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d�Y� Ã|�� Ã{Z¨f�Y� ZÅ�Ì·Z¿M�ÉY�]� ��µZ¬f¿Y� �Ì·Z¿M� ½Z°»Y��Á��¾ËY

�½Z»�� Á� ºnu� Z]� Y�� ­Zy� Ê¬§Y� ÈËÓ� ¾Ë|Àq� ½ZÌ»� �Y� Ê³{Â·M
Ê»� ºÅY�§� �f¼¯� cZ^�Zv»�|À¯� ���{� |¯� ¾ËY� {�]�Z¯� ¾Ë�f�Ì]

Y�cZ^�Zv»ÄËÓ�½ZÌ»��Y�Ê³{Â·M�µZ¬f¿�¶v»�®Ë�ÉZÅ���Ä¯�Ä·Z]��¾§{
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�¶°���Ä¿Y{�ÊÀvÀ»��{YÂ»�É|À]��Y�Ã{Z¨f�Y�Z]�Ã|��ÄÌÆe�Ê^Ì¯�e�
�»�»�²À���{Âa� �

 
�����ËZ»�M��Ê·Â°·Â»��Z�f¿Y�ÉZÅ��

�ËZ»�M��Ã|��ÄÌÆe�Ê^Ì¯�e�Ä¿Â¼¿�Ä��ÉÁ��Ê·Â°·Â»��Z�f¿Y�ÉZÅ
�ÊWZÌ¼Ì�� ��À�� ®Ë� Ê·Â°·Â»� �Z�f¿Y� \Ë��� ¾ÌÌ e� �Â�À»� Ä]

��z�»�|ËY�¸¯�½ÂË�Ä ·Z�»�¾ËY��{��d§�Ë~a�¹Zn¿Y�,{YÂ»�¾ËY��{��
»�M�¾ËY��Y�¥|Å�ËZ�]�½�ÂÌ¨Ë{�\ËY���È�ËZ¬»�ZÅ�Ä�Z]�,Ã|»M�d�{

�º¯Y�f»�Ê����ÀËÓ�®Ë�ÉY�]�Ã|��ÄÌ�Âe�Ê·Â°·Â»��Z�f¿Y�\Ë��
�Ze�d�Y�ÊËZÌ¼Ì����À��½Z¼Å�ÉY�]�Ä·Z]��¾§{�¶v»�®Ë��{�Ã|�

¾Ë|]�����¿� �Y� Ê^Ì¯�e� Ä¿Â¼¿� ¹Y|¯� Ä¯� {Y{��Ìz�e� ½YÂf]� Ä¸Ì�Á
Zf�Y�ÉY�Y{�Ê·Â°·Â»��Z�f¿Y�ªË���Ä]�Ê³{Â·M�µZ¬f¿Y�Ã{Â]�¹�Ó�{�Y|¿

Ê»�Á�¶v»�¦¯��{�Ê����ÀËÓ�®Ë�dyZ���{�|¿YÂe��Ä·Z]��¾§{�ÉZÅ
{�Ì³��Y�«�Ã{Z¨f�Y�{�Â»���

�ËZ»�M���Àm��Y�Ä·Â·�®Ë� �Y� Ã{Z¨f�Y� Z]�Ê·Â°·Â»� �Z�f¿Y�ÉZÅ
Ê¸a��Ê¸yY{���«�Ä]�¾¸ÌeY����Z¨e�Y�Á��f¼Ìf¿Z�����Ä¯��f¼Ìf¿Z��

¹Zn¿Y� ,d�Y� Ã|�� {Á|�»� Ä�Ì�� Äv¨�� ®Ë� Z]� ½M� ¥��� ®Ë�
d§�Ë~a� ��®�y�c�Â��Ä]���¿�{�Â»�Ê¿�Á�|��{�Z]�t·Z�»� Y|f]Y

�Ä¿Â¼¿�Ä¯�É�Â��|Ë{�³�Ä§Z�Y�Ä¿Â¼¿�Ä]�[M� ,Ã|���Â¸z»�ºÅ� Z]
� {Á|u�Êf]Â��� Äm�{�ÉY�Y{� Ê^Ì¯�e���d]Â��� Äm�{� �Y��Ì]�

|�Z]� Y�Y{� Y�� ÄÀÌÆ]� ��Ä]� ½|Ì��� ÉY�]� d]Â��� Äm�{� �Y|¬»� ¾ËY
Ã{Â]� É�Á��� Ä¿Â¼¿� �{� É�Ë~a}Â¨¿�\Ë��� ¶«Y|u�dyZ�� �{� Á�

Ê»�ÄÌ�Âe� ZÅ�ÀËÓ�{Â�� ��Ê^Ì¯�e�{YÂ»�¾ËY�]ZÀ]�� ,�Á� ,����Y��a�
�{Á|u�d]Â���Äm�{�ÉY�Y{�[M�½{Á�§Y����,����Á�,���|¿{Â]���

Ä¿Â¼¿��b����Y� Ã{Z¨f�Y� Z]� ÄËÓ�Ä�� �{��ËZ»�M� Ä·Â·�¶yY{� �{� ZÅ
� {�Y|¿Zf�Y� �f¯Á�a� º¯Y�e��Á�(ASTM D698)|¿|��º¯Y�f»���

�Y��a�Ä¿Â¼¿�ÊWZÆ¿�t���Á�Ã|��¥Z��Ä·Â·�¶yY{��{�º¯Y�e�¶¼��
|��Äf§�³� Ã�Y|¿Y�Ä¿Â¼¿�ÊWZÆ¿��Z¨e�Y� �Ä¿Â¼¿��Ê^Ì¯�e� {YÂ»� �Y�ÊËZÅ

Ä¿Â¼¿�d]Â���Äm�{�Á�Ã|��ÄÌÆe�d]Â���Äm�{�¾ÌÌ e�ÉY�]��¶^«�ZÅ
|¿|Ë{�³� �z�»� �ËZ»�M� �Y� ��d�¸£� Z]� ºË|�� �Á�¸¯� µÂ¸v»
0Ô^«� Ä¯� |ËY�¸¯� ½ÂË� �z�»�Ä¿Â¼¿� ÉÓZ]� �{� ,{Â]� Ã|�� ÄÌÆe�

�|��ÄfzË��Ä·Â·�¶yY{��{�½M�ÉÓZ]�Ê·Zy�ÉZ�§��{�Á�Ã|��º¯Y�f»

Ã�Y|¿Y�Ä¸�Z§Ô]�µÂ¸v»��Z¨e�Y�Á���ËZ»�M��Á���½Z»��Á�|��É�Ì³
|Ë{�³� d^i� ��Ã|Ì»Z¿� Ê³{Â·M� �^À»� ,µÂ¸v»� ¾ËY� ÉÁZu� ½�z»

Ê»�{Â������Âe�Ã|��º¯Y�f»�Ä¿Â¼¿�ÉÁZu�Ä·Â·�¦¯�½{Â]�{Á|�»
� [M� ½ZË�m� �¿Z»� ,Ä�Ì�� Äv¨��®Ë�¯� µÂ¸v»ºË|�� |ËY�¸� ��Ä]

�d§�Y�§�Êf¯�u�Ã|Ë|a�ÄnÌf¿� �{� Á� Ã|��Ä¿Â¼¿�¶yY{�¾�¯Á{Y��
Ê¼¿� ©Z¨eY�|f§Y� �� ¶°������Z�f¿Y� �ËZ»�M� Ä·Â·� �Â�»� �Â�� Ä]�

Ê»�½Z�¿� Y��Ê·Â°·Â»�|Å{� ��Ä]�Ê³{Â·M��^À»� �Y��ËZ»�M�µÂ�� �{
� {Á|u� �Y|¬»�Ê¸Ì»���Ã|ÅZ�»� Á�|ËY�¸¯�d�¸£�¾ÌÌ e�dÆm��fÌ·

�� �{�d�¸£�cY�ÌÌ¤e�|¿Á�Ä¿Â¼¿� ,½Z»��µÂ��]{�µ{Z »� Á� Ã|��É�Y
��{�µÂ¸v»�t���Ze�|Ë{�³�Ä§Z�Y�½�z»�Ä]���¬»�[M�,Ä¿Â¼¿�ºnu

|¿Z¼]�d]Zi�Ä¿Â¼¿�ÉÓZ]� ���iY� �{�½�z»�¶yY{�µÂ¸v»�½|��ªÌ«�
�µ|»���Âe�d�¸£�¾ÌÌ e�cZ^�Zv»��{���¬»�[M�½{Â¼¿�Ä§Z�Y

Ê»� Äf§�³� ��¿� �{� Ã|�� Ã{Z¨f�Y� É��¿�{Â�� ���Y� | ]� Á� ¶^«
Ä¿Â¼¿��Ì³]�½�z»�¶yY{�µÂ¸v»�É�ÄºÅ�Êf�{�c�Â���Ze�|��Ã{�

|�Z]�dyYÂÀ°Ë�µÂ¸v»�d�¸£���,Ê·Â°·Â»��Z�f¿Y��ËZ»�M�µÂ���{
½ÂË��d�¸£�¥ÔfyY�¶Ì·{�Ä]�ºË|��Á�|ËY�¸¯�ÉZÅ��d�¸£�½{Â]�ÓZ]

Ä¿Â¼¿�¶yY{��{�d�¸£�½{Â]�º¯�Á�Ä¿Â¼¿�ÉÓZ]�Ê³{Â·M��^À»��{��
¨¿�Ä¿Â¼¿�¶yY{�Ä]�Ê·Â°·Â»��Z�f¿Y�Ã|Ë|a���ÂeÊ»�}Â�|ÀÀ¯����iY��{

½ÂË�d¯�u��d�¸£��Y�lË�|e�Ä]��ËZ»�M�µÂ���{�Ä¿Â¼¿�¶yY{�Ä]�ZÅ
½ÂË�½M� d�¸£� Á� Ã|�� Äf�Z¯� Ê³{Â·M� �^À»� �{� ZÅ��¶yY{� �{� ZÅ

Ê»� �ËY�§Y� Ä¿Â¼¿�|]ZË� ��lËZf¿� É�Ë~a�Y�°e� �Y� ½ZÀÌ¼�Y� ÉY�]
�ËZ»�M��¹Zn¿Y� Ä¿Â¼¿� �Å� ÉÁ�� Ê·Â°·Â»� �Z�f¿Y� �ËZ»�M� Á{� ,ZÅ

�»� lËZf¿� Á� d§�Ë~a]� ÊÆ]Z� Ä|»M� d�{� ��®Ë� lËZf¿� Ä»Y{Y� �{
d�Y�Ã|��Ã{Y{�½Z�¿�Ä¿Â¼¿��Å�ÉY�]��ËZ»�M�� 

Ä¿Â¼¿�¾Ë�yM�,�ËZ»�M�½ZËZa��{���¹Zn¿Y�Ê³{Â·M��^À»��Y�É�Y{�]
�Ä¿Â¼¿� ÉÓZ]� µÂ¸v»� Á� ,Ã|��d^i��ËZ»�M� ½ZËZa� ½Z»�� ,Äf§�Ë~a

Ê»�ÄÌ¸ze�{Â�� ��ÉÁZu�Ä·Â·� ,Ã|�� Y|m�Ä·Â·�¦¯��Y�Ä�Ì��Äv¨�
�Â�� Ä]� Ä¿Â¼¿�Ä^À��®Ë� ��Âe� ,Äf§�³� �Y�«� �Ì»� ÉÁ�� Ê¬§Y� c

�Ä]� Ê¼Ì�� Ã�Y� ®Ë� ��Âe� Á� k�Zy� Ä·Â·� ¶yY{� �Y� Ä¿Â¼¿� Ê]Âq
�cZ �«�
�|¿|��Ã|Ë�]�É�f¼Ìf¿Z�����
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Ã�Z¼��\Ìe�e� Ä]� Ã|�� Ã|Ë�]�cZ �«��dÌ «Â»� Ze� Ã|��É�Y~³�
Å�Ê�Z¨e�Y{Â���z�»�Ä �«�����ÊWZÆ¿�d]Â���Äm�{�¾ÌÌ e�ÉY�]

�Ä �«��Å��Y�d]Â���Äm�{�¾ÌÌ e�ÉY�]�Ä¿Â¼¿�®Ë�,Ä¿Â¼¿��Z¨e�Y��{
�Äm�{�¶Ì§Á�a�Á�¾ÌÌ e�Ä¿Â¼¿��Z¨e�Y��{�d]Â���Äm�{�Á�Ã|��ÄÌÆe

d]Â���|Ë{�³� ºÌ��e� Ã|�� �ËZ»�M� Ä¿Â¼¿� ÉY�]� �Z¨e�Y� ��ÉY�]
��{�Ä¿Â¼¿��Z¨e�Y��{�|ËY�¸¯�½ÂË�d�¸£�¾ÌÌ e��Z�f¿Y��ËZ»�M�½ZËZa

Ã�¨u�[M� ,Ê·Â°·Â»��ÃZ´f�{� �Y� Ã{Z¨f�Y� Z]� Ã|�� Ã|Ë�]�cZ �«�ÉY
Ã�¨u�[M� µZ�vf�Y�|Ë{�³� ÄÌÆe�­Zy�ÉY� ��Ä �«� �Z¯� ¾ËY� ÉY�]

�ÄÌ^ e��Â�z»� �|À¸Ì��¶yY{� �{� |ËY�¸¯� ��À�� Ä]� Ã{Â·M� Ä¿Â¼¿
�Êf����Z]�Á�ÊnË�|e��Z�§�µZ¼�Y�Z]��b��Á�Ã|�º¯�\�ZÀf»�Á�

�Ê¼Ì°ve�cZÌ�Â�y�Z]Ã�¨u�[M�,Ä¿Â¼¿�Ê»�µZ�vf�Y�½M�ÉY�{Â���
�¶°����Ã�¨u�[M�µZ�vf�Y�ÃZ´f�{��ËÂ�e��Ê»�½Z�¿�Y��ÉY�|Å{��
Ä¿Â¼¿�Ã�¨u�[M�µÂ¸v»�ÉZÅ���Z¨e�Y�Z]�\�ZÀf»�,Ã|��µZ�vf�Y�ÉY

Ã�Z¼�� Ä¿Â¼¿���Å� ÉY�]� |ËY�¸¯� ½ÂË� d�¸£��b�� Á� Ã|�� É�Y~³
d�¸£� �Y{Â¼¿� Á�¾ÌÌ e� Ä¿Â¼¿��Ã|ÅZ�»��Z¨e�Y�¼¿� �Å�ÉY�]�ÉY�Ä¿Â

|Ë{�³�ºÌ��e� ,Ã|���ËZ»�M�Ê^Ì¯�e� �Ã�Y|¿Y�É�Ì³��Z]� |ËY�¸¯�½ÂË
Ã�Y|¿Y�ÃZ´f�{��Y�Ã{Z¨f�Y��d�¸£�É�Ì³�½ÂË��f»���{Á�f°·Y�ÉY�Y{�Ä¯

Ê»� |ËY�¸¯�d§�Ë~a� ¹Zn¿Y� ,|�Z]� ���Z�f¿Y� �ËZ»�M� �Å� ½ZËZa� �{
Ã{Y{��Y�Ã{Z¨f�Y�Z]��Y{Â¼¿�Ä��,Ê·Â°·Â»�Ã|ÅZ�»�ÉZÅ��¶»Z��ÉY����

d�¸£� �Y{Â¼¿��»�� ,Ê³{Â·M� �^À»� ½Z��� ��¸£� �Y{Â¼¿/d����Z¨e�Y
¼¿/� Á� ,Ä¿Â��� �¼¿/��� Äm�{� �Y{Â/d]Â��e�Y/�ºÌ��e� ,Ä¿Â¼¿� �Z¨

|¿|Ë{�³���ËZ»�M�Ê»Z¼e��Ä¯�ÃZ´�ËZ»�M��Ìv»�c�Y�u�Äm�{��{�ZÅ
� Z]� �]Y�]C◦��±��d§�Ë~a� ¹Zn¿Y� {Â]�� �� µÁ|m����f»Y�Za���Á� ZÅ

Ã{Y{��ËZ»�M�Ä]��Â]�»�ÉZÅ�Y�Ê·Â°·Â»��Z�f¿Y�ÉZÅ�Y��Äf§�Ë~a�¹Zn¿
Ê»�½Z�¿�|Å{���Ä¿Â¼¿�,�·Zy��»�»�²À���{Âa�Ä]��Â]�»��ËZ»�M
� Ê^Ì¯�e�� Ê^Ì¯�e� Ä¿Â¼¿� ,�� Ê^Ì¯�e� Ä¿Â¼¿� Á� ,�Z]� \Ìe�e� Ä]� ,�
DIF-0� ,DIF-1� ,DIF-2� Á� ,DIF-3�Ã�Z¼��|¿|�� É�Y~³� ���{
�µÁ|m���]�Ê·Â°·Â»� �Z�f¿Y�\ËY����ÄÄ¿Â¼¿�ÉY�]� Ã|»M�d�{��ZÅ

Ä»Y{Y��{�Ä¯�Ã|��|Ì«��Ì¿d�Y�Ã|��Ã{Y{�tÌ�Âe����
 

 
�¶°���Ã�¨u�[M�µZ�vf�Y�ÃZ´f�{��ËÂ�e��­Zy�ÉY� �

���ËZ»�M�lËZf¿��hv]�Á�Ê·Â°·Â»��Z�f¿Y�ÉZÅ��

����ÊÅZ´�ËZ»�M�lËZf¿�� �
¶°���ÉZÅ����Ê·Y�����ËZ»�M��Y�¶�Zu�lËZf¿�\Ìe�e�Ä]���ÉZÅ

��·Zy�²À���{Âa�ÉÁ��Ê·Â°·Â»��Z�f¿Y���ËZ»�MDIF-0�,�Ã{Z»�
�Ê^Ì¯�e�����ËZ»�MDIF-1��Ê^Ì¯�e�Ã{Z»�,�����ËZ»�MDIF-2��,

�Ê^Ì¯�e� Ã{Z»� Á�����ËZ»�MDIF-3�Ê»�½Z�¿� Y�� ,�|ÀÅ{� ��¾ËY� �{
¶°��]� Ê·Â°·Â»� �Z�f¿Y��ËZ»�M� �Å� �Y� ¶�Zu� lËZf¿� ZÅ� Ä�c�Â�
�Y{Â¼¿��d�¸£�ÉZÅ��d�¸£� ,½Z»����d]Â���Äm�{� Á� ,ª¼����

Ã|��Ã{Y{�½Z�¿�,ª¼��|¿Y���Y{Â¼¿�¾ËY��{�Ã{Y{�ZÅ�Ã|ÅZ�»�ÉZÅ�Y]�É�Ä
Ã�ËY{� c�Â��Ã{Y{� Á� ,�aÂe� ÉZÅ��Ìa� ÉZÅ���Y� ¶�Zu� Ã|�� ÊÀÌ]

�É�eÂÌb»Z¯�|¯���Âe�Ä^�Zv»POLLUTE�tÌ�Âe�Ä»Y{Y��{�Ä¯�
]�,d�Y�Ã|��Ã{Y{�ÄÊÀvÀ»�c�Â��Ã{Y{�ÉÁ��Ã|����Y�]�ÉZÅ��ÉZÅ

Ã|ÅZ�»�Ê»�Ã|Ë{�ÉY�|¿Â����
� �

 
� �

�¶°����Ã|ÅZ�»�lËZf¿���Ìa�Á�ÉY���Z�f¿Y��ËZ»�M�Ã|��ÊÀÌ]
�½ÂË�Ê·Â°·Â»��·Zy��»�»�²À���{Âa��{�|ËY�¸¯(DIF-0)�� �

¦·Y��[�,½Z»��Ä]�d^�¿�d�¸£�cY�ÌÌ e���d^�¿�d�¸£�cY�ÌÌ¤e
k�,ª¼��Ä]��d]Â���Äm�{�cY�ÌÌ¤e�ª¼��Ä]�d^�¿ 

� �
� �
� �
� �
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�
�

�¶°���Ã|ÅZ�»�lËZf¿���Ìa�Á�ÉY���Z�f¿Y��ËZ»�M�Ã|��ÊÀÌ]
�Ê^Ì¯�e�Ã{Z»��{�|ËY�¸¯�½ÂË�Ê·Â°·Â»��(DIF-1)�� �

¦·Y��[�,½Z»��Ä]�d^�¿�d�¸£�cY�ÌÌ e���d^�¿�d�¸£�cY�ÌÌ¤e
k�,ª¼��Ä]��ª¼��Ä]�d^�¿�d]Â���Äm�{�cY�ÌÌ¤e�

� �

� �
� �

�¶°����Ã|ÅZ�»�lËZf¿���Ìa�Á�ÉY���Z�f¿Y��ËZ»�M�Ã|��ÊÀÌ]
�Ê^Ì¯�e�Ã{Z»��{�|ËY�¸¯�½ÂË�Ê·Â°·Â»��(DIF-2)�� �

¦·Y��]�d^�¿�d�¸£�cY�ÌÌ e[�,½Z»��Ä���d^�¿�d�¸£�cY�ÌÌ¤e
k�,ª¼��Ä]��ª¼��Ä]�d^�¿�d]Â���Äm�{�cY�ÌÌ¤e� �

 

�
�¶°����Ã|ÅZ�»�lËZf¿���Ìa�Á�ÉY���Z�f¿Y��ËZ»�M�Ã|��ÊÀÌ]

�Ê^Ì¯�e�Ã{Z»��{�|ËY�¸¯�½ÂË�Ê·Â°·Â»�(DIF-3)�� �
¦·Y��[�,½Z»��Ä]�d^�¿�d�¸£�cY�ÌÌ e���d^�¿�d�¸£�cY�ÌÌ¤e

ª¼��Ä]k�,��ª¼��Ä]�d^�¿�d]Â���Äm�{�cY�ÌÌ¤e�

� �
����É{|��lËZf¿�� �

��{�|ËY�¸¯�½ÂË�Ê·Â°·Â»��Z�f¿Y�\Ë���½{�ÁM�d�{�Ä]�ÉY�]
Ã{Y{� ,Ã|�� �ËZ»�M� Ä¿Â¼¿��ÊËZÌ¼Ì�� Á� Ê°Ë�Ì§� ,Ê�|ÀÅ� ÉZÅ

�|¯� Ä]� ,ÊÀÌ¼ze� Ê·Â°·Â»� �Z�f¿Y� \Ë��� ÃY�¼Å� Ä]� �ËZ»�M
d�¸£� Ã|�� Ä^�Zv»�lËZf¿� Á� ,Ã|��Ê§� »�É�eÂÌb»Z¯��½Z»���Á�

�d�¸£��Ã|ÅZ�»� lËZf¿� ÉÁ��ª¼���� ºÌ��e�ÉY���Y�]� ��ºÅ� Z]� Á
Ê»� Ä�ËZ¬»�|¿Â�� ���{� Á� Äf§�Ë~a� ¹Zn¿Y� Z�y� Á� Ê �� Z]� �Z¯� ¾ËY

��½M�dËZÆ¿�Ã{Y{�¾Ì]���Y�]�¾Ë�fÆ]�Ä¯�Ê·Â°·Â»��Z�f¿Y�\Ë����ÉZÅ
Ã|ÅZ�»���Z�f¿Y�\Ë���½YÂÀ��Ä]�,|Å{�ÄnÌf¿�Y��Ã|��Ä^�Zv»�Á�ÉY

¿�½M��{�|ËY�¸¯�½ÂË�Ê·Â°·Â»Ê»�[Zzf¿Y�Ä¿Â¼�{Â�����Z�f¿Y�\ËY��
�ËZ»�M� �Y� Ã|�� ÄnÌf¿� Ê·Â°·Â»�� µÁ|m� �{� ZÅ��� ��Ã{Y{� ½Z�¿

Ã|��¿Y//|� �� µÁ|m� ª]Z�»��� ��d�{� Ä]� Ê·Â°·Â»� �Z�f¿Y� \ËY��
�ËZ»�M� �Y� Ã|»M�a� ÉY�]� \Ìe�e� Ä]� ZÅ/�·Zy� �»�»� ²À�� �{Â� �

m2/s����������
�� Ê^Ì¯�e� Ã{Z»� ,��m2/s����������Ã{Z»� ,
�Ê^Ì¯�e��m2/s���������
��Ê^Ì¯�e�Ã{Z»�Á���m2/s��������

Ê»�|�Z]���
��
��
��
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�µÁ|m��Ã{Y{���ËZ»�M�Ä]��Â]�»�ÉZÅ�Ä¿Â¼¿�Á��·Zy��»�»�²À��Ä¿Â¼¿�Ê·Â°·Â»��Z�f¿Y�ÉZÅ�Ê^Ì¯�e�ÉZÅ��

�f»Y�Za�ZÅ  ��ËZ»�MDIF-0����ËZ»�MDIF-1����ËZ»�MDIF-2����ËZ»�MDIF-3��
�Ä¿Â¼¿��Z¨e�Y(cm) �� �� �� �� 
�µÂ¸v»��Z¨e�Y(cm) � � � � 

�Ä¿Â¼¿���Âf»�Ê¼nu�d]Â���Äm�{(cm3/cm3) �� �� �� �� 
�Ä¿Â¼¿���Âf»��Z^�Y�Äm�{(%)���� �� �� ��� 
�Ä¿Â¼¿���Âf»�d]Â���Äm�{(%) �� �
��  �
��  �� 

�Ê³{Â·M��^À»��{�|ËY�¸¯�½ÂË�ÄÌ·ÁY�d�¸£(mg/L) ���� ���� ���� ���� 
�Ä¿Â¼¿��{�|ËY�¸¯�½ÂË�ÄÀÌ�Ìa�d�¸£(mg/L)����� ��� ��� ��� 

�Ä¿Â¼¿�®�y�ÄfÌ�¿Y{(gr/cm3) ��
�  ��
�  ��
�  ��
�  
��ËZ»�M�½Z»��c|»��Á�� �
��  �� �
��  �� 

�Ä¿Â¼¿��{�|ËY�¸¯�½ÂË�Ê·Â°·Â»��Z�f¿Y�\Ë��(m2/s) ��������
���������������������
�������������
� �

�����ËZ»�M�lËZf¿��{�hv]��ZÅ��
Ä]� lËZf¿� Ä�ËZ¬»����ÉY�]� Ã|»M� d�{�Ê·Â°·Â»� �Z�f¿Y� \ËY
Ä¿Â¼¿��{�|ËY�¸¯�½ÂË�Ê»�½Z�¿�Ã|���ËZ»�M�Ê^Ì¯�e�ÉZÅ��Ä¯�|Å{

�Ã{Z»� Á� �·Zy� ²À�� �{Âa� Ä]� �Â]�»� Ê·Â°·Â»� �Z�f¿Y� \ËY��
�Ê^Ì¯�e������� Á�²À���{Âa�������­Zy�� ��{YÂ»�Ä]�d^�¿
�Ê^Ì¯�e��Á��d�Y��f¼¯�� ��ÉY�mY�¹Z´ÀÅ� �{��·Zy�²À���{Âa
Ê¼¿��ÀËÓ�]�|¿YÂe�Äf»�ÊfuY�Ä¿Y{�¶Ì·{�Ä]�Á�{Â��º¯Y���Á�½{Â]�ÉY

Ê¼¿�®�¸£�[Ây�Y�mY�¾Ìu��{��ÌqZ¿�Ê³|À^�q�dÌ�Zy�{�Ây��
�ÀËÓ��|À¿YÂf]� Ze� |À�Z]� Ê§Z¯� Ê¿ÂË� [~m�dÌ�Zy�ÉY�Y{� |ËZ]� ZÅ

�[~m�{Ây� Ä]� Y�� Ä]Y�Ì�� �{� {ÂmÂ»�ÊËZÌ¼Ì����ZÀ�� �Y�É�Y|¬»
� |ÀÀ¯��ËÓZa� Y�� Ä]Y�Ì�� ��»� ��ZÀ�� �Y� É�Y|¬»� Á� Ã{�¯]��[��

­Zy�ÅÊ¿Z¯�½{Â]� Y�Y{�¶Ì·{�Ä]�Ê���ÉZ��dÌ�Zy��Y�\�ZÀ»�ÉZÅ
|¿�Y{�Ây�]� Ê]Ây� Ê¿ÂË� [~m� �Ä¿Y{� ÊÀvÀ»� ª]Z�»��½Z�¿� É|À]

�¶°�� �{� Ã|�� Ã{Y{����{Á|u�ÉY�Y{��·Zy� �»�»�²À�� �{Âa� ,
���Ä¿Y{��ºÅ�ÉZÅ��d�Y����Ã�Y|¿Y�Ä¿Y{�®qÂ¯�ÉZÅ���Y��e���
��

Ê¸Ì»��f»� ��Ê¿Z¯� |«Z§� {YÂ»�¾ËY�¾°Ì·��Ê���ÉZÅf�Å|À��Y� Y~·� Á�
f�Ì¿��Y{Ây�]�Ê¿ÂË�[~m�dÌ�Zy|À���]ZÀ]���»�»�²À���{Âa�¾ËY

Ä]��·Zy�º¯Y�e� �{�¦ ��¶Ì·{��ÊËZÆÀe� Ä]� ½ÂË�[~m� Á�É�Ë~a
Ê¼¿�Ä]�|¿YÂe�{�Ì³��Y�«�Ã{Z¨f�Y�{�Â»��ÀËÓ�t·Z�»�½YÂÀ�-�|Àq��Å�

�Ê·Â^«�¶]Z«�Ê·Â°·Â»��Z�f¿Y�\Ë���ÉY�Y{�Ê·Â°·Â»��Z�f¿Y���¿��Y
d�Y���

�Z�f¿Y� \Ë��� Ê^Ì¯�e� Ã{Z»� Ê·Â°·Â»���Ã{Z»� Á{� Ä]� d^�¿�
��ÀËÓ�®Ë�Ê·Â°·Â»� �Z�f¿Y�\Ë���|u� �{� Á� �f¼¯� �´Ë{�Ê^Ì¯�e

�d�Y�Ã|��º¯Y�f»�Ê��]���,���,�����[���ÉY�Y{�Ã{Z»�¾ËY����

�Á�Ê���­Zy���Ä¿Y{��ºÅ�ÉZÅ�d�Y����Ã�Y|¿Y���,����Y|¬»�¾ËY
º¯Y�e�Ê»�h�Z]� Á� Ã|Ì�z]� {Â^Æ]� Y�� Ã{Z»�¾ËY�É�Ë~a�Ä¯�{Â���{�

]�®�¸£� �Ë�� Ä{Â�� º¯Y�f»� Ê]Ây� �ZÀ¼�0���� �Y|¬»� ¾ËY� {ÂmÁ�
h�Z]�Á�Ã{Y{�Ê^Ì¯�e�Ã{Z»�Ä]�Ê§Z¯�Ê¿ÂË�[~m�dÌ¸]Z«�Ê»��Ä¯�{Â�

���ZÀ��[~m���¿�Ä�¬¿��Y�Ê·Â^«�¶]Z«�Ê³|ÀËÓZa�dÌ�Zy�ÉY�Y{
|�Z]���»�ÊËZÌ¼Ì���{�Y|¿Zf�Y�Ä¿Y{�¶«Y|u��Y|¬»�ZÅ�ºÅ�ÉZÅ��Ã�Y|¿Y�

f�Y�{�Â»�­Zy�ÉY�]� Y�����ÀËÓ�dyZ���{� Ã{Z¨��{Á|u� ZÅ����
Ã{�¯�ÄÌ�Âe��|¿Y]��[���Ê^Ì¯�e�Ã{Z»�¾ËY�]ZÀ]���{Âa�Z]�Ä�ËZ¬»��{�

�Ä�¬¿��Y�Ê§Z¯�{�Y|¿Zf�Y��Y��´Ë{�Ê^Ì¯�e�Ã{Z»�Á{�Á��·Zy�²À�
d�Y��Y{�Ây�]�½ÂË�[~m�Á�Ê·Â°·Â»��Z�f¿Y���¿��

 
��É�Ë~a}Â¨¿��ËZ»�M���

�Ê^Ì¯�e� Ã{Z»� µÂ^«�¶]Z«� lËZf¿� Ä]� ÄmÂe� Z]�Y���Z�f¿Y� ��¿� �
�Ã{Z»�¾ËY�,[~m�¶¼��ÉY�]�Ê§Z¯����|��{�½{Â]�Y�Y{�Á�Ê·Â°·Â»
�µ�fÀ¯��Ì¿�É�Ë~a}Â¨¿���¿��Y�¹�Ó�{�Y|¿Zf�Y�½{Â]�Y�Y{�ÉY�]�|ËZ]

{Â�� ��Z]� Ê^Ì¯�e� Ã{Z»� ¾ËY� É�Ë~a}Â¨¿� \Ë��� �Â�À»� ¾ËY� ÉY�]
� É�Âv»� Ä�� É�Ë~a}Â¨¿� ÃZ´f�{� �Y� Ã{Z¨f�Y]��[��Á�� Á�

�{�Y|¿Zf�YASTM D5084�]��[Ã�Y|¿Y��|��É�Ì³���½ZÀÌ¼�Y�ÉY�]
�Ê^Ì¯�e�Ã{Z»��Y�Ä]Z�»�Ä¿Â¼¿�Á{� ,lËZf¿�É�Ë~a�Y�°e��Y�]��Ä��Â�

ºÅ�|Àf§�³��Y�«��ËZ»�M�{�Â»�½Z»�����ËY���½{Â]�Ä]Z�»��Â�À»�Ä]
Ä¿Â¼¿�Ê�Àe���,ÊËY�v��Ê�Àe��ËY���Z]�É�Ë~a}Â¨¿��ËZ»�M��{�ZÅ

�Ä¿Â¼¿�¥Y��Y�Ä]� Ã{�YÁ�¶¯��ÀekPa����¨u�[M��Z�§� Á�Ã���ÉY
kPa���{Â]�� �� ¶°����½ZË�m� �Y{Â¼¿������Y� Ê°Ë� ÉY�]� Y�� ½Z»�
Ä¿Â¼¿�Ê»�½Z�¿� ZÅ�|Å{� ��[M�½ZË�m�Ê]{� �Y{Â¼¿�¾ËY� �Y� Ã{Z¨f�Y� Z]

]�Ä¿Â¼¿��Y� Ã{�¯��Â^��Ä�µÂ»�§��Y�Ã{Z¨f�Y�Z]��b��Á�Ã|»M�d�{
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�Ê��Y{Q=kiA��Ã|��µZ¼�Y�Ê°Ì·Á�|ÌÅ�½ZË{Y�³�½{Â]�¹Â¸ »�Z]�Á
� �ËZ»�M� ¾Ìu� �{� Ä¿Â¼¿� �]�\Ë��� ,Ä¿Â¼¿� ��¬»� t��� Á

�Ê^Ì¯�e�Ã{Z»�É�Ë~a}Â¨¿�� Z]��]Y�]�m/s���������
�]��Ä�d�{
|»M� ��Ã|�� ÄÌ�Âe� Ã{Á|v»� �{� É�Ë~a}Â¨¿� \Ë��� �Y� �Y|¬»� ¾ËY

�ÀËÓ�ÉY�]�� {�Y{� �Y�«�º¯Y�f»�Ê���ÉZÅ]��� ,��� ,��[� ��Ç{Á|v»
��Y|¬»�Ê���ÉZÅ�ÀËÓ�É�Ë~a}Â¨¿�\Ë���ÉY�]� Ã|��ÄÌ�Âem/s�

��������
�� Á�d�Y� �f¼¯� ZË� ��ÉÁ��É�Ë~a}Â¨¿��ËZ»�M� lËZf¿
� Ê^Ì¯�e� Ã{Z»��¶]Z«� É�Ë~a}Â¨¿� ÉY�Y{� Ã{Z»� ¾ËY� Ä¯� {Y{� ½Z�¿�

Ã|ÀËÓM�d¯�u��Y�É�Ì³Â¸m�ÉY�]�µÂ^«��Á�[M�½ZË�m�ÃY�¼Å�Ä]�ZÅ
�d§�Y�§�Êf¯�u�Ã|Ë|a�Ä¬Ë���Ä]�¾�¯Á{Y��Ê»�|�Z]� 

 

 
 

�¶°���½ZË�m�ÊÀvÀ»���{�½Z»���Ä��É�Ë~a}Â¨¿��ËZ»�M��
�Ê^Ì¯�e�Ä¿Â¼¿�ÉÁ��É�Âv»��

 
��ÄnÌf¿�Á�Ä�Ôy��É�Ì³��

��{Âa�cZ ËZ���Y�Ã{Z¨f�Y�dÌ¸]Z«�Ê���]��Â�À»�Ä]�Ä ·Z�»�¾ËY
É�^´À�� �{�²À��É�ÁY�§� �Y� Ê�Z¿� �»�»�²À���½Zf��Æ��ÉZÅ

]� ,ÄÌ»Á�Y� Ä�½Âr¼Å�Ê Ì^��t·Z�»� �ËZ�� Ä]�Ê¿{Á�§Y� Ã{Z»�½YÂÀ�
Á� ,Ä�Z»� ,���­Zy��{�½Z¼Ì�¶v»� �{� �ÀËÓ�dyZ���ÉZÅ��¾§{�
d§�Ë~a� ¹Zn¿Y� ,Ä·Z]�� ��²À�� �{Âa� ¶»Z�� Ê^Ì¯�e� Ã{Z»� �Â¿� Ä�

����­Zy�Á�Ä�Z»�Z]��Â¸z»��\Ì¯�e���Z]��Â¸z»�²À���{Âa� ,
����­Zy��\Ì¯�e���½Z¼Ì��Z]��Â¸z»�²À���{Âa�Á� ,��\Ì¯�e

���|Àf§�³��Y�«��ËZ»�M�{�Â»�Á�ÄÌÆe��{�Y|¿Zf�Y���Y�ÊÀÌ »�½Y�Ì»�ZÅ
f¿Y� \Ë���ÀËÓ� ÉY�]� Y�� É�Ë~a}Â¨¿� \Ë��� Á� Ê·Â°·Â»� �Z���ÉZÅ

­Zy��Y�Ã|��ÄfyZ��Ê»�ÄÌ�Âe�Ê���ÉZÅ�|ÀÀ¯���Ê^Ì¯�e�{YÂ»�Y~·
�Á�Äf§�³��Y�«�Ê���]�{�Â»�Ê·Â°·Â»��Z�f¿Y���¿��Y�Y|f]Y�,Ã|��ÄÌÆe

{Y{� ½Z�¿� lËZf¿|¿�Ê^Ì¯�e� Ã{Z»� Á��·Zy�²À�� �{Âa� Ä¯���Ä¯�
�¶»Z�����Á�²À���{Âa�����Y{�{Â]����­Zy���Z�f¿Y�\Ë���ÉY
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ͳǤ������������� 

The use of marble rock flour residue was investigated in the laboratory for the potential use as a landfill liner 
material. The clayey soil, sand, and cement were used as the additives. The rock flour and the additive material were 
mixed, compacted, and tested for diffusion and the hydraulic conductivity. The obtained diffusion coefficients were 
compared with the recommended diffusion coefficient for a compacted clayey liner. The comparison showed that 
the mixed material containing 65% rock flour and 35% clayey soil is acceptable with regard to diffusive transport 
mechanism compared to other mixed materials. The hydraulic conductivity was determined by the flexible wall 

triaxial hydraulic conductivity apparatus and the value of 1.210-10 m/s was obtained for this mixed material. This 
amount of hydraulic conductivity is in the range of values recommended for the compacted clayey liners and 
therefore this material is acceptable in terms of advective transport. The results showed that the diffusion coefficient 
and the hydraulic conductivity of the compacted mixed material containing 65% marble rock flour and 35% clayey 
soil are in the range of the recommended values for the compacted clayey liners. 

 

ʹ. Methodology 

͸ǤͷǤ�Materials and methods 

The marbel rock flour, clayey soil, sand, and cement were used as the materials for this study. These materials 
were mixed in different percentages to obtain three types of mixed material. The type 1 mix included 67% rock 
flour, 27% sand, and 5% clayey soil. The type 2 mix included 65% rock flour and 35% clayey soil. The type 3 mix 
included 90% rock flour and 10% cement. The 100% pure rock flour was also tested. The material were compacted 
in a polyethylene tube and were tested for chloride ion diffusion coefficient. The mixed material type 2 was tested 
for the hydraulic conductivity. 
 
͸Ǥ͸Ǥ������������ modeling 

The program POLLUTE [1] was used for the prediction of the chloride diffusion coefficient in the tested 
material based on the observed chloride concentrations data. The following diffusion coefficients were obtained: 
5.310-10 m2/s for pure rock flour, 810-10 m2/s for type 1 mix, 5.510-10 m2/s for type 2 mix, and 710-10 m2/s for 
type 3 mix. 
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͵. Results and discussion 

͹ǤͷǤ�Diffusion 

The comparison of the results for chloride diffusion coefficients showed that the mix material type 2 has the 
lowest diffusion coefficient. This material has 30% clayey soil which gives the mixture enough absorption capacity 
as a liner material [2]. Thus, type 2 mix material is found to be suitable as a liner material in the landfill applications 
compared to two other mixed material. Fig. 1 shows the observed and predicted concentration profiles for type 2 
mix material. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Observed and predicted results of diffusion test conducted on type 2 mix material: (a) The change of chloride 
concentration with time, (b) The change of chloride concentration in depth, (c) The change of moisture content in depth 

 
͹Ǥ͸Ǥ�Hydraulic conductivity  

The type 2 mix material was tested for the hydraulic conductivity using the flexible wall hydraulic conductivity 
apparatus. The hydraulic conductivity value of 1.210-10 m/s was obtained for this material. 

 
Ͷ. Conclusions 

The type 2 mix which included 65% rock flour and 35% clayey soil materials resulted in a reasonable low 
diffusion coefficient of 5.510-10 m2/s which is in the range of the reported diffusion coefficients for the compacted 
landfill liner material. The resulted hydraulic conductivity of 1.210-10 m/s for this mix material is also acceptable 
and is in the range of the standard value for the compacted landfill liner material. Thus, the type 2 mix is 
recommended as an alternative liner material for solid waste landfill liner applications. 

 
ͷ. References 

[1] Rowe, R. K., Booker, J. R., �POLLUTE v.6., 1D Pollutant Migration Through a Non-homogeneous Soil�, 
Distributed by GAEA Environmental Engineering Ltd., 44 Canadian Oaks Drive, Whitby, Ontario, Canada, © 

1983, 1990, 1994. 
[2] Rowe, R. K., Booker, J. R., Quigley, R. M., �Clayey Barrier Systems for Waste Eisposal Facilities�, E & F N 

Spon (Chapman & Hall), London, 1995, p 390. 
 

 

 

(c) (b) 

(a) 


