
&LYLO�DQG�*HRHQJLQHHULQJ�/HWWHUV��������������H������ ��
KWWSV���GRL�RUJ����������&*(/�����H������

$UWLFOH�7\SH��5HVHDUFK

����±�������3XEOLVKHG�E\�Civil and Geogngineering Letters� ZZZ�MFLYLOJHR�FRP

Application of Nanoclay in Reducing Permeability of 
Fine-grained Soil: An Experimental Study 

1 1,*Mahdi Nikbakht , Fariba Behrooz Sarand , Rouzbeh Dabiri1

�'HSDUWPHQW�RI�&LYLO�(QJLQHHULQJ��,VODPLF�$]DG�8QLYHUVLW\��7DEUL]�%UDQFK��7DEUL]�������������,UDQ�

&RUUHVSRQGLQJ�DXWKRU��VDUDQG#LDXW�DF�LU�

5HFHLYHG�����$XJXVW��������$FFHSWHG�����2FWREHU��������3XEOLVKHG�����'HFHPEHU������
��7KH�$XWKRU�V������

Abstract:� 6RLO� SHUPHDELOLW\� SOD\V� D� FUXFLDO� UROH� LQ� FRQWUROOLQJ�
OHDFKDWH� PLJUDWLRQ�� ZKLFK� LV� D� PDMRU� HQYLURQPHQWDO� FRQFHUQ� LQ�
ODQGILOOV�� 7KLV� VWXG\� SUHVHQWV� DQ� H[SHULPHQWDO� LQYHVWLJDWLRQ� WR�
HYDOXDWH� WKH�HIIHFW�RI� ILQH�JUDLQHG� VRLO�SHUPHDELOLW\�RQ� OHDFKDWH�
PLJUDWLRQ�DV�SDUW�RI�D�EURDGHU�JHRWHFKQLFDO�UHVHDUFK�SURMHFW��)RU�
WKLV� SXUSRVH�����XQWUHDWHG� VRLO� VDPSOHV�ZHUH�FRPSDUHG�ZLWK����
VDPSOHV�FRQWDLQLQJ����QDQRFOD\�����VDPSOHV�ZLWK����QDQRFOD\��
DQG� ��� VDPSOHV� ZLWK� ��� QDQRFOD\� 8QOLNH� FRQYHQWLRQDO�
SHUPHDELOLW\�WHVWV� WKDW�XVH�ZDWHU�� WKLV� VWXG\�XWLOL]HG�UHDO� ODQGILOO�
OHDFKDWH� IURP� WKH� 7DEUL]� ODQGILOO� VLWH� WR� VLPXODWH� DFWXDO�
HQYLURQPHQWDO� FRQGLWLRQV�� 7KH� SULPDU\� REMHFWLYH� ZDV� WR� DVVHVV�
WKH� LPSDFW�RI�QDQRFOD\�RQ�VRLO�SHUPHDELOLW\�DQG� LWV�SRWHQWLDO�IRU�
LPSURYLQJ� ODQGILOO� OLQHUV�� 7R� FRPSUHKHQVLYHO\� DQDO\]H� VRLO�
EHKDYLRU� $WWHUEHUJ OLPLWV� FKHPLFDO DQDO\VHV� DQG ;�UD\�
GLIIUDFWLRQ� �;5'�� WHVWV� ZHUH� SHUIRUPHG� DORQJVLGH� SHUPHDELOLW\�
PHDVXUHPHQWV�� 7KH� UHVXOWV� GHPRQVWUDWHG� WKDW� LQFUHDVLQJ� WKH�
QDQRFOD\�FRQWHQW�VLJQLILFDQWO\�UHGXFHG�SHUPHDELOLW\��ZLWK�YDOXHV�
GHFUHDVLQJ� IURP� ��ၱၬ� P�V� LQ� XQWUHDWHG� VDPSOHV� WR� ��ၱၯ� P�V� LQ�
VDPSOHV� ZLWK� ��� QDQRFOD\�� 7KLV� UHGXFWLRQ� LQGLFDWHV� WKDW�
QDQRFOD\� HQKDQFHV� WKH� LPSHUPHDELOLW\� RI� ILQH�JUDLQHG� VRLOV��
PDNLQJ�WKHP�PRUH�HIIHFWLYH�EDUULHUV�DJDLQVW�OHDFKDWH�LQILOWUDWLRQ��
7KHVH�ILQGLQJV�VXJJHVW� WKDW�QDQRFOD\�PRGLILHG�VRLOV�FRXOG� VHUYH�
DV� DQ� HIILFLHQW� DQG� VXVWDLQDEOH� PDWHULDO� IRU� ODQGILOO� OLQHUV��
UHGXFLQJ� WKH� HQYLURQPHQWDO� ULVNV� DVVRFLDWHG� ZLWK� OHDFKDWH�
PLJUDWLRQ�� 7KH� VWXG\� SURYLGHV� YDOXDEOH� LQVLJKWV� LQWR� WKH�
DSSOLFDWLRQ� RI� QDQRWHFKQRORJ\� LQ� JHRWHFKQLFDO� HQJLQHHULQJ��
SDUWLFXODUO\�LQ�ZDVWH�PDQDJHPHQW�DQG�VRLO�VWDELOL]DWLRQ�SURMHFWV��
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6RLO� FRQWDPLQDWLRQ� KDV� EHFRPH� D� VLJQLILFDQW� HQYLURQPHQWDO�
FRQFHUQ�GXH�WR�WKH�LQFUHDVLQJ�UHOHDVH�RI�KD]DUGRXV�VXEVWDQFHV�

LQWR�WKH�HQYLURQPHQW��9DULRXV�DQWKURSRJHQLF�DFWLYLWLHV��LQFOXGLQJ�
LQGXVWULDO� RSHUDWLRQV�� DJULFXOWXUDO� SUDFWLFHV�� ZDVWH� GLVSRVDO�� DQG�
DFFLGHQWDO�VSLOOV��FRQWULEXWH� WR�WKH�LQWURGXFWLRQ�RI�SROOXWDQWV� LQWR�
WKH� VRLO� �1LNEDNKW� HW� DO��� ������� 2QFH� LQWURGXFHG�� WKHVH

FRQWDPLQDQWV� PD\� PLJUDWH� WKURXJK� WKH� VRLO� SURILOH�� DIIHFWLQJ�
JURXQGZDWHU��HFRV\VWHPV��DQG�KXPDQ�KHDOWK��7KH�GHJUHH�RI�VRLO�
FRQWDPLQDWLRQ�GHSHQGV�ODUJHO\�RQ�WKH�VRLO¶V�SHUPHDELOLW\��ZKLFK�
JRYHUQV� WKH� PRYHPHQW� RI� SROOXWDQWV�� SDUWLFXODUO\� OHDFKDWHV� DQG�
KD]DUGRXV�FKHPLFDOV��4DVDLPHK�HW�DO����������8QGHUVWDQGLQJ�WKH�
PHFKDQLVPV� RI� FRQWDPLQDQW� WUDQVSRUW� LQ� VRLO� LV� HVVHQWLDO� IRU�
GHYHORSLQJ� HIIHFWLYH� UHPHGLDWLRQ� VWUDWHJLHV� �1LNEDNKW� HW� DO���
������� 2QH� RI� WKH� PDMRU� VRXUFHV� RI� VRLO� SROOXWLRQ� LV� ODQGILOO�
OHDFKDWH�� ZKLFK� UHVXOWV� IURP� WKH� GHFRPSRVLWLRQ� RI� ZDVWH�
PDWHULDOV� LQ� ODQGILOOV� �$EEDVL� HW� DO��� �������/HDFKDWH� LV�D� KLJKO\�
WR[LF� OLTXLG� FRQWDLQLQJ� D� PL[WXUH� RI� RUJDQLF� DQG� LQRUJDQLF�
FRPSRXQGV�� KHDY\� PHWDOV�� DQG� SDWKRJHQV� �5R\� DQG� 0LVKUD��
�������'XH�WR�LWV�DELOLW\�WR�LQILOWUDWH�WKH�VRLO��OHDFKDWH�FDQ�PLJUDWH�
GHHS� LQWR� VXEVXUIDFH� OD\HUV�� HYHQWXDOO\� UHDFKLQJ� JURXQGZDWHU�
UHVHUYRLUV��$UDEDQL�HW�DO����������7KH�SHUPHDELOLW\�RI�VRLO�SOD\V�D�
FUXFLDO�UROH�LQ�GHWHUPLQLQJ�WKH�H[WHQW�RI�FRQWDPLQDWLRQ��DV�KLJKO\�
SHUPHDEOH� VRLOV� IDFLOLWDWH� IDVWHU� SROOXWDQW� PLJUDWLRQ�� ZKLOH� ORZ��
SHUPHDELOLW\� VRLOV� SURYLGH� D� GHJUHH� RI� QDWXUDO� FRQWDLQPHQW�
�4DVDLPHK�HW�DO����������

+D]DUGRXV� PDWHULDOV�� VXFK� DV� KHDY\� PHWDOV�� SHWUROHXP�
K\GURFDUERQV�� SHVWLFLGHV�� DQG� LQGXVWULDO� FKHPLFDOV�� SRVH� VHYHUH�
WKUHDWV� WR� VRLO� TXDOLW\�� 7KHVH� FRQWDPLQDQWV� FDQ� HQWHU� WKH� VRLO�
WKURXJK�GLUHFW�GLVFKDUJH�� DFFLGHQWDO� VSLOOV�� RU� LPSURSHU�GLVSRVDO�
PHWKRGV� �6DUDQG� HW� DO��� ������� 2QFH� LQ� WKH� VRLO�� WKH\� XQGHUJR�
YDULRXV SK\VLFDO� FKHPLFDO� DQG ELRORJLFDO SURFHVVHV WKDW�
LQIOXHQFH� WKHLU� PRELOLW\� DQG� SHUVLVWHQFH�� )RU� LQVWDQFH�� KHDY\�
PHWDOV�WHQG�WR�ELQG�ZLWK�VRLO�SDUWLFOHV��ZKHUHDV�RUJDQLF�SROOXWDQWV�
OLNH� SHWUROHXP� K\GURFDUERQV� PD\� EH� VXEMHFW� WR� PLFURELDO�
GHJUDGDWLRQ RU YRODWLOL]DWLRQ �+DUVK HW DO�� ������ 7KH�
SHUPHDELOLW\� RI� VRLO� LV� D� NH\� IDFWRU� LQIOXHQFLQJ� SROOXWDQW�
PRYHPHQW� �$UDEDQL� HW� DO��� �������&RDUVH�JUDLQHG� VRLOV�� VXFK� DV�
VDQG� DQG� JUDYHO�� H[KLELW� KLJK� SHUPHDELOLW\�� DOORZLQJ� UDSLG�
LQILOWUDWLRQ� DQG� PLJUDWLRQ� RI� FRQWDPLQDQWV�� ,Q� FRQWUDVW�� ILQH��
JUDLQHG� VRLOV�� VXFK� DV� FOD\� DQG� VLOW�� KDYH� ORZ� SHUPHDELOLW\� DQG�
FDQ�DFW�DV�D�QDWXUDO�EDUULHU�WR�SROOXWDQW�PLJUDWLRQ��1LNEDNKW�HW�DO���
������ +RZHYHU� WKH SUHVHQFH RI FUDFNV� IUDFWXUHV� DQG�
SUHIHUHQWLDO� IORZ� SDWKV� LQ� FOD\�ULFK� VRLOV� FDQ� VLJQLILFDQWO\�
LQFUHDVH� SHUPHDELOLW\�� OHDGLQJ� WR� XQSUHGLFWDEOH� FRQWDPLQDQW�
PRYHPHQW��1LNEDNKW�HW�DO���������
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,Q XUEDQ DQG LQGXVWULDO DUHDV� VRLO FRQWDPLQDWLRQ LV�
H[DFHUEDWHG�E\�DFWLYLWLHV�VXFK�DV�XQGHUJURXQG�VWRUDJH�WDQN�OHDNV��
LPSURSHU�ZDVWH�GLVSRVDO�� DQG� FKHPLFDO� VSLOOV� �3UDYHHQ�	�6XQLO��
������� &RQWDPLQDQWV� LQ� WKHVH� HQYLURQPHQWV� PD\� SHUVLVW� IRU�
GHFDGHV� OHDGLQJ WR ORQJ�WHUP HQYLURQPHQWDO GHJUDGDWLRQ�
�1ZDFKXNZX� 	� 1ZDFKXNZX�� ������� 0RUHRYHU�� SROOXWHG� VRLOV�
FDQ� ORVH� WKHLU� QDWXUDO� IHUWLOLW\�� DIIHFWLQJ� SODQW� JURZWK� DQG�
DJULFXOWXUDO� SURGXFWLYLW\� �6DUDQG� HW� DO��� ������� +HDY\� PHWDO�
DFFXPXODWLRQ�� IRU� LQVWDQFH��FDQ�UHQGHU� VRLOV� WR[LF��PDNLQJ� WKHP�
XQVXLWDEOH� IRU� FURS� FXOWLYDWLRQ� DQG� SRVLQJ� ULVNV� WR� IRRG� VDIHW\�
�$]L]SRXU�HW�DO����������*URXQGZDWHU�FRQWDPLQDWLRQ�LV�D�FULWLFDO�
FRQVHTXHQFH�RI� VRLO�SROOXWLRQ��:KHQ�SROOXWDQWV�PLJUDWH� WKURXJK�
WKH� VRLO�� WKH\� FDQ� UHDFK� DTXLIHUV�� OHDGLQJ� WR� ZLGHVSUHDG� ZDWHU�
TXDOLW\ LVVXHV �+DMML]DGHK HW DO�� ������ &RQWDPLQDWHG�
JURXQGZDWHU� VRXUFHV� DUH� GLIILFXOW� WR� UHPHGLDWH� DQG� PD\� SRVH�
VHULRXV�KHDOWK� ULVNV� LI�XVHG� IRU�GULQNLQJ�� LUULJDWLRQ��RU� LQGXVWULDO�
SXUSRVHV� �+DVKHPL� HW� DO��� ������� 7KH� SHUVLVWHQFH� RI� SROOXWDQWV��
SDUWLFXODUO\�QRQ�ELRGHJUDGDEOH� VXEVWDQFHV� VXFK�DV�KHDY\�PHWDOV�
DQG�SHUVLVWHQW�RUJDQLF�SROOXWDQWV��323V���IXUWKHU�FRPSOLFDWHV�WKH�
UHPHGLDWLRQ� SURFHVV� �6DUDQG� HW� DO��� ������� (QYLURQPHQWDO�
UHJXODWLRQV� DQG� UHPHGLDWLRQ� WHFKQLTXHV� KDYH� EHHQ�GHYHORSHG� WR�
PLWLJDWH� VRLO� FRQWDPLQDWLRQ� DQG� SUHYHQW� SROOXWDQW� PLJUDWLRQ��
3K\VLFDO�FRQWDLQPHQW�PHWKRGV��VXFK�DV�LPSHUPHDEOH�EDUULHUV�DQG�
OLQHUV��FDQ�UHVWULFW�FRQWDPLQDQW�PRYHPHQW��+XVVDLQ�HW�DO����������
&KHPLFDO� VWDELOL]DWLRQ� WHFKQLTXHV�� LQFOXGLQJ� VRLO� DPHQGPHQWV�
DQG� FKHPLFDO� IL[DWLRQ�� DLP� WR� UHGXFH� WKH�PRELOLW\�RI�KD]DUGRXV�
VXEVWDQFHV �-DIDUL 	 $EEDVLDQ� ������ $GGLWLRQDOO\��
ELRUHPHGLDWLRQ DQG SK\WRUHPHGLDWLRQ DSSURDFKHV OHYHUDJH�
QDWXUDO� SURFHVVHV� WR� GHJUDGH� RU� LPPRELOL]H� SROOXWDQWV�� RIIHULQJ�
VXVWDLQDEOH�DQG�FRVW�HIIHFWLYH�VROXWLRQV��-RKDUL�HW�DO����������

7KH� UROH� RI� QDQRWHFKQRORJ\� LQ� VRLO� UHPHGLDWLRQ� KDV� JDLQHG�
VLJQLILFDQW� DWWHQWLRQ� LQ� UHFHQW� \HDUV�� 1DQRPDWHULDOV�� VXFK� DV�
QDQRFOD\V� DQG� LURQ� QDQRSDUWLFOHV�� KDYH� VKRZQ� SURPLVH� LQ�
UHGXFLQJ� VRLO� SHUPHDELOLW\� DQG� LPPRELOL]LQJ� FRQWDPLQDQWV��
7KHVH� PDWHULDOV� FDQ� HQKDQFH� WKH� DGVRUSWLRQ� FDSDFLW\� RI� VRLO��
SUHYHQWLQJ WKH OHDFKLQJ RI KD]DUGRXV VXEVWDQFHV LQWR�
JURXQGZDWHU��7KH�DSSOLFDWLRQ�RI�QDQRWHFKQRORJ\�LQ�VRLO�SROOXWLRQ�
PDQDJHPHQW� UHSUHVHQWV� D� SURPLVLQJ� DYHQXH� IRU� LPSURYLQJ�
HQYLURQPHQWDO VXVWDLQDELOLW\ �.DQDQL]DGHK HW DO�� �������
3UHYHQWLQJ VRLO FRQWDPLQDWLRQ UHTXLUHV D FRPELQDWLRQ� RI�
UHJXODWRU\ PHDVXUHV� VXVWDLQDEOH ODQG�XVH SUDFWLFHV� DQG�
WHFKQRORJLFDO� DGYDQFHPHQWV� �=KDR� HW� DO��� ������� *RYHUQPHQWV�
DQG� HQYLURQPHQWDO� DJHQFLHV� SOD\� D� YLWDO� UROH� LQ� HQIRUFLQJ�
SROOXWLRQ� FRQWURO� ODZV� DQG� PRQLWRULQJ� LQGXVWULDO� DFWLYLWLHV� WR�
PLQLPL]H KD]DUGRXV GLVFKDUJHV� 3XEOLF DZDUHQHVV DQG�
FRPPXQLW\ SDUWLFLSDWLRQ DUH DOVR FUXFLDO LQ SURPRWLQJ�
UHVSRQVLEOH�ZDVWH�GLVSRVDO�DQG�VXVWDLQDEOH�DJULFXOWXUDO�SUDFWLFHV�
�0HXVHU���������

7KLV� VWXG\� DLPV� WR� LQYHVWLJDWH� WKH� LQQRYDWLYH� DSSOLFDWLRQ� RI�
QDQRFOD\� LQ� UHGXFLQJ� WKH� SHUPHDELOLW\� RI� ILQH�JUDLQHG� VRLOV�
WKURXJK� D� VHULHV� RI� FRQWUROOHG� ODERUDWRU\� H[SHULPHQWV�� 7KH�
UHVHDUFK� H[SORUHV� KRZ� QDQRFOD\� SDUWLFOHV�� GXH� WR� WKHLU� KLJK�
VXUIDFH�DUHD�DQG�XQLTXH�SK\VLFRFKHPLFDO�SURSHUWLHV��FDQ�HQKDQFH�
VRLO�VWUXFWXUH��GHFUHDVH�SRUH�VSDFHV��DQG�LPSURYH�ZDWHU�UHWHQWLRQ�
FDSDFLW\�� %\� V\VWHPDWLFDOO\� DQDO\]LQJ� WKH� HIIHFWV� RI� GLIIHUHQW�
QDQRFOD\�FRQFHQWUDWLRQV��WKLV�VWXG\�VHHNV�WR�SURYLGH�D�VXVWDLQDEOH�
DQG�FRVW�HIIHFWLYH� VROXWLRQ� IRU� LPSURYLQJ�VRLO� LPSHUPHDELOLW\�LQ�
JHRWHFKQLFDO�DQG�HQYLURQPHQWDO�HQJLQHHULQJ�DSSOLFDWLRQV��VXFK�DV�
ODQGILOO�OLQHUV��GDP�FRUHV��DQG�XQGHUJURXQG�FRQVWUXFWLRQ�
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$�ODQGILOO�LV�D�GHVLJQDWHG�VLWH�IRU�WKH�GLVSRVDO�RI�VROLG�ZDVWH��

ZKHUH� ZDVWH� PDWHULDOV� DUH� V\VWHPDWLFDOO\� EXULHG� WR� PLQLPL]H�
HQYLURQPHQWDO� LPSDFW� �9DYHUNRYi�� ������� /DQGILOOV� DUH� DQ�
HVVHQWLDO� FRPSRQHQW� RI� ZDVWH� PDQDJHPHQW�� ZKLFK� LQYROYHV� WKH�
FROOHFWLRQ�� WUDQVSRUWDWLRQ�� WUHDWPHQW�� DQG� GLVSRVDO� RI�ZDVWH� LQ� D�
FRQWUROOHG� PDQQHU� �5HQRX� HW� DO��� ������� 7KH� JRDO� RI� ZDVWH�
PDQDJHPHQW� LV� WR� UHGXFH� SROOXWLRQ�� SURWHFW� SXEOLF� KHDOWK�� DQG�
FRQVHUYH� QDWXUDO� UHVRXUFHV� WKURXJK� YDULRXV� VWUDWHJLHV�� VXFK� DV�
UHF\FOLQJ�� FRPSRVWLQJ�� LQFLQHUDWLRQ�� DQG� HQJLQHHUHG� ODQGILOOLQJ��
3URSHUO\� GHVLJQHG� DQG� PDQDJHG� ODQGILOOV� SUHYHQW� XQFRQWUROOHG�
GXPSLQJ�� ZKLFK� FDQ� OHDG� WR� VHYHUH� HQYLURQPHQWDO� DQG� KHDOWK�
KD]DUGV� �&UDZIRUG� 	� 6PLWK�� ������� )LJXUH� �� LV� SURYLGLQJ� D�
V\VWHPDWLF�ODQGILOO�VFKHPDWLF�ZHUH�JHQHUDOO\�SURYLGHG�WR�GHVFULEH�
D� VROLG� ZDVWH� ODQGILOO�� /DQGILOOV� SOD\� D� FUXFLDO� UROH� LQ� ZDVWH�
PDQDJHPHQW� E\� SURYLGLQJ� D� FRQWUROOHG� DQG� HQJLQHHUHG� VROXWLRQ�
IRU�WKH�GLVSRVDO�RI�VROLG�ZDVWH��1DQGD�	�%HUUXWL���������(IIHFWLYH�
ZDVWH�PDQDJHPHQW� LQYROYHV� D� KLHUDUFK\�RI� VWUDWHJLHV�� LQFOXGLQJ�
ZDVWH UHGXFWLRQ� UHF\FOLQJ� FRPSRVWLQJ� LQFLQHUDWLRQ� DQG�
ODQGILOOLQJ��:DULWK�� �������:KLOH� UHF\FOLQJ�DQG�ZDVWH� UHGXFWLRQ�
PLQLPL]H� WKH� DPRXQW�RI�ZDVWH� WKDW� UHDFKHV� ODQGILOOV�� ODQGILOOLQJ�
UHPDLQV�DQ�HVVHQWLDO�FRPSRQHQW�IRU�KDQGOLQJ�QRQ�UHF\FODEOH�DQG�
KD]DUGRXV� PDWHULDOV� �/DQHU� HW� DO��� ������� 3URSHUO\� GHVLJQHG�
ODQGILOOV�� HTXLSSHG� ZLWK� OLQHUV�� OHDFKDWH� FROOHFWLRQ� V\VWHPV�� DQG�
JDV� H[WUDFWLRQ� PHFKDQLVPV�� KHOS� PLWLJDWH� HQYLURQPHQWDO� ULVNV�
VXFK DV JURXQGZDWHU FRQWDPLQDWLRQ DQG JUHHQKRXVH JDV�
HPLVVLRQV��&UDZIRUG�	�6PLWK���������

,Q� IDFW��ZDVWH�PDQDJHPHQW� VWUDWHJLHV�YDU\�GHSHQGLQJ�RQ� WKH�
W\SH� DQG� YROXPH� RI�ZDVWH� JHQHUDWHG� �:DULWK�� �������0XQLFLSDO�
VROLG� ZDVWH� �06:�� ODQGILOOV� KDQGOH� KRXVHKROG� DQG� FRPPHUFLDO�
ZDVWH��ZKLOH�KD]DUGRXV�ZDVWH�ODQGILOOV�DUH�GHVLJQHG�IRU�WR[LF�DQG�
LQGXVWULDO� ZDVWH� PDWHULDOV� �.DPDUXGGLQ� HW� DO��� ������� 6DQLWDU\�
ODQGILOOV� DUH� HQJLQHHUHG� WR� PLQLPL]H� HQYLURQPHQWDO� KDUP� E\�
XVLQJ� FRPSDFWHG� OD\HUV� RI� ZDVWH�� GDLO\� VRLO� FRYHU�� DQG� JDV�
FROOHFWLRQ�V\VWHPV� �/DQHU� HW� DO��� �������7KHVH�PHDVXUHV�KHOS� WR�
FRQWURO�RGRUV�� OLPLW� WKH� VSUHDG�RI�ZDVWH��DQG� UHGXFH�JUHHQKRXVH�
JDV� HPLVVLRQV� IURP�GHFRPSRVLQJ� RUJDQLF� PDWHULDO� �9DYHUNRYi��
������ 2QH RI� WKH� PRVW FULWLFDO� HQYLURQPHQWDO� FRQFHUQV�
DVVRFLDWHG ZLWK ODQGILOOV LV WKH IRUPDWLRQ RI OHDFKDWH�
�.DQDQL]DGHK�HW�DO����������/HDFKDWH�LV�D�OLTXLG�WKDW�IRUPV�ZKHQ�
SUHFLSLWDWLRQ� �UDLQZDWHU� RU� VQRZPHOW�� SHUFRODWHV� WKURXJK� ZDVWH�
OD\HUV�� GLVVROYLQJ� DQG� FDUU\LQJ� ZLWK� LW� YDULRXV� FRQWDPLQDQWV�
�6DUDQG�HW�DO����������7KH�FRPSRVLWLRQ�RI�OHDFKDWH�GHSHQGV�RQ�WKH�
W\SH�RI�ZDVWH�GHSRVLWHG�LQ� WKH� ODQGILOO��DV�ZHOO�DV� WKH�DJH�RI�WKH�
ODQGILOO��5HQRX�HW�DO���������

Fig. 1�$�VFKHPDWLF�YLHZ�RI�D�ODQGILOO��4UHQDZL�������
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Fig. 2�$�VFKHPDWLF�YLHZ�RI�D�OHDFKDWH�WUDQVSRUW�IURP�ODQGILOO�WR�ZDWHUFRXUVH��:LMHNRRQ�HW�DO��������

)UHVKO\�JHQHUDWHG�OHDFKDWH�W\SLFDOO\�KDV�KLJK�RUJDQLF�FRQWHQW��
ZKLOH� ROGHU� ODQGILOOV� PD\� SURGXFH� OHDFKDWH� ULFK� LQ� DPPRQLD��
KHDY\�PHWDOV��DQG�KD]DUGRXV�FKHPLFDOV��:LMHNRRQ�HW�DO����������
)LJXUH���VKRZV�WKH�OHDFKDWH�PLJUDWLRQ�DQG�WUDQVSRUW�LQ�JURXQG�� ,I�
QRW� SURSHUO\�PDQDJHG�� OHDFKDWH� FDQ�SRVH� VHULRXV� HQYLURQPHQWDO�
DQG� SXEOLF� KHDOWK� ULVNV� �6DOHP� HW� DO��� ������� &RQWDPLQDQWV� LQ�
OHDFKDWH�FDQ�LQILOWUDWH�WKH�VXUURXQGLQJ�VRLO��SROOXWH�QHDUE\�ZDWHU�
ERGLHV�� DQG� VHHS� LQWR� JURXQGZDWHU� VRXUFHV�� PDNLQJ� WKH� ZDWHU�
XQVDIH�IRU�FRQVXPSWLRQ��&KULVWHQVHQ�HW�DO����������+HDY\�PHWDOV��
SDWKRJHQV��DQG�RUJDQLF�SROOXWDQWV�LQ�OHDFKDWH�FDQ�GLVUXSW�DTXDWLF�
HFRV\VWHPV�� KDUP� ZLOGOLIH�� DQG� FRQWULEXWH� WR� WKH� VSUHDG� RI�
ZDWHUERUQH�GLVHDVHV� �6DOHP�HW�DO��� �������7KH�KLJK�ELRFKHPLFDO�
R[\JHQ�GHPDQG��%2'��DQG�FKHPLFDO�R[\JHQ�GHPDQG��&2'��RI�
OHDFKDWH� FDQ� DOVR� OHDG� WR� R[\JHQ� GHSOHWLRQ� LQ� QDWXUDO� ZDWHU�
ERGLHV��FDXVLQJ�ILVK�NLOOV�DQG�HFRORJLFDO�LPEDODQFHV��)XOD]]DN\��
�������7R�PLWLJDWH� WKH� ULVNV� RI� OHDFKDWH� FRQWDPLQDWLRQ��PRGHUQ�
ODQGILOOV�XVH�ODQGILOO�OLQHUV�DV�SURWHFWLYH�EDUULHUV��&DVWULOOyQ�HW�DO���
�������$�ODQGILOO�OLQHU�LV�D�FRQWLQXRXV��LPSHUPHDEOH�OD\HU�SODFHG�
DW� WKH� ERWWRP�DQG� VLGHV�RI� WKH� ODQGILOO� WR� SUHYHQW� OHDFKDWH� IURP�
HVFDSLQJ� LQWR� WKH� VXUURXQGLQJ� HQYLURQPHQW� �-DIDUL�	�$EEDVLDQ��
�������/LQHUV�DUH�PDGH�IURP�PDWHULDOV� VXFK�DV�FRPSDFWHG�FOD\��
JHRPHPEUDQHV� �H�J��� +'3(��� JHRV\QWKHWLF� FOD\� OLQHUV� �*&/V���
DQG� FRPSRVLWH� OLQHU� V\VWHPV� �1LNEDNKW� HW� DO��� ������� )LJXUH� ��
LOOXVWUDWHV� YDULRXV� W\SHV� RI� ODQGILOO� OLQHUV� FRPPRQO\� XVHG� LQ�
ODQGILOO�FRQVWUXFWLRQV��*HQHUDOO\�� WKHUH�DUH� WZR�SULPDU\�W\SHV�RI�
ODQGILOO�OLQHUV��

� Natural Liners��7KHVH�FRQVLVW�RI�FRPSDFWHG�FOD\�OD\HUV��
ZKLFK� KDYH� D� ORZ� SHUPHDELOLW\� DQG� FDQ� HIIHFWLYHO\�
FRQWDLQ OHDFKDWH� &OD\ OLQHUV DUH RIWHQ XVHG LQ�
FRPELQDWLRQ ZLWK V\QWKHWLF OLQHUV WR HQKDQFH�
FRQWDLQPHQW�

� Synthetic Liners� 7KHVH LQFOXGH KLJK�GHQVLW\�
SRO\HWK\OHQH��+'3(��JHRPHPEUDQHV��SRO\YLQ\O�FKORULGH�
�39&�� OLQHUV�� DQG� JHRV\QWKHWLF� FOD\� OLQHUV� �*&/V���
6\QWKHWLF� OLQHUV� SURYLGH� VXSHULRU� UHVLVWDQFH� WR� FKHPLFDO�
GHJUDGDWLRQ� DQG� KDYH� YHU\� ORZ� SHUPHDELOLW\�� PDNLQJ�
WKHP�KLJKO\�HIIHFWLYH�LQ�SUHYHQWLQJ�OHDFKDWH�PLJUDWLRQ��

� Composite Liner Systems�� FRPELQH� IRUP� YDULRXV� OLQLQJ�
VWUDWHJLHV��

7KH� GHVLJQ� DQG� LQVWDOODWLRQ� RI� ODQGILOO� OLQHU� V\VWHPV� DUH�
SDUDPRXQW� WR� HQVXULQJ� WKH� ORQJ�WHUP� HQYLURQPHQWDO� VDIHW\� RI�
ODQGILOOV��'RXEOH�OLQHU�V\VWHPV�DUH�RIWHQ�HPSOR\HG��FRQVLVWLQJ�RI�
WZR� OD\HUV� RI� OLQHUV²W\SLFDOO\� DQ� +'3(� JHRPHPEUDQH� DQG� D�
FRPSDFWHG FOD\� OLQHU²ZLWK D OHDFKDWH FROOHFWLRQ V\VWHP�
VDQGZLFKHG�EHWZHHQ�WKHP��7KLV�VHWXS�SURYLGHV�PXOWLSOH�OD\HUV�RI�
SURWHFWLRQ� DQG� DOORZV� IRU� WKH� HDUO\� GHWHFWLRQ� RI� OHDNV�� $�ZHOO��
GHVLJQHG�OLQHU�V\VWHP�LV�HVVHQWLDO�IRU�WKH�FRQWDLQPHQW�RI�OHDFKDWH�
DQG� WKH�SUHYHQWLRQ�RI�FRQWDPLQDWLRQ� WR� WKH� VXUURXQGLQJ�VRLO�DQG�
JURXQGZDWHU� $GGLWLRQDOO\� ODQGILOO OLQHUV DUH FULWLFDO IRU�
FRQWUROOLQJ�JUHHQKRXVH�JDV�HPLVVLRQV�E\�SUHYHQWLQJ�WKH�HVFDSH�RI�
PHWKDQH� D SRWHQW JUHHQKRXVH JDV SURGXFHG E\ WKH�
GHFRPSRVLWLRQ� RI� RUJDQLF� ZDVWH�� 3URSHU� PDLQWHQDQFH� DQG�
PRQLWRULQJ RI ODQGILOO OLQHUV HQVXUH WKHLU HIIHFWLYHQHVV��
VDIHJXDUGLQJ�ERWK�KXPDQ�KHDOWK�DQG�WKH�HQYLURQPHQW��,Q�PRGHUQ�
ODQGILOOV��FRPSRVLWH�OLQHU�V\VWHPV�DUH�FRPPRQO\�XVHG��FRPELQLQJ�
D� V\QWKHWLF� OLQHU� �VXFK� DV�+'3(�� ZLWK� D� FRPSDFWHG� FOD\� OD\HU��
7KLV� GXDO�OD\HU� V\VWHP� SURYLGHV� HQKDQFHG� FRQWDLQPHQW� DQG�
GXUDELOLW\�� VLJQLILFDQWO\� UHGXFLQJ� WKH� ULVN� RI� OLQHU� IDLOXUH�� 7KH�
FRPSDFWHG� FOD\� OD\HU� VHUYHV� DV� D� VHFRQGDU\� EDUULHU�� ZKLOH� WKH�
JHRPHPEUDQH� SUHYHQWV� OHDFKDWH� SHQHWUDWLRQ�� 7R� IXUWKHU� SUHYHQW�
OHDFKDWH DFFXPXODWLRQ DQG HQKDQFH HQYLURQPHQWDO VDIHW\��
ODQGILOOV�LQFRUSRUDWH�OHDFKDWH�FROOHFWLRQ�DQG�WUHDWPHQW�V\VWHPV�
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Fig. 3�7KHUH�DUH�VHYHUDO�W\SHV�RI�ODQGILOO�OLQHU�V\VWHPV��LQFOXGLQJ���D��
VRLO�OLQHU�ZLWK�D�OHDFKDWH�FROOHFWLRQ�DQG�UHPRYDO�V\VWHP��/&56����E��VRLO�
OLQHU�ZLWK�D�JHRV\QWKHWLF�/&56���F��FRPSRVLWH�OLQHU�ZLWK�DQ�/&56���G��
FRPSRVLWH�OLQHU�ZLWK�D�JHRV\QWKHWLF�/&56��DQG��H��GRXEOH�FRPSRVLWH�

OLQHU��/L��������
$� OHDFKDWH� FROOHFWLRQ� V\VWHP� FRQVLVWV� RI� D� QHWZRUN� RI�

SHUIRUDWHG�SLSHV��GUDLQDJH�JUDYHO��DQG�VXPS�SXPSV�WKDW�DFWLYHO\�
UHPRYH� OHDFKDWH� IURP� WKH� ODQGILOO� EDVH� �&DVWULOOyQ� HW� DO��� �������
7KH�FROOHFWHG� OHDFKDWH� LV� WKHQ�WUHDWHG� WKURXJK�SURFHVVHV�VXFK�DV�
ELRORJLFDO�WUHDWPHQW��FKHPLFDO�SUHFLSLWDWLRQ��PHPEUDQH�ILOWUDWLRQ��
DQG�UHYHUVH�RVPRVLV�EHIRUH�EHLQJ�VDIHO\�GLVFKDUJHG�RU�UHXVHG��/L��
�������$�ZHOO�NQRZQ�H[DPSOH�RI�ODQGILOO�OLQHU�LPSOHPHQWDWLRQ�LV�
VHHQ� LQ� HQJLQHHUHG� VDQLWDU\� ODQGILOOV� XVHG� IRU� PXQLFLSDO� VROLG�
ZDVWH�GLVSRVDO��1LNEDNKW�HW�DO����������7KHVH�ODQGILOOV�HPSOR\�D�
GRXEOH�OLQHU V\VWHP� FRQVLVWLQJ RI D SULPDU\ +'3(�
JHRPHPEUDQH� OLQHU�� D� VHFRQGDU\� FRPSDFWHG� FOD\� OLQHU�� DQG� D�
OHDFKDWH� FROOHFWLRQ� OD\HU� EHWZHHQ� WKHP�� 7KLV� GHVLJQ� HQVXUHV�
PD[LPXP�SURWHFWLRQ�DJDLQVW�OHDFKDWH�OHDNDJH�DQG�HQKDQFHV�ORQJ��
WHUP�HQYLURQPHQWDO�VDIHW\��/L���������

/DQGILOO�OLQHUV�DUH�HVVHQWLDO�LQ�FRQWUROOLQJ�OHDFKDWH��WKH�OLTXLG�
WKDW�IRUPV�ZKHQ�ZDWHU�LQWHUDFWV�ZLWK�ZDVWH�PDWHULDOV�LQ�ODQGILOOV�
�g]oREDQ� HW� DO��� ������� 7KH� SULPDU\� IXQFWLRQ� RI� D� OLQHU� LV� WR�
SUHYHQW WKH PLJUDWLRQ RI OHDFKDWH LQWR WKH VXUURXQGLQJ�
HQYLURQPHQW�� SDUWLFXODUO\� WKH� VRLO� DQG� JURXQGZDWHU�� ZKHUH� LW�
FRXOG� FDXVH� FRQWDPLQDWLRQ� �1RURX]L� HW� DO��� ������� :LWKRXW� DQ�
HIIHFWLYH� OLQHU� V\VWHP�� OHDFKDWH� FRXOG� VHHS� WKURXJK� WKH� ODQGILOO�
EDVH�� FDUU\LQJ� KDUPIXO� FKHPLFDOV� DQG� WR[LQV� WKDW� FDQ� HQGDQJHU

SXEOLF�KHDOWK�DQG�GDPDJH�HFRV\VWHPV��1LNEDNKW�HW�DO����������%\�
FUHDWLQJ� D� EDUULHU� EHWZHHQ� WKH� ZDVWH� DQG� WKH� XQGHUO\LQJ� VRLO��
OLQHUV� KHOS� FRQWDLQ� OHDFKDWH�� DOORZLQJ� IRU� VDIH� FROOHFWLRQ� DQG�
WUHDWPHQW� �6DUDQG� HW� DO��� ������� /LQHUV� DUH� GHVLJQHG� WR� EH�
LPSHUPHDEOH��PHDQLQJ� WKH\� SUHYHQW� WKH� SDVVDJH� RI� OLTXLGV�� DQG�
WKLV�LV�DFKLHYHG�XVLQJ�PDWHULDOV�OLNH�+'3(��FRPSDFWHG�FOD\��DQG�
JHRV\QWKHWLF�FOD\�OLQHUV��9DUDQN�HW�DO����������7KHVH�PDWHULDOV�DUH�
FKRVHQ� IRU� WKHLU� ORZ� SHUPHDELOLW\� DQG� UHVLVWDQFH� WR� FKHPLFDO�
GHJUDGDWLRQ��PDNLQJ� WKHP� HIIHFWLYH� LQ� FRQWDLQLQJ� OHDFKDWH� RYHU�
ORQJ�SHULRGV��.RHUQHU�	�6RRQJ���������$GGLWLRQDOO\��VRPH�OLQHU�
V\VWHPV� DUH� FRQVWUXFWHG� ZLWK� D� /&56�� ZKLFK� FDSWXUHV� DQ\�
OHDFKDWH�WKDW�GRHV�DFFXPXODWH��HQVXULQJ�WKDW�LW�LV�SURSHUO\�GUDLQHG�
DQG� WUHDWHG� EHIRUH� EHLQJ� UHOHDVHG� LQWR� WKH� HQYLURQPHQW� �/L��
�������

7KH� SURSHU� GHVLJQ� DQG� PDLQWHQDQFH� RI� ODQGILOO� OLQHUV� DUH�
FULWLFDO� LQ� HQVXULQJ� WKHLU� HIIHFWLYHQHVV� �&DVWULOOyQ� HW� DO��� �������
2YHU�WLPH��OLQHUV�FDQ�GHJUDGH�GXH�WR�H[SRVXUH�WR�FKHPLFDOV�LQ�WKH�
OHDFKDWH�� WHPSHUDWXUH� IOXFWXDWLRQV�� DQG� SK\VLFDO� ZHDU�� 5HJXODU�
PRQLWRULQJ� DQG� PDLQWHQDQFH� DUH� QHFHVVDU\� WR� LGHQWLI\� SRWHQWLDO�
ZHDNQHVVHV�LQ�WKH�V\VWHP��DQG�HDUO\�GHWHFWLRQ�RI�OLQHU�IDLOXUH�FDQ�
SUHYHQW� ODUJH�VFDOH� HQYLURQPHQWDO� GDPDJH� �2]HO� HW� DO��� �������
2YHUDOO�� OLQHUV� SOD\� D� FUXFLDO� UROH� LQ� VDIHJXDUGLQJ� JURXQGZDWHU�
DQG� FRQWUROOLQJ� OHDFKDWH�� ZKLFK� LV� HVVHQWLDO� IRU� HQYLURQPHQWDO�
SURWHFWLRQ� DQG� SXEOLF� KHDOWK� �6DUDQG� HW� DO��� ������� 7KH�
HQYLURQPHQWDO�LPSRUWDQFH�RI� ODQGILOO� OLQHUV�FDQQRW�EH�RYHUVWDWHG�
�-DIDUL�	�$EEDVLDQ�� �������:LWKRXW� OLQHUV�� OHDFKDWH� FDQ� SROOXWH�
JURXQGZDWHU� UHVRXUFHV�� ZKLFK�SURYLGH� GULQNLQJ�ZDWHU� IRU�PDQ\�
FRPPXQLWLHV��=KDR�HW�DO����������*URXQGZDWHU�FRQWDPLQDWLRQ�E\�
OHDFKDWH� FDQ� OHDG� WR� WKH� VSUHDG� RI� KDUPIXO� VXEVWDQFHV�� VXFK� DV�
KHDY\� PHWDOV�� VROYHQWV�� DQG� SDWKRJHQV�� LQWR� DTXLIHUV�� 7KLV�
FRQWDPLQDWLRQ� SRVHV� VLJQLILFDQW� ULVNV� WR� ERWK� KXPDQ�KHDOWK� DQG�
ZLOGOLIH� �:LMHNRRQ�HW� DO��� �������/LQHUV�DFW� DV�D� FULWLFDO�EDUULHU��
SUHYHQWLQJ� WKHVH� SROOXWDQWV� IURP� LQILOWUDWLQJ� JURXQGZDWHU�� WKXV�
SURWHFWLQJ� YDOXDEOH� QDWXUDO� UHVRXUFHV� �/L�� ������� ,Q� DGGLWLRQ� WR�
SURWHFWLQJ� ZDWHU� UHVRXUFHV�� ODQGILOO� OLQHUV� KHOS� UHGXFH� WKH�
HQYLURQPHQWDO� LPSDFW� RI� JUHHQKRXVH� JDV� HPLVVLRQV�� $V� RUJDQLF�
ZDVWH� GHFRPSRVHV� LQ� ODQGILOOV�� LW� SURGXFHV� PHWKDQH�� D� SRWHQW�
JUHHQKRXVH�JDV� �:LMHNRRQ�HW� DO����������%\�FRQWDLQLQJ� OHDFKDWH�
DQG� FRQWUROOLQJ� ZDVWH� GHJUDGDWLRQ�� OLQHUV� KHOS� PLQLPL]H� WKH�
UHOHDVH� RI�PHWKDQH� LQWR� WKH� DWPRVSKHUH� �g]oREDQ� HW� DO��� �������
0HWKDQH� LV� D� PDMRU� FRQWULEXWRU� WR� FOLPDWH� FKDQJH�� VR� E\�
FRQWUROOLQJ� LWV�HPLVVLRQV�� ODQGILOO� OLQHUV�VXSSRUW�JOREDO�HIIRUWV� WR�
PLWLJDWH� HQYLURQPHQWDO� GDPDJH� DQG� SURPRWH� VXVWDLQDEOH� ZDVWH�
PDQDJHPHQW�SUDFWLFHV��1LNEDNKW�HW�DO���������

,,,� 0$7(5,$/6�$1'�0(7+2'6�

7KLV� VWXG\�DLPHG� WR� HYDOXDWH� WKH� LPSDFW� RI� QDQRFOD\�RQ� WKH�
SHUPHDELOLW\� RI� ILQH�JUDLQHG� VRLOV� DQG� LWV� SRWHQWLDO� UROH� LQ�
LPSURYLQJ� WKH� SHUIRUPDQFH� RI� ODQGILOO� OLQHUV�� 7KH� UHVHDUFK�
XWLOL]HG�D�VHULHV�RI�H[SHULPHQWDO�WHVWV�FRQGXFWHG�RQ�VRLO�VDPSOHV�
PRGLILHG ZLWK YDU\LQJ FRQFHQWUDWLRQV RI QDQRFOD\� 7KH�
PHWKRGRORJ\� LV� GLYLGHG� LQWR� GLVWLQFW� VHFWLRQV�� LQFOXGLQJ� VDPSOH�
SUHSDUDWLRQ��H[SHULPHQWDO�SURFHGXUHV��WHVWLQJ�VWDQGDUGV��DQG�GDWD�
DQDO\VLV�� )LJXUH� �� LV� LOOXVWUDWLQJ� D� YLHZ� RI� XWLOL]HG� QDQROFD\� LQ�
WKLV� VWXG\�� 7KH� XVHG� QDQROFD\� LV� FODVVLILHG� DV� PRQWPRULOORQLWH�
FOD\�DV�NQRZQ�PHPEHU�RI�VPHFWLWH�JURXS�RI�FOD\�PLQHUDOV��7DEOH�
��SURYLGHV�WKH�QDQROFD\�VSHFLILFDWLRQ�XVHG�LQ�WKLV�WDVN�
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Fig. 4�$�YLHZ�RI�XVHG�QDQRFOD\�LQ�WKLV�VWXG\

Table 1�3K\VLFDO�FKHPLFDO�SURSHUWLHV�RI�XVHG�QDQROFD\
3URSHUWLHV 3DUDPHWHU 8QLW 9DOXH
3K\VLFDO &OD\�W\SH � 0RQWPRULOORQLWH�

3DUWLFOH�VL]H PQ ������
'HQVLW\ J�FP� ����������
6SHFLILF�VXUIDFH�DUHD P��J ����������
(OHFWULFDO�UHVLVWLYLW\ 09 ����
,QWHU�SDUWLFOHV�GLVWDQFH $R ���
,RQ�H[FKDQJH�FRHIILFLHQW PHJ�����J ���
&RORU � 3DOH�\HOORZ�
0RLVWXUH � �����

&KHPLFDO 1D�2 � �����
0J2 � �����
$O�2� � ������
6L2� � ������
.�2 � �����
&D2 � �����
7L2� � �����
)H�2� � �����
/2, � �����

1DQRPRQWPRULOORQLWH� DGGLWLYHV� ZHUH� SUHSDUHG� IURP� 7HPDG�
.DOD�1DQR� 6DGUD� &RPSDQ\� ZLWK� ,'V� &ORVLWH� ��$�0-���� DQG�
V\QWKHVL]HG� FHOOXORVH� QDQRILEHUV� ZHUH� DOVR� SURYLGHG� IURP�
1DQRVDQL� 6HUYLFH� &RPSDQ\� ZLWK� ,'V� 16�&1)������ )RU� WKLV�
H[SHULPHQW�� ��� XQWUHDWHG� VRLO� VDPSOHV� ZHUH� FROOHFWHG� IURP� WKH�
7DEUL]� ODQGILOO� VLWH� WR� UHSUHVHQW� WKH� EDVHOLQH� VRLO� FKDUDFWHULVWLFV��
,Q�DGGLWLRQ��WKUHH�PRGLILHG�VRLO�JURXSV�ZHUH�SUHSDUHG�E\�DGGLQJ�
GLIIHUHQW�SHUFHQWDJHV�RI�QDQRFOD\����������DQG�����WR�WKH�VRLOV��
7KH�JUDLQ�VL]H�DQDO\VLV�UHVXOW� IRU�7DEUL]�ODQGILOO�VRLO�LV�SURYLGHG�
LQ� )LJXUH� ��� 7KLV� VRLO� ZDV� WKH� KRVW� VRLO� IRU� WUHDWPHQWV� E\�
QDQRFDO\��1DQRFOD\�ZDV�WKRURXJKO\�PL[HG�ZLWK�WKH�VRLO�VDPSOHV�
WR�HQVXUH�XQLIRUP�GLVWULEXWLRQ��IROORZLQJ�$670�'������$670�
'�����DQG�$670�'���� WR� FKDUDFWHUL]H� WKH� VRLOV� DQG� WR� HQVXUH�
SURSHU�VRLO�FODVVLILFDWLRQ�IRU�WKH�WHVWV��

7KH� SULPDU\� REMHFWLYH� RI� WKH� UHVHDUFK�ZDV� WR� HYDOXDWH� KRZ�
QDQRFOD\� LQIOXHQFHV� VRLO� SHUPHDELOLW\�� SDUWLFXODUO\� LWV� DELOLW\� WR�
VHUYH� DV� DQ� HIIHFWLYH� EDUULHU� DJDLQVW� OHDFKDWH� PLJUDWLRQ� LQ�
ODQGILOOV��3HUPHDELOLW\� WHVWV�ZHUH�FRQGXFWHG�XVLQJ�FRQVWDQW�KHDG

DQG�IDOOLQJ�KHDG�PHWKRGV�LQ�DFFRUGDQFH�ZLWK�$670�'������7KH�
WHVWV� ZHUH� FRQGXFWHG� RQ� ERWK� XQWUHDWHG� DQG� QDQRFOD\�PRGLILHG�
VRLOV�� ZLWK� UHDO� ODQGILOO� OHDFKDWH� IURP� WKH� 7DEUL]� ODQGILOO� VLWH�
EHLQJ�XVHG�LQVWHDG�RI�ZDWHU��7KLV�DSSURDFK�ZDV�FKRVHQ�WR�EHWWHU�
VLPXODWH� WKH� DFWXDO� HQYLURQPHQWDO� FRQGLWLRQV� XQGHU� ZKLFK�
ODQGILOO� OLQHUV� RSHUDWH�� )LJXUH� �� LV� LOOXVWUDWHG� WKH� SHUPHDELOLW\�
WHVWV�VFKHPH�ZHUH�FRQVLGHUHG�LQ�WKLV�H[SHULPHQWDO�UHVHDUFK��

7R� DVVHVV� WKH� EHKDYLRU� RI� WKH� ILQH�JUDLQHG� VRLOV�� $WWHUEHUJ�
OLPLWV�WHVWV�ZHUH�FRQGXFWHG�WR�GHWHUPLQH� WKH�VRLO
V�SODVWLFLW\�DQG�
FRQVLVWHQF\�� 7KLV� ZDV� SHUIRUPHG� LQ� DFFRUGDQFH� ZLWK� $670�
'����� 7KHVH OLPLWV SURYLGH LPSRUWDQW LQVLJKW LQWR WKH�
ZRUNDELOLW\� DQG� EHKDYLRU� RI� VRLOV� XQGHU� YDU\LQJ� PRLVWXUH�
FRQGLWLRQV�� ZKLFK� LV� YLWDO� IRU� XQGHUVWDQGLQJ� WKH� HIIHFW� RI�
QDQRFOD\�RQ�WKH�VRLO
V�RYHUDOO�SHUIRUPDQFH�DV�D�OLQHU�PDWHULDO��VHH�
)LJXUH� ���� 3HUIRUPLQJ� $WWHUEHUJ� OLPLW� WHVWV� LV� HVVHQWLDO� IRU�
XQGHUVWDQGLQJ� WKH� EHKDYLRU� RI� ILQH�JUDLQHG� VRLOV�� SDUWLFXODUO\�
ZKHQ� LQFRUSRUDWLQJ� QDQRFOD\�� 7KH� $WWHUEHUJ� OLPLWV�� ZKLFK�
LQFOXGH�WKH�OLTXLG�OLPLW��SODVWLF�OLPLW��DQG�SODVWLFLW\�LQGH[��SURYLGH�
FUXFLDO�LQIRUPDWLRQ�DERXW�WKH�VRLO¶V�SODVWLFLW\��ZRUNDELOLW\��DQG�LWV�
UHVSRQVH� WR� FKDQJHV� LQ� PRLVWXUH� FRQWHQW�� )RU� WKLV� VWXG\��
GHWHUPLQLQJ� WKH�$WWHUEHUJ� OLPLWV� LV� LPSRUWDQW� EHFDXVH� QDQRFOD\�
FDQ�VLJQLILFDQWO\�DOWHU�WKH�VRLO
V�SODVWLFLW\�DQG�FRQVLVWHQF\��ZKLFK�
LQ�WXUQ�LQIOXHQFHV�LWV�SHUPHDELOLW\�DQG�VWDELOLW\�

Fig. 5�*UDLQ�VL]H�GLVWULEXWLRQ�UHVXOW�IRU�WKH�KRVW�VRLO�VDPSOHV

Fig. 6�7KH�SHUPHDELOLW\�WHVWV�VHTXHQFHV�XVHG�LQ�WKLV�WDVN
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Fig. 7�$WWHUEHUJ�OLPLWV�UHVXOWV�IRU�XVHG�VRLO�IRU�WKLV�WDVN�
,Q� SDUDOOHO� ZLWK� WKH� SHUPHDELOLW\� WHVWV�� FKHPLFDO� DQDO\VLV� RI�

ERWK�WKH�XQWUHDWHG�DQG�QDQRFOD\�PRGLILHG�VRLOV�ZDV�FRQGXFWHG�WR�
HYDOXDWH� FKDQJHV� LQ� WKH� VRLO¶V� FKHPLFDO� SURSHUWLHV� GXH� WR�
QDQRFOD\� DGGLWLRQ�� 7KH� DQDO\VLV� ZDV� FDUULHG� RXW� XVLQJ�PHWKRGV�
GHVFULEHG� LQ�$670�'������7KH� UHDO� ODQGILOO� OHDFKDWH� ZDV� DOVR�
FKHPLFDOO\� DQDO\]HG� WR� LGHQWLI\� WKH� VSHFLILF� FRQWDPLQDQWV�
SUHVHQW��7KLV�KHOSHG�LQ�XQGHUVWDQGLQJ�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�
OHDFKDWH�DQG�WKH�QDQRFOD\�PRGLILHG�VRLO�VDPSOHV��7R�JDLQ�IXUWKHU�
LQVLJKWV� LQWR� WKH� VWUXFWXUDO� FKDQJHV� ZLWKLQ� WKH� VRLO� GXH� WR� WKH�
DGGLWLRQ�RI�QDQRFOD\��;�UD\�GLIIUDFWLRQ��;5'��ZDV�XVHG�WR�VWXG\�
WKH� PLQHUDORJLFDO� FRPSRVLWLRQ� RI� ERWK� XQWUHDWHG� DQG� QDQRFOD\��
PRGLILHG� VRLO� VDPSOHV�� 7KH� ;5'� DQDO\VLV� ZDV� HVVHQWLDO� LQ�
LGHQWLI\LQJ� WKH� W\SH� RI� PLQHUDOV� SUHVHQW� DQG� KRZ� WKH� QDQRFOD\�
LQWHUDFWHG� ZLWK� WKH� VRLO� DW� D� PROHFXODU� OHYHO�� LPSURYLQJ� LWV�
LPSHUPHDELOLW\��7KLV�PHWKRG�IROORZV�$670�'������)LJXUH���LV�
SURYLGLQJ� WKH� UHVXOWV� RI� FKHPLFDO� DQDO\VLV� RI� 7DEUL]� ODQGILOO�
OHDFKDWH�
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7KH�VRLO�XVHG� LQ� WKLV�VWXG\�LV�FODVVLILHG�DV�&/�FOD\�ZLWK� ORZ�
SODVWLFLW\� 7KLV FODVVLILFDWLRQ LQGLFDWHV WKDW WKH VRLO LV

SUHGRPLQDQWO\�FRPSRVHG�RI�ILQH�JUDLQHG�SDUWLFOHV�ZLWK�UHODWLYHO\�
ORZ� FRKHVLRQ�� PDNLQJ� LW� VXVFHSWLEOH� WR� SHUPHDELOLW\� ZKHQ�
VXEMHFWHG� WR� HQYLURQPHQWDO� VWUHVVRUV� OLNH� OHDFKDWH� H[SRVXUH�� 7R�
LPSURYH� WKH� VRLO¶V� LPSHUPHDELOLW\�� GLIIHUHQW� FRQFHQWUDWLRQV� RI�
QDQRFOD\� ����� ���� DQG� ����ZHUH�PL[HG�ZLWK� WKH� VRLO�� DQG� WKH�
HIIHFWV�RI�WKHVH�PRGLILFDWLRQV�RQ�VRLO�SHUPHDELOLW\�ZHUH�DVVHVVHG�
XVLQJ�YDULRXV�WHVWV�LQFOXGLQJ�SHUPHDELOLW\�WHVWV��$WWHUEHUJ�OLPLWV��
FKHPLFDO� DQDO\VHV�� DQG� ;�UD\� GLIIUDFWLRQ� �;5'��� 7KH� GDWD�
REWDLQHG� ZHUH� FDUHIXOO\� DQDO\]HG� XVLQJ� VWDWLVWLFDO� PHWKRGV� WR�
HVWDEOLVK� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� QDQRFOD\�FRQWHQW� DQG� WKH�
VRLO
V� SHUPHDELOLW\�� 7KH� UHVXOWV� IURP� WKH� SHUPHDELOLW\� WHVWV�
LQGLFDWH� D� FOHDU� DQG� VLJQLILFDQW� UHGXFWLRQ� LQ� VRLO� SHUPHDELOLW\�
ZLWK� LQFUHDVLQJ� QDQRFOD\� FRQWHQW� 8QWUHDWHG� VRLO� VDPSOHV�
H[KLELWHG�D�SHUPHDELOLW\�YDOXH�RI�DSSUR[LPDWHO\���ၱၬ�P�V��ZKLFK�
LV�FKDUDFWHULVWLF�RI�WKH�QDWXUDOO\�RFFXUULQJ�ILQH�JUDLQHG�&/�FOD\��
+RZHYHU�� DV� WKH� QDQRFOD\� FRQFHQWUDWLRQ� ZDV� LQFUHDVHG� WR� ����
���� DQG� ���� WKH� SHUPHDELOLW\� YDOXHV� GHFUHDVHG� VXEVWDQWLDOO\��
ZLWK� WKH� KLJKHVW� FRQFHQWUDWLRQ� ���� QDQRFOD\�� VKRZLQJ� D�
SHUPHDELOLW\�UHGXFWLRQ�WR���ၱၯ�P�V��

7KLV�UHVXOW�GHPRQVWUDWHV�WKH�DELOLW\�RI�QDQRFOD\�WR�HIIHFWLYHO\�
UHGXFH� WKH� SHUPHDELOLW\� RI� VRLO�� PDNLQJ� LW� PRUH� VXLWDEOH� IRU�
DSSOLFDWLRQV� VXFK� DV� ODQGILOO� OLQHUV�� ZKHUH� ORZ� SHUPHDELOLW\� LV�
FULWLFDO WR PLQLPL]H OHDFKDWH PLJUDWLRQ DQG SUHYHQW�
HQYLURQPHQWDO� FRQWDPLQDWLRQ�� ,Q� SDUWLFXODU�� WKH� UHGXFWLRQ� LQ�
SHUPHDELOLW\� REVHUYHG� LQ� VRLOV� PRGLILHG� ZLWK� QDQRFOD\� LV�
SDUWLFXODUO\ VLJQLILFDQW ZKHQ FRQVLGHULQJ WKH SRWHQWLDO�
DSSOLFDWLRQ�RI�VXFK�PRGLILHG�VRLOV�DV�ODQGILOO�OLQHUV��:KHQ�ODQGILOO�
OHDFKDWH� ZDV� LQWURGXFHG� LQWR� WKH� VRLO� VDPSOHV�� LW� ZDV� REVHUYHG�
WKDW� WKH� SUHVHQFH� RI� OHDFKDWH� GLG� QRW� UHYHUVH� WKH� UHGXFWLRQ� LQ�
SHUPHDELOLW\��ZKLFK�KLJKOLJKWV�WKH�UREXVWQHVV�RI�QDQRFOD\
V�HIIHFW�
RQ�VRLO��7KLV�PLPLFV�WKH�UHDO�ZRUOG�FRQGLWLRQV�RI� ODQGILOO� OLQHUV��
ZKHUH� WKH� OLQHUV� PXVW� ZLWKVWDQG� WKH� ORQJ�WHUP� SUHVHQFH� RI�
OHDFKDWH� ZLWKRXW� VLJQLILFDQW� GHJUDGDWLRQ� LQ� SHUIRUPDQFH�� 7KH�
UHVXOWV�IURP�WKLV�H[SHULPHQW�VXJJHVW�WKDW�QDQRFOD\�PRGLILHG�VRLOV�
FDQ�SHUIRUP�HIIHFWLYHO\�HYHQ�XQGHU�WKH�KDUVK�FRQGLWLRQV�WKDW�DUH�
FKDUDFWHULVWLF�RI�ODQGILOO�HQYLURQPHQWV�

Fig. 8�&KHPLFDO�SURSHUWLHV�RI�XVHG�OHDFKDWH�OLTXLG�LQ�WKLV�VWXG\
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Fig. 9�$�YLHZ�RI�VHOHFWHG�VRLO�VDPSOHV�ZLWK�QDQRFOD\�WUHDWPHQWV
7KH� FKHPLFDO� DQDO\VLV� RI� WKH� OHDFKDWH� UHYHDOHG� WKDW� FHUWDLQ�

HOHPHQWV�� VXFK� DV� FDOFLXP� DQG� PDJQHVLXP�� ZHUH� SUHVHQW� LQ�
KLJKHU� FRQFHQWUDWLRQV� LQ� WKH� XQWUHDWHG� VRLO� VDPSOHV�� ZKLFK�PD\�
FRQWULEXWH� WR� LQFUHDVHG� VRLO� SHUPHDELOLW\� GXH� WR� LRQ� H[FKDQJH

SURFHVVHV�� +RZHYHU�� WKH� QDQRFOD\� PRGLILFDWLRQ� DSSHDUHG� WR�
PLWLJDWH�WKLV�HIIHFW�E\�HQKDQFLQJ�WKH�VRLO
V�LRQ�H[FKDQJH�FDSDFLW\�
DQG� FUHDWLQJ� D� PRUH� VWDEOH� VWUXFWXUH� WKDW� UHVLVWV� OHDFKDWH�
LQILOWUDWLRQ��7KLV� IXUWKHU�XQGHUVFRUHV� WKH�UROH�RI�QDQRFOD\�LQ�QRW



&LYLO�DQG�*HRHQJLQHHULQJ�/HWWHUV��������������H������ ��
KWWSV���GRL�RUJ����������&*(/�����H������

RQO\� UHGXFLQJ� SHUPHDELOLW\� EXW� DOVR� LPSURYLQJ� WKH� VRLO
V�
UHVLVWDQFH�WR�FKHPLFDO�LQWHUDFWLRQV�WKDW�W\SLFDOO\�RFFXU�LQ�ODQGILOO�
HQYLURQPHQWV��;5'�DQDO\VLV�ZDV�DOVR�FRQGXFWHG�WR�H[DPLQH�WKH�
PLQHUDORJLFDO� FRPSRVLWLRQ� RI� WKH� VRLO� EHIRUH� DQG� DIWHU� WKH�
DGGLWLRQ� RI� QDQRFOD\�� 7KH� UHVXOWV� VKRZHG� WKDW� WKH� QDQRFOD\�
SDUWLFOHV� ZHUH� ZHOO�GLVSHUVHG� ZLWKLQ� WKH� VRLO� PDWUL[�� ZLWK� WKH�
QDQRFOD\�FRQWULEXWLQJ�WR� WKH�IRUPDWLRQ�RI�D�PRUH�WLJKWO\�SDFNHG�
VRLO�VWUXFWXUH��7KH�SUHVHQFH�RI�QDQRFOD\�SDUWLFOHV�OLNHO\�SURPRWHG�
WKH� IRUPDWLRQ� RI� VPDOO� SRUHV� DQG� YRLGV�� ZKLFK� VLJQLILFDQWO\�
GHFUHDVHG� WKH� RYHUDOO� SHUPHDELOLW\�RI� WKH� VRLO�� 7KLV� REVHUYDWLRQ�
DOLJQV� ZLWK� SUHYLRXV� VWXGLHV� WKDW� KDYH� KLJKOLJKWHG� WKH� UROH� RI�
QDQRFOD\�LQ�HQKDQFLQJ�WKH�PLFURVWUXFWXUH�RI�VRLOV�E\�ILOOLQJ�ODUJHU�
YRLGV�DQG�UHGXFLQJ�WKH�IORZ�RI�IOXLGV�WKURXJK�WKH�PDWHULDO��

:KHQ� FRPSDULQJ� WKH� XQWUHDWHG� VRLO� DQG� WKH� QDQRFOD\��
PRGLILHG�VRLO�VDPSOHV��LW�LV�HYLGHQW�WKDW�WKH�DGGLWLRQ�RI�QDQRFOD\�
VLJQLILFDQWO\� LPSURYHV� WKH� LPSHUPHDELOLW\� RI� WKH� VRLO�� 7KH�
QDQRFOD\�WUHDWHG VDPSOHV� HVSHFLDOO\ WKRVH ZLWK KLJKHU�
FRQFHQWUDWLRQV�����DQG������GHPRQVWUDWHG�VXSHULRU�SHUIRUPDQFH�
LQ� UHVLVWLQJ� OHDFKDWH SHQHWUDWLRQ� PDNLQJ� WKHP� SURPLVLQJ�
FDQGLGDWHV�IRU�XVH�DV�ODQGILOO�OLQHUV��7KH�VRLO
V�DELOLW\�WR�ZLWKVWDQG�
LQFUHDVHG�SHUPHDELOLW\�FKDOOHQJHV�SRVHG�E\�WKH�OHDFKDWH�VXJJHVWV�
WKDW�QDQRFOD\�PRGLILHG� VRLOV� FRXOG� VHUYH�DV�D�FRVW�HIIHFWLYH�DQG�
VXVWDLQDEOH�DOWHUQDWLYH� WR� FRQYHQWLRQDO�PDWHULDOV�XVHG� LQ� ODQGILOO�
OLQHU� FRQVWUXFWLRQ�� 7KH� HQKDQFHG� LPSHUPHDELOLW\� RI� QDQRFOD\��
PRGLILHG�VRLOV�QRW�RQO\�RIIHUV�HQYLURQPHQWDO�EHQHILWV�LQ�WHUPV�RI�
UHGXFLQJ� OHDFKDWH� PLJUDWLRQ� EXW� DOVR� SUHVHQWV� D� VXVWDLQDEOH�
VROXWLRQ� LQ� WKH� ILHOG� RI� JHRWHFKQLFDO� HQJLQHHULQJ�� 7KH� XVH� RI�
QDQRFOD\� DV� DQ� DGGLWLYH� WR� LPSURYH� WKH� SHUIRUPDQFH� RI� ODQGILOO�
OLQHUV PD\ UHGXFH WKH QHHG IRU PRUH H[SHQVLYH RU�
HQYLURQPHQWDOO\� KDUPIXO� PDWHULDOV�� VXFK� DV� V\QWKHWLF� OLQHUV��
0RUHRYHU� QDQRFOD\�PRGLILHG VRLOV FRXOG RIIHU ORQJ�WHUP

GXUDELOLW\�DQG�SHUIRUPDQFH��PDNLQJ�WKHP�DQ�DWWUDFWLYH�RSWLRQ�IRU�
DGGUHVVLQJ� WKH� JURZLQJ� FRQFHUQV� UHJDUGLQJ� WKH� HQYLURQPHQWDO�
LPSDFWV�RI�ODQGILOO�OHDFKDWH��6R��WKH�UHVXOWV�RI�WKLV�VWXG\�LQGLFDWH�
WKDW QDQRFOD\�PRGLILHG VRLOV� FDQ VLJQLILFDQWO\� UHGXFH WKH�
SHUPHDELOLW\� RI� ILQH�JUDLQHG� VRLOV�� PDNLQJ� WKHP� D� YLDEOH� DQG�
VXVWDLQDEOH� DOWHUQDWLYH� IRU� ODQGILOO� OLQHUV�� 7KH� ILQGLQJV� VXJJHVW�
WKDW� QDQRFOD\
V� DELOLW\� WR� HQKDQFH� VRLO� LPSHUPHDELOLW\� KROGV�
SURPLVH� QRW� RQO\� IRU� ODQGILOO� DSSOLFDWLRQV� EXW� DOVR� IRU� RWKHU�
JHRWHFKQLFDO XVHV� VXFK DV VRLO VWDELOL]DWLRQ DQG ZDVWH�
FRQWDLQPHQW�� )XWXUH� UHVHDUFK� VKRXOG� IRFXV� RQ� WKH� ORQJ�WHUP�
GXUDELOLW\� DQG� SHUIRUPDQFH� RI� QDQRFOD\�PRGLILHG� VRLOV� XQGHU�
YDU\LQJ�HQYLURQPHQWDO� FRQGLWLRQV�� DV�ZHOO� DV� WKHLU� SRWHQWLDO� XVH�
LQ RWKHU DSSOLFDWLRQV UHODWHG WR ZDVWH PDQDJHPHQW DQG�
HQYLURQPHQWDO�SURWHFWLRQ��

9� &21&/86,21�
7KH�UHVXOWV�RI�WKLV�VWXG\�XQGHUVFRUH�WKH�SRWHQWLDO�RI�QDQRFOD\��

PRGLILHG� VRLOV� DV� DQ� HIIHFWLYH� VROXWLRQ� IRU� LPSURYLQJ� VRLO�
LPSHUPHDELOLW\�� SDUWLFXODUO\� IRU� DSSOLFDWLRQV� VXFK� DV� ODQGILOO�
OLQHUV��7KH�&/�FOD\��FKDUDFWHUL]HG�E\�LWV�ORZ�SODVWLFLW\��H[KLELWHG�
KLJK� SHUPHDELOLW\� LQ� LWV� XQWUHDWHG� IRUP�� ZKLFK� LV� D� VLJQLILFDQW�
FRQFHUQ�LQ�HQYLURQPHQWDO�PDQDJHPHQW��HVSHFLDOO\�LQ�WKH�FRQWH[W�
RI�ODQGILOO�OHDFKDWH��7KH�LQWURGXFWLRQ�RI�QDQRFOD\�LQWR�WKH�VRLO�DW�
FRQFHQWUDWLRQV�RI���������DQG����OHG�WR�D�UHPDUNDEOH�UHGXFWLRQ�
LQ� SHUPHDELOLW\�� ZLWK� WKH� KLJKHVW� FRQFHQWUDWLRQ� DFKLHYLQJ� D�
SHUPHDELOLW\�UHGXFWLRQ�IURP���ၱၬ�P�V�WR���ၱၯ�P�V��7KLV�GUDPDWLF�
LPSURYHPHQW GHPRQVWUDWHV WKDW HYHQ UHODWLYHO\ ORZ�
FRQFHQWUDWLRQV� RI� QDQRFOD\� FDQ� VLJQLILFDQWO\� HQKDQFH� WKH� VRLO
V�
UHVLVWDQFH�WR�IOXLG�IORZ�

Fig. 10�&KDQJHV�LQ�WKH�SHUPHDELOLW\�IRU�WKH�VRLO�VDPSOHV�ZLWK�GLIIHUHQW�QDQRFOD\���D����GD\���E����GD\���F�����GD\���G�����GD\
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7KH�LQFRUSRUDWLRQ�RI�ODQGILOO�OHDFKDWH�LQWR�WKH�H[SHULPHQW�ZDV�
FULWLFDO�� DV� LW� PLPLFNHG� UHDO�ZRUOG� FRQGLWLRQV� ZKHUH� WKH� OLQHU�
ZRXOG�EH�H[SRVHG�WR�OHDFKDWH�RYHU�WLPH��7KH�UHVXOWV�VKRZHG�WKDW�
QDQRFOD\�PRGLILHG�VRLOV�HIIHFWLYHO\�UHVLVWHG� OHDFKDWH� LQILOWUDWLRQ��
PDNLQJ� WKHP� D� SURPLVLQJ� DOWHUQDWLYH� WR� FRQYHQWLRQDO� ODQGILOO�
OLQHUV��ZKLFK�DUH�RIWHQ�VXVFHSWLEOH�WR�GHJUDGDWLRQ�RU�LQHIILFLHQF\�
RYHU�WLPH��7KH�FKHPLFDO�DQG�;5'�DQDO\VHV�IXUWKHU�VXSSRUWHG�WKH�
ILQGLQJV��UHYHDOLQJ�WKDW�QDQRFOD\�FRQWULEXWHV�WR�D�PRUH�VWDEOH�VRLO�
VWUXFWXUH�� HQKDQFLQJ� ERWK� LWV� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV��
7KLV� VWXG\� VXJJHVWV� WKDW� QDQRFOD\�PRGLILHG� VRLOV� RIIHU� DQ�
HQYLURQPHQWDOO\�VXVWDLQDEOH�DQG�FRVW�HIIHFWLYH�VROXWLRQ�WR�ODQGILOO�
OLQHU�FRQVWUXFWLRQ��7KH�UHGXFHG�SHUPHDELOLW\�QRW�RQO\�PLQLPL]HV�
WKH� ULVN� RI� OHDFKDWH� PLJUDWLRQ� EXW� DOVR� SUHVHQWV� D� YLDEOH�
DOWHUQDWLYH WR V\QWKHWLF PDWHULDOV W\SLFDOO\� XVHG LQ OLQHU�
FRQVWUXFWLRQ�� )XWXUH� UHVHDUFK� VKRXOG� IRFXV� RQ� WKH� ORQJ�WHUP�
GXUDELOLW\� DQG� SHUIRUPDQFH� RI� QDQRFOD\�PRGLILHG� VRLOV� XQGHU�
YDULRXV� HQYLURQPHQWDO� FRQGLWLRQV� WR� IXOO\� XQGHUVWDQG� WKHLU�
SRWHQWLDO� IRU�ZLGHVSUHDG�DSSOLFDWLRQ�LQ�JHRWHFKQLFDO�HQJLQHHULQJ�
DQG� ZDVWH� FRQWDLQPHQW�� 2YHUDOO�� WKH� XVH� RI� QDQRFOD\� LQ� VRLO�
PRGLILFDWLRQ�KROGV�SURPLVH� IRU� HQKDQFLQJ� WKH� VXVWDLQDELOLW\� DQG�
HQYLURQPHQWDO� SHUIRUPDQFH� RI� ODQGILOO� OLQHUV�� FRQWULEXWLQJ� WR�
PRUH�HIILFLHQW�ZDVWH�PDQDJHPHQW�V\VWHPV�
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:H�ZRXOG� OLNH�WR�H[SUHVV�RXU�VLQFHUH�JUDWLWXGH�WR�WKH�HGLWRULDO�WHDP�IRU�WKHLU�
YDOXDEOH�IHHGEDFN�DQG�JXLGDQFH�WKURXJKRXW�WKH�UHYLHZ�SURFHVV��$GGLWLRQDOO\��ZH�
H[WHQG� RXU� WKDQNV� WR� WKH� UHYLHZHUV� IRU� WKHLU� PHWLFXORXV� DWWHQWLRQ� WR� GHWDLO�
DQG� FRQVWUXFWLYH� VXJJHVWLRQV� WKDW� JUHDWO\� LPSURYHG� WKH� TXDOLW\� RI� WKLV�
PDQXVFULSW�� <RXU�FRQWULEXWLRQV�KDYH�EHHQ�LQVWUXPHQWDO�LQ�VKDSLQJ�WKLV�ZRUN�

$87+256
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0DKGL� 1LNEDNKW� FRQGXFWHG� WKH� PDLQ� GDWD� DQDO\VLV�� FRQWULEXWHG� WR� WKH� GDWD�

FROOHFWLRQ��SUHSURFHVVLQJ��DQG�LQWHUSUHWDWLRQ��DQG�ZDV�UHVSRQVLEOH�IRU�GUDIWLQJ�WKH�
LQLWLDO� PDQXVFULSW�� )DULED� %HKURR]� 6DUDQG� DQG� 5RX]EHK� 'DELUL� DVVLVWHG� LQ� WKH�
GHYHORSPHQW� RI� WKH� PHWKRGRORJ\� DQG� SHUIRUPHG� YDOLGDWLRQ� FKHFNV�� SURYLGHG�
VXSHUYLVLRQ�� FRQFHSWXDO� JXLGDQFH�� DQG� FULWLFDO� UHYLVLRQ� RI� WKH� PDQXVFULSW�� $OO�
DXWKRUV�UHDG�DQG�DSSURYHG�WKH�ILQDO�PDQXVFULSW�

&21)/,&7�2)�,17(5(67�
7KH�DXWKRUV�KDYH�QRW�GLVFORVHG�DQ\�FRPSHWLQJ�LQWHUHVWV�
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