9�� � ���������� �.
, � �
���4 �

 ��k j2 �N:>b�4��� �9!��9� �G�15  ���>4 <:�e3 /0D;16 

 ,�>� �� 8!0��- <; �,>:- [�;>�� ����/��=/	!Kd3 �;

 ./�,�, ���k ����; ���� ����� N
� �� �/�- 	�/; r
���

 N
���4 N:>b�4��� �; �/� 	!Kd3 �,>:- ��� <�>�� <4 ,�,

 �����,  ��k j2 �; �/� 	!Kd3 ��� <�>�� � �
���4

 ����/��=/���� 	!Kd3 �, ,>=>� �
���4 N
���!;

 /0���, �� 8!0��- <; �,>:- [�;>��]17[ . �� <A:�\� �,

��.
, ��/��=/	!Kd3 j!����� <
���; �����!D�>bY ��

N:>b�4���- ���4 �, 8!0��- 	!Kd3 ���;  ��k j2

	
�0!:>:17  � /�,�, ���k ����; ,�>��� r
��� ~>M ���

,�, ����  ,�/5 �� 8!0��- 	oDp <410  �320  �, /B�,

 N!; �>!��3��/!� <D5�� �>@7  �328  ���- j�� ���

	M�
 �
� M�]18[ .  

�,  ������n�5  ,�>� I�
�>o0� <; �,�e��� 

 �, ��A0B <G\0� 8
 �9
, � �� ���.�
���- ����;

<4  	�� ���- J�5 ���13 �1� Z��@� �/�;� [��
���- 

<
�� �; ��� N
� I�
 �� ]�W�� �/�  vs� � �, <��,� 

 ����� N
� I�
 �� <; <D!�� �/0
H- �; 	oDp � ���� 

�!c�3 ��d4�/5 �,>:- �/� � v� ��  ���� 	�U2|��0�� �

	!Kd3 �/004  �;���� j�� ���- CD�E� <; I�
 <M�n� � 

a�>
 �9!093>bY � �����G� I�
 �� ,�>� ����; ���k 

.	�� <�M�2 �,�4 �,>:- ������ N
� ���->�  I�


 �>� �� <��, 
�CL �; �/� �,>:- I�
 	!Kd3 vs� � 

�; N:>b�4��� /B�, N
�3 <0!1; <��U2 ��� ����� l���

./��; ��  

2- %&�'
 " �
(
  

                                                 
15 Red mud 
16 blast-furnace slag 
17 lollingite 
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I�
 �,�e��� �/� �, N
� ?!GX3 <�M�2�; �� <G\0� 

 �9
, � �, �� I�1� ��A0B /01� Jk�� �, <.��,��1u 

���13 	��. <.��,��1u ��1� �, <4 	�� m>0= �;�p 

�1� ���13 �/� Jk�� 	��  �����, �, I�1� ��A0B 

	��. ��1�4�� ��A0B ���
� ��,>
 �� 
, �/
/� ��!4 

��
�3 <:>: ����� ���2�W0!� ����
 � ��� 	4�� ,/A�� 

�.
, �, N
� �1�  /�� <�M�2 ���k � �� �/0
H- ,��� �\
 �

 <G\0� I�
 <; �/� �4z ��� 	4�� ��A0B ���/�����

.,��, ,>=� ~>M  v!��3 ���3 <4 ~>M <G\0� �� ��E;

 �>o0� <; 	��/� ,>=� �- �, �2,>:- �\
 � �,>; <�>��

���,�; ./� N!!A3 

� �, �,�e��� ,�>� �/004 �,>:-
N ������ �![��� 

� � m��![��� ��� ��  	K�� �; <4 /��;1:1  [�>B <;

� <M�n� I�
 <; m- �, �>DX��  ./�>�  [�gE��

 ,�>� ��� [���!� � m�� [���!� �
�!�!� � �9
 !M

 ��/= �, [��
���- �, �,�e���1 .	�� �/� <b���  

 �/004 	!Kd3 �� �,>:- I�
 	!Kd3 �>o0� <;

 .	�� �/� �,�e��� ����� N
� �, N:>b�4���; N:>b�4��� <

 �� !�5 ���� %�; �� ����� j�� ��-� 7  �14  �28  ���

Kd3 ��>0� <; �/� �,>:- I�
 <;!	 � <M�n� �/004�  .,>�

 ��/= �,2  ��/= �, � �
�!�!� [�K!4�33  [�gE��

:>b�4��� �9
 !M ���� ~>M ����� �, �,�e��� ,�>� N

.	�� �/� �,�,  

 ��/=1-�,�e��� ,�>� ��� �/004 �,>:- [�gE��  

]��  

[�gE��  
m�� [���!�  ��� [���!�  

�
�!�!� �>��M  Pb(NO3)2 Zn(NO3)2  

�:>9:>� ��� (gr/mol)  2/331  36/189  

a>gE� ��� (gr/cm3)  53/4  065/2  

 ��/=2- �,�e��� ,�>� N:>b�4��� �
�!�!� [�K!4�3  

�
�!�!� �>��M  (%)���� /B�,  

SiO2 48  

Al 2O3  41  

Fe2O3  3/1  

CaO 1/3  

MgO  8/1  

K2O + Na2O  16/0  +2/0  

SO3 2/0  

 ��/=3- �,�e��� ,�>� N:>b�4��� �9
 !M [�gE��  

a>gE� ��� )gr/cm3(  38/2  

N!D; )cm2/gr(  9169  

~���5� �� ���� 	M� )LOI( (/B�,)  0/1  
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�gE���; N:>b�4��� �
�!�!� � �9
 !M [ l���

 ,��/�����ASTM C618-2012  �
���- �� �,�e��� �; �
18XRF 	�� �/� <b���.  

3 - ��* +�,-
 .�/��
�0 " 1"2  

) ��
� �,>3 �
���- �/�;� <
�� I�
 ��� �;Gs (

�; ,��/����� l���ASTM (D-854)  ��� �� �,�e��� �;

 ���, �, � ^
24  �,>3 � /� ]�W�� ,��2 ����� <=�,

 	
�1� �, <
�� I�
 ��
�76/2 ./�- 	�/;  

��
� �,>3 �
���- �� v� <
�� I�
 ��� �; �

�
���- <��, �/0; <; T�� �; 8:����� l��� ,��/�

ASTM (D-421) ]�W�� �; ./� �/�- 	�/; r
��� l���

�>K� /B�,�  ����� 8:� ��200   �; �;��;6/94 %  �� 

� �;�0; /��;
N ;!�  ��50 �� I�
 %  8:�200 �,�4 �>K� 

/0; <GK@ <; <=>3 �; �� T�� <; I�
 USCS I�
 

� �o� ,�>�
<��,  	�� .� �; �/� �4z [��
���- �� v� ��

�; ������/!� �
���- <
�� I�
 ,��/����� l���

ASTM (D-422)  �	�2 ]�W�� �	
�1� �, <; <=>3 �;

���
r ���-
� ��� /0; <��,� � �!�����/�  I�
 <�>�� �

���,� 4/5  � <��� %51%   � l�2/44 � %!	D �� 

/��;.  

���-
� �� �; �4��3� 5 4!]�2>D  8�
 I�
 ��

�>K��  ����� 8:� ��4 �; �5  CD�E� 	;>@� /B�,

)2/10 �1/13  �3/15  �4/20   �7/22 .	M�2 ]�W��  (%

���- ]�W�� �� v�
� 1; 	;>@� /B�, �4��3!<0  ��� �

�� I�
 �d4�/5 8�
 a>gE�
< ���- ./� <K��X�
� 

 T�� <; �4��3x^B� .	�� �/� ]�W�� �/�  

��� �
���- ����� �n�5 j��� �, <D5�� �DB� 

.	�� <D5�� ��� <; ����; ��1�
���- �
���0� � 

�����G� <
�� I�
 � �,>:- I�
 ,��,�s!�. �, N
� <D5�� 

�/�;� ��1�
���- �
���0� � �����G�) �4��3  ?;�\�

 ,��/�����ASTM (D-1557)�  ��>X� 83�; l���

                                                 
18 X-ray fluorescence 

 ,��/�����ASTM (D-2166)  �CBR�; ( ��� I�
 

<
�� ]�W�� /�  �vs� I�
 �;  ��� 	oDp1000  �

5000  �ppm10000 �; ���� [/� ���- j�� 7  ����

�,>:- �2,>:- .,>� �� �; [� DM N!.0� [���!� m�� � 

[���!� ��� �; 	K�� 1:1 �,>; I�
 .	�� �; /B�, 

	;>@� %35 ���� �,��- �/� <; �3�>B <4 I�
  ^��4

�, 	:�5 J
�� � ���� /��; .vs� [���!� m�� � [���!� 

��� �, m- �/� j5 � /A; �>DX� <; I�
 <M�n�  ��

/�>��,�e��� ,�>� ��� T�� l����; �/��4z T�� �  �,

	�� �DKk ��� ����� ]11 �13  �14[ . �� <�>�� �� �, 

j
�, ��� <�!4 �9!��^� ��, m�, )�
� (C!4 ���k 

�,�,� <; �3�>B <4 j
�, �� <�!4 1 ]�2>D!4 �� <�>�� 

I�
 ���k !� .,�!. /A; �� 	�U2 ���� [/� ���- j�� 

I�
 �� 8�
 �,�4 � ��� �; ��� <�>�� �,>:- I�
 

�/�  �
���-,�/5 N!!A3 �3� ��1�
���- ��4��3 �w�; 

��>X� 83  �CBR I�
 <
��  ./� ]�W��r
���  <!D4

<�>�� ��� �; �/� ]�W�� [��
���- CD�E� ���  �>@ <;

 ��/= �, �D44 .	�� �/� <b��� /A; �� ]�W�� �� �
���- 

�; ���/= �, �/� <b��� r
��� l���1 ��oDp <4 

C!An N
�3 r
��� �� ; �,�, ������>0� <; ,> <�>��  |E�0�

���; <D5�� �/A; m�E��� �, <4 /� N
� �E; 	oDp 

|E�0� �� <�>�� �; ppm 10000 �2,>:- 	��. �, 

/A; <D5��� ����� �; I�
 <�>��  ppm10000  � m��

���  	K�� �;1:1 [/� �; � j�� ���� ��- �7  ����,>:- 

/�  �3�� !� <; I�
 �, ��� � m�� ��� �� �>i5 �c� 

���- j�� ���� [/� �c� � �;��;7  ����; ,�>�  !� ���

/��!2 ���k .[/� �� v� j�� ���� ��-� <�>�� ���  I�


� <��,� �, ./�/� 8�

N ; N:>b�4��� <D5���� !� < 5 %

����  ���- j�� ��� ���� �;7 �14  �28  ��� /B�, �; �

1; 	;>@�!<0 �� I�

< )3/15% ( <;I�
 �,>:- <; �/� 

�>0�Kd3 �!	 �/004 /� <M�n�  /B�, � T�� N
� <4

 <��U2 [�G!GX3 �� <�M�2�; �,�e��� ,�>� <0!1; 	;>@�

/��; �� ]13�15[<�>�� . 4 j
�, �, ��!<� ��� 

��^�!9� ��/1.� ��, m�,� /�/�  �[/� 	�U2 �� /A; 
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j�� ���� ��-� <�>�� ��- <�>�� �� �� ��� �
��� �CBR  ��4��3 83 � �>X�� � w�; �3� <�M�2 ./�    

 ��/=4- �/� ]�W�� [��
���- �� �/�- 	�/; r
���  

I�
 ����������  

I�
 �>�  

σ (Kg/cm2) 
 ����M 	���G�

I�
 �>X� 83 
CBR(%)  ωopt(%) 

γd,max 
(gr/cm3) 

PI 
(%)  

PL 
(%)  

LL 
(%) 

<
�� I�
  15/4  8/40  3/15  773/1  8/15  7/16  5/32  

 �,>:- I�
ppm 1000  �, �/� ���- j��

 ���� [/�7���  
83/3  1/38  8/14  785/1  6/13  8/15  4/29  

 �,>:- I�
ppm 5000  ���� [/� �,7���  68/3  7/36  1/14  815/1  4/10  2/15  6/25  

 �,>:- I�
ppm 10000  ���� [/� �,7���  18/3  2/32  1/13  856/1  7/8  1/14  8/22  

 �,>:- I�
ppm 10000  �; �/� 	!Kd35 %

 [/� �, �/� ���- j�� � N:>b�4��� ����

 ����7���  

77/4  1/45  5/13  847/1  6/8  6/14  2/23  

 �,>:- I�
ppm 10000  �; �/� 	!Kd35 %

b�4��� ���� [/� �, �/� ���- j�� � N:>

 ����14 ���  

5  1/50  4/14  830/1  7/8  1/15  8/23  

 �,>:- I�
ppm 10000  �; �/� 	!Kd35 %

�4��� ���� [/� �, �/� ���- j�� � N:>b

���� 28���  

15/5  4/55  7/14  823/1  2/9  15  2/24  

  

4-.�/��
�0 4��5-  

4-1 -  6�7�8
 �"�9  

�
���- /5 ����� �; ��� 250  ]�2 I�
 8�
 

��>K� �� 8:� 40  ]�W�� <�M�2 <4 �; <=>3 <;  r
��� <;

/5 �/�- 	�, ����� I�
 <
�� �;��; �;  5/35=LL  .	��

 ��� �; ��!�
 /5 �
���- ������ /5 �
���- �� v�

� �/� ]�W�� <
�� I�
 �/�- 	�/; r
��� <; <=>3 �; .	�

 <
�� I�
 ��!�
 /57/16=PL  ./��; ���;�l��  <\;��

PI=LL-PL  �;��; <
�� I�
 ��!�
 <����8/15=PI 

 .	���; �,�e��� �� r
���  	�/; �/�- �� �
���- w�;�3� 

I�
 <
�� ��  �>�CL  l�) �; �4 ��!�
 	!B�
(  .	��

 �vs��
���- w�;�3� �; ��� I�
 �,>:- <; [���!� 

m�� � [���!� ��� �;   <�  	oDp1000  �5000 � 

ppm 10000 � �; [/� ���� j�� ���- 7 ��� ]�W��  /�

 � ��!� r
��� <�
�G� �- �� v� w�;�3� ,�/5 �
���-

�,>:- I�
 � <
�� I�
 ��� �; <�M�2 ]�W��  [���!� <;

 ��� � m��, �� ���� ��� 	oDp �, ����� /5 <4 /�

1000 �5000 �  ppm10000  |!3�3 <;53/9 % �23/21 

 � %84/ 29 %   � 	�� <�M�
 ���4 <
�� I�
 <; 	K��

�
 /5 ��� 	oDp �,  �,>:- I�
 ��!1000 �5000  �

ppm 10000  |!3�3 <;38/5% �98/8%  �56/15 % 	K��

	�� <�M�
 ���4 <
�� I�
 <;� �, . <���� <4 �	
�1

 ��� 	oDp �, �,>:- I�
 ��!�
1000 �5000  �ppm 

10000  |!3�3 <;92/13% �17/34  � %93/44 	K�� % 

 �� .	�� <�M�
 ���4 <
�� I�
 <; 	�/; r
��� <�
�G�

 �,>:- I�
 � <
�� I�
 ��� �; w�;�3� �
���- �/�-

 <4 ,>� �� F�K0�������X; N
�3 	:�5 N!; N
� <� 

	oDp I�
  	oDp ����; ,�>� �,>:- ppm10000 

 .	�� �, ~>M r
��� j9�1 .	�� �/� <b��� 
9�  ��

�
2�� ��� �� I�
 �>�A�� ���G��� F�K3�� �!� ;!N 

L3!![�� ���� /5� H 	��En �;
<  Z��@� �04��� <��2 �,

�� ��z� ��� � M� .	��
� H- 	oDp
�/0 ; <AM�, �!N 

[��z � ���4 �� l��  <��,��- 	4�5 _��; <4 /�,
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���4 m- ��/G� �, [��z� �� ,>� ]11[ �� �, �!<W  /5

����� � �
 /5!�� � ���4� 
/;�.  

� <; I�
 �/� �,>:- �� v�![��� � � m��![��� 

���  	oDp <;ppm 10000  � ���� [/� �;7  I�
 ����

 <; N:>b�4��� �; �,>:-�� !� 5 % ��- j�� ���� [/� �;� 

7  �14  �28 Kd3 ���!	 vs� �/� ���-
�  �; w�;�3�

��� �� <�>��� ��� ./� ]�W�� I�

r  �� �/�- 	�/;

���-
[�� �� �; <�M�2 ]�W�� w�;�3�� Kd3 �,>:- I�
!	 

�� �/� j9� �, N:>b�4�2 .	�� �/� <b���  r
��� �!�e3

 <4 	�� N
� �/0�, ���� �/�- 	�/;/5 �����  I�


 �,>:-ppm 10000  �; �/� 	!Kd35 N:>b�4��� %�, 

���� ��� j�� ���- 7  �14  �28  |!3�3 <; ���75/1 �

38/4  �14/6 .	�� <�M�
 �
� M� �,>:- I�
 <; 	K�� %

/5 ��!�
  �,>:- I�
ppm 10000  �; �/� 	!Kd35 %

 N:>b�4����, ���� ��� j��  ���-7  �14  �28  <; ���

 |!3�354/3 �09/7  �38/6%  �
� M� �,>:- I�
 <; 	K��

/5 .	�� <�M�
 ��!�
 I�
 �, 14 ��� 	K�� <; 7 ��� 

�
� M� <�M�
 vs� �, 28 ��� �K
�G3 	;�c �/��� 	��. 

<���� ��!�
  �,>:- I�
ppm 10000  �; �/� 	!Kd3

5 N:>b�4��� %�, ���� ��� j��  ���-7  ���14/1 %

 ���� �, � <���, �
� M� �,>:- I�
 <; 	K��14  ���

 �, � /��; �� �,>:- I�
 �;��;28  ���74/5 %  �
� M�

 .	�� <�M�
� M� �;
� ��- j�� ���� [/�� H 	��En
< 

�� [��z Z��@� <��2�,� � M�
� �� 
/;� ; <AM�, �!N 

[��z � M�
� 
<�M�  ��/G� �, [��z <��,��- 	4�5 _��; <4

; m-!���� �� �� �, � ,>�!<W ���� /5� �
 /5 �!� �

I�
 � M�
� �� 
/;�.  

  
 j9�1 - �G�
<� L3!![�� � �;��; �, w�;�3� ,�/5!��  2,>:-� ��� I�
 CD�E�  

  
 j9�2 - �G�
<� L3!![��  �,>:- I�
 w�;�3� ,�/5ppm10000 Kd3!	  �; �/�5��- j�� ���� [/� �;��; �, N:>b�4��� %�  

4-2 -��
�8 :��
�0  ,�0��� �; 	�/; r
��� <; �/�- 1; 	;>@� /B�,!<0 

�� I�

<  �;��;3/15a>gE� ��� � %  �d4�/5 8�


�;��; I�
 gr/cm3 773/1 �� ./��; v� �� [/� ���� 
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j�� ���- I�
 <; [/� 7 ��� � �; ���   I�
 �,>:- <; 

	oDp  ���1000 �5000 � ppm 10000  �4��3 �
���-

	M�2 ]�W��.  ]�W�� �
���- �� �/�- 	�/; �4��3 �0X0�

 ��� 	oDp �; �,>:- I�
 � <
�� I�
 ��� �; �/�

 ���� [/� �, <4 CD�E�7  j9� �, �/� ���- j�� ���

3 .	�� �/� <b���  I�
 �� �/�- 	�/; r
��� ��!� <�
�G�

 ���� [/� �, �/� ���- j�� �,>:- I�
 � <
��7 <4 ���

 j9� �,4 - C:�   <4 /�, �� ���� 	�� �/� <b����; 

�
� M� 	oDp �/0
H- /B�, 	;>@� <0!1; I�
 �, 

	oDp  ���1000 �5000  �ppm 10000  |!3�3 <;

26/3 �84/7  �37/14%   <�M�
 ���4 <
�� I�
 <; 	K��

.	�� N!0O�� r
��� j9� 4- m  <4 /�, �� �����; 

�
� M� 	oDp �/0
H- ��� a>gE� 8�
 �d4�/5 

I�
 �, 	oDp  ���1000 �5000  �ppm 10000  <;

 |!3�367/0 �36/2  �68/4  % 	K�� <; I�
 <
�� 

�
� M� .	�� <�M�
 

  
j9� 3 - 3 �0X0� <�
�G�L���; 	;>@� /B�, j;�G� �, �d4�/5 8�
 <�!���, [��!!  � <
�� I�
CD�E� ��� 	oDp �; �,>:- I�
  

    
(C:�)  (m)  

 j9�4 -  [��!!L3 (C:�) <0!1; 	;>@� /B�, (m) � �d4�/5 8�
 a>gE� ���j;�G� �, I�
 I�
 �2,>:- �� !� 

v� �� �,>:- �/� I�
 <; [���!� m�� � [���!� 

��� <;  	oDpppm 10000  ���� [/� �;7 I�
 ���� 

 �,>:-�; N:>b�4��� <;  �� !�5�; % [/� ���� j�� ���-  

7 �14  �28  ���Kd3!	 vs� �/� �
���- �4��3 �; ��� 

<�>�� ��� I�
 ]�W�� /�  �, ~>M �
���- ��� �0X0� �

 j9�5 	�� �/� <b��� . j9� r
��� <; <=>3 �;6 - C:� �; 

�
� M� ���� j�� ���- /B�, 	;>@� <0!1;  �,>:- I�


 �; �/� 	!Kd35N:>b�4��� % �, ����  ���7 �14  �28 

��� |!3�3 <; 05/3 �92/9  �21/12 % I�
 <; 	K��

 �,>:-ppm 10000 �
� M�  �.
, �>� �� � 	�� <�M�


 j9� �
��� �; ?;�\�6 - m �; � M�
� ��- j�� ����� 

Kd3 �,>:- I�
 �d4�/5 8�
 a>gE� ���!	  �; �/�

�� ���� �, N:>b�4���� 7 �14 � 28 3�3 <; ���!| 48/0 �
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40/1  �77/1 <; 	K�� %�,>:- I�
 ppm 10000  ���4
<�M� .	��   

  
j9� 5 - �4��3 �0X0� <�
�G� ppm 10000  �; �/� 	!Kd3 I�
 �;5���- j�� ���� [/� �;��; �, N:>b�4��� %  

  
  

(C:�)  (m)  

j9� 6- L3 ��,>��!![��  (C:�) �d4�/5 8�
 a>gE� ���<0!1; 	;>@� /B�, (m) � Kd3 �,>:- I�
!	  �; �/�5 �;��; �, N:>b�4��� %

��- j�� ���� [/��  

4-3 -�2(;
 <8 =
"��
  

�
���- 83 ��>X� �; ��� kg 1 I�
 8�
 

��>K� �� 8:� 4 �; /B�, 	;>@� <0!1; ]�W�� I�
 

	M�2. �;�d4�/5 �� �/�- 	�/; r
��� l��� 	���G� 

����M I�
 <
��  �;��; �;kg/cm2 15/4 ./��; �� vs� �

�
���- 83 ��>X� �; ��� I�
 �,>:- <; m�� � ��� 

<; 	oDp  ���1000 �5000 �  ppm10000  [/� �;

 ���- j�� ����7  ���� �; /B�, 	;>@� <0!1; I�
 <
�� 

]�W�� /�  � �0X0� [��
���- �� �/�- 	�/; ���4 �03

 j9� �, ~>M7 .	�� �/� �,�, ���� �� �N!0O ��,>��

�d4�/5 [��!!L3  ��>X� 83 ����M 	���G� � <
�� I�


 CD�E� ��� 	oDp �; �,>:- I�
 j9� �,8  �/� <b���

 .	���; <=>3 <;  j9�8� �; �
� M� 	oDp �/0
H- 

	���G� ����M �d4�/5 I�
 �, 	oDp  ���1000 �

5000  �ppm 10000  |!3�3 <;71/7 �32/11  �

37/23	K�� % <; I�
 <
�� ���4 ��  �,>:- I�
 ./;�


	oDp <; ppm 10000  <; 	K�� 	:�5 N
�3 ����X;

�� �.
, ��� 	oDp  [���!� � m�� [���!� �>i5 �; ./��;

�, ��� ���4 N!; ��>
 �,�K3 ��� �04�� �l� I�
  ���

�� ~�e3� ��� � m�� � ��� �04�� N
� �c� �, �/�M�  �; ���

 I�
 �2/0K�u �/0
H- 	oDp �
� M� � <�M�
 ���4

�� ���4 I�
 ����M 	���G� �d4�/5 ./;�
  

� <; I�
 �/� �,>:- �� /A;![��� � � m��![��� 

���  	oDp <;ppm 10000  ���� [/� �;7  I�
 ����

� <; N:>b�4��� �; �,>:-!��  5 %����  ���� [/� �;

j�� ��-� 7 �14  �28 1; 	;>@� /B�, �; � ���!<0  I�
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��
< Kd3!	 ���- vs� �/�
� �>X� 83� �� �;� 

<�>�� ��� � ]�W�� I�
./ 

 
 j9�7 - �G�
<� 0X0�� �� I�
 ���4 �03
<  �,>:- I�
 �;

�� 	oDp �,� CD�E� 

  
 j9�8 - L3!![�� �>X� 83 	���G�� � �;��; �, I�
!��  

2,>:-� 

�03 �0X0� - [��
���- ���4  j9� �, �/��4z

9 	�� �/� �,�, �
���.  j!DX3- 	�/; r
����/�  <b��� �

 j9� �, �/�10  /�, �� �����d4�/5 	���G� ����M 

I�
  �; �/� 	!Kd35 N:>b�4��� %�, ���� ��� 7 �14  �

28 ���  |!3�3 <;5/1 �65/1  �74/1  I�
 <; 	K�� �;��;

 �,>:-ppm 10000 .	�� <���, /�� 

; <=>3 �; �D4 �>@ <; N
� �� �/�- 	�/; r
��� <

�
���-5 ��
� M� �; ��>X� 83 ����M 	���G� �d4�/ 

	�� <�M�
 �
� M� ���- j�� ���� ���� [/� �
� M� �; .

 �- JK3 <; � /;�
 �� �
� M� I�
 �2/0K�u ���- j��

.	�� <�M�
 �
� M� I�
 ����M 	���G�  

4-4 - ) ��-�?�&�� ��72�7 =@A-CBR(  

 �
���-CBR �;  ���5 ]�2>D!4 I�
 8�
 

��>K� �� 8:� 4 �; /B�, 	;>@� <0!1; I�
 ]�W�� 	M�2 

 �<; <=>3 �;  ~>M �
���- �� �/�- 	�, <; <W!��� 

N!0O�� �
,�G� ��; ,��/����� �,  �
���-CBR ��/G� �

CBR  <
�� I�
  �;��;8/40.	�� �/�- 	�/; % 

  
j9� 9 - �G�
<� 0X0��- ���4 �03�,>:- I�
 ppm 

10000  �; �/� 	!Kd3 �,>:- I�
 �;5���� �, N:>b�4��� %  ���

CD�E�  

 
j9� 10 - L3!![�� �>X� 83 	���G��  [/� �;��; �, I�


��- j�� ����� 

 �
���- �vs�CBR  �, �,>:- I�
 ��� �;

	oDp  ���1000 �5000  � ppm10000  ���� [/� �;

 ���- j��7  I�
 <0!1; 	;>@� /B�, ���/�� <; ��� <
��

/� ]�W��  <
�� I�
 ���; ��; �;��; �, z>e� �� !� �0X0� �

 j9� �, CD�E� ��� 	oDp �; �,>:- I�
 �11  <b���

	�� �/�N!�� �; .  �
���- �� <DB�5 �
,�G� l���

CBR !� <; �,>:- I�
 ��� 	oDp �, ��� � m�� [���

1000 �5000 �  ppm10000  ���� [/� �;7  �, ���

 j9�12 �, �
��� j9� <; <=>3 �; .	�� �/� �,12  �;

�} ��/G� �/0
H- 	oDp �
� M� �, I�
 ��;��; 	!M

 ��� 	oDp1000 �5000  �ppm 10000  |!3�3 <;

61/6 �04/10  �07/21 %  �/!� ���4 <
�� I�
 <; 	K��

 N!; 	:�5 N
�3 ����X; <4 ��>@ <; �,�43  ,�>� 	oDp
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 �,>:- I�
 �����;ppm 10000  ./��; �� [���!� ,>=�

 ��� 	!:�AM �/�- ,>=� <; _��; I�
 �, ��� � m��

 ��� ��� ���4 N!; ��>
 �,�K3 ��� �04�� � �
�!�!�

 <4 ��� ��� ���4 [�XeB .,>� �� ��� � m�� �

 �� {!X� �, ,>=>� ��� �>!3�4 /0��� �e0� ��; ����,

 �/0
H- 	oDp �
� M� �; �/004 �� mU= ,>
 Z�@ <;

 I�
 �2/0K�u I�
 ��;��; 	!M�} � <�M�
 ���4

./;�
 �� ���4 

  
 j9�11–  �0X0� <�
�G�CBR  �, �,>:- I�
 � <
�� I�


CD�E� ��� 	oDp 

  
 j9�12 -  [��!!L3CBR �2,>:- �� !� �;��; �, I�
  

v� �� �,>:- �/� I�
 <; [���!� m�� � [���!� 

��� <; 	oDp 1000 �5000  � ppm10000 �; [/� 

���� 7 ���� �,>:- I�
 �; N:>b�4��� <;  �� !� /B�,5% 

 ���- j�� ���� [/� �; ����7 �14  �28 � ��� �; /B�, 

I�
 <0!1; 	;>@� <
�� 	!Kd3 �/� vs�  �
���-CBR 

�; ��� <�>�� ��� I�
 ]�W�� /�.  �, z>e� �� !� �0X0�

 �,>:- I�
 ���; ��; �;��;ppm 10000  ��� <�>�� �

 �/� 	!Kd3 �,>:- I�
 �;5���� [/� �, N:>b�4��� % 

 j9� �, CD�E� ���- j��13 �	�� �/� <b���  j!DX3

 r
��� j9� �, �/� <b���14  <4 	�� N
� �/0�, ����

 	���G�CBR  �; �/� 	!Kd3 �,>:-5�; N:>b�4��� % 

�
� M� ���� j�� ���- �, ����  ���7 �14 � 28 <; ��� 

 |!3�306/40 �59/55  �04/72 �,>:- I�
 <; 	K�� %

ppm 10000 �
� M� <�M�
 .	�� �
� M� CBR  ��

�� ��>3  �� ���� �, ���!� [�K!4�3 �W
�/3 ��!2 j9�

 N!; 8!�H��>� �04�� �� <W!�� 8
 ��>0� <; I�


N:>b�4���  l� I�
 �.	���, 

 
 j9�13 - �G�
<� 0X0�� CBR  �,>:- I�
ppm 10000  �;

 �; �/� 	!Kd3 I�
5 %j�� ���� [/� �, N:>b�4���  ���-

[��e��  

  
j9� 14 - L3 ��,>��!![�� CBR  ���� [/� j;�G� �, I�


��- j��� 

5 -D;7 " �A���
  

 �; �n�5 ����� �� �/�- 	�/; r
��� <�
�G�

����9�� � �: {�>3 <�M�2 ]�W�� �����  �/0�, ����

 ,�/5 �
,�G� �, �/� �/���� [��!!L3 /��� <4 ,>; N
�

 w�;�3� �,>; <;��� �,>:- I�
 �.��!; ����� �, �� r
���

 �
� M� �; ��� I�
 ��!�
 /5 � ����� /5 ���4

.,>; (m�� [���!�) �/004 �,>:- 	oDp �� �N!0O r
���

 � �: {�>3 {�>3 <�M�2 ]�W�� ����� � �n�5 �����

 � 8�
 a>gE� ��� �
� M� �/0�, ���� ����9��
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 	oDp �
� M� �; ��� I�
 <0!1; 	;>@� /B�, ���4

.,>; �/004 �,>:-  

 � �n�5 ?!GX3 �� �/�- 	�/; r
��� <�
�G�
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