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.H\ZRUGV� 1HDU�LQIUDUHG�VSHFWURVFRS\��&DOFLXP�K\GUR[LGH� +\GUDWLRQ� &HPHQW��&RQFUHWH�

$EVWUDFW� &DOFLXP�K\GUR[LGH��&+�� LV�D�E\�SURGXFW IURP K\GUDWLRQ�UHDFWLRQ RI�FHPHQW DORQJ�ZLWK
FDOFLXP�VLOLFDWH�K\GUDWH��&�6�+��JHO��,W KHOSV�WR�SURWHFW�WKH�VWHHO�UHLQIRUFHPHQWV�LQ�FRQFUHWH�VWUXFWXUHV�
IURP� FRUURVLRQ� SURFHVV� GXH� WR� FDUERQDWLRQ� 7KH� SUHVHQFH� RI� FDOFLXP� K\GUR[LGH� SURYLGHV� D� EDVLF�
HQYLURQPHQW��S+ޓ��� WKDW�LQGXFHV�WKH�IRUPDWLRQ�RI SDVVLYH�R[LGH ILOP DQG�NHHSV�VWHHO�VWUXFWXUHV IURP�
FRUURVLRQ��7KH�GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�RI�FDOFLXP�K\GUR[LGH�LQ�FRQFUHWH�VWUXFWXUHV�DUH LPSRUWDQW�
WR�XQGHUVWDQG� WKH�QDWXUH� DQG� VWDWH�RI� WKH� VWHHO� VWUXFWXUHV� LQ� FRQFUHWHV�� � ,Q� WKLV� UHVHDUFK ZRUN� WKH
YDULDWLRQ�RI�FDOFLXP�K\GUR[LGH� WR�FDOFLXP�VLOLFDWH�UDWLRV LQ FHPHQW�ZHUH�PHDVXUHG�E\�XVLQJ�QHDU�
LQIUDUHG�VSHFWURVFRS\ �1,5���7KH�ILUVW�RYHUWRQH�RI�WKH�2+�JURXSV�LQ�FDOFLXP�K\GUR[LGH�DEVRUEV�DW�
���� FP�� DQG WKLV�DEVRUSWLRQ�SHDN�FDQ�EH�XVHG�DV�D�TXDQWLWDWLYH�PHDVXUH�RI FDOFLXP�K\GUR[LGH�LQ
VDPSOHV��&RUUHODWLRQ�SORW�EHWZHHQ�VHFRQG�GHULYDWLYH�DEVRUEDQFH�LQWHQVLW\ DW ���� FP���ZLWK�GLIIHUHQW�
PL[WXUHV�RI�FDOFLXP�K\GUR[LGH�LQ�FDOFLXP�VLOLFDWH�EDVH��7KH�DPRXQW�RI�FDOFLXP�K\GUR[LGH�LQ�FDOFLXP�
VLOLFDWH� EDVH� ZDV� HVWDEOLVKHG� 7KLV� FDOLEUDWLRQ� SORW� ZDV� XVHG� DV EDVLV� IRU� GHWHUPLQLQJ� FDOFLXP�
K\GUR[LGH�FRQWHQW�LQ�XQNQRZQ�FRQFUHWH�VDPSOHV��&RQFUHWH�VDPSOHV�IRU�WKH TXDQWLWDWLYH�GHWHUPLQDWLRQ�
RI� FDOFLXP� K\GUR[LGH�ZHUH� SUHSDUHG� IURP� VWDQGDUG� FHPHQW� VDPSOHV� DQG� FHPHQW� VDPSOHV�ZLWK� RU�
ZLWKRXW� SR]]RODQ� DORQJ� ZLWK� YDULRXV� ZDWHU� WR� FHPHQW� UDWLRV� 7KH� UHVXOWV� VKRZ� WKDW� DOO� VDPSOHV�
DQDO\]HG� LQ� WKLV�ZRUN� FRQWDLQ� FDOFLXP� K\GUR[LGH� LQ� YDU\LQJ� DPRXQWV��7KLV� YDULDWLRQ� UHIOHFWV� WKH�
FRPSRVLWLRQ�RI�WKH�FHPHQW�DQG�FRQFUHWH�VDPSOHV��

,QWURGXFWLRQ

&RQFUHWH�LV�RQH�RI�WKH�PRVW�ZLGHO\�XVHG FRQVWUXFWLRQ�PDWHULDO LQ�WKH�ZRUOG�WKDW�PDGH�XS RI�FHPHQW�
DQG�DJJUHJDWHV��VXFK�DV�VDQG��JUDYHO��DQG�FUXVKHG�VWRQH��DORQJ�ZLWK�ZDWHU�WR�ELQG�WKHP�WRJHWKHU >�@��
&HPHQW�LV�FRPSRVHG RI�WULFDOFLXP�VLOLFDWH��&�6���GLFDOFLXP�VLOLFDWH �&�6���WULFDOFLXP�DOXPLQDWH��&�$���
WHWUDFDOFLXP�DOXPLQRIHUULWH��&�$)���J\SVXP��&6+����&HPHQW�LV�KDUGHQHG�ZKHQ�PL[LQJ�ZLWK�ZDWHU�
FDOOHG� K\GUDWLRQ� UHDFWLRQ�� DQG� FHPHQW� SURSHUWLHV� GHSHQG� RQ� ZDWHU� WR� FHPHQW� UDWLR� �Z�F�� >���@���
&DOFLXP� VLOLFDWH� K\GUDWH� �&�6�+� JHO� LV� SURGXFHG DURXQG� WKH� FHPHQW� SDUWLFOHV�ZKLFK� SURYLGH� WKH�
FHPHQW�VWUHQJWK�DORQJ�ZLWK�FDOFLXP�K\GUR[LGH �&+�RU�SRUWODQGLWH�� +\GUDWLRQ�UHDFWLRQ�PRGHO�KDYH�
EHHQ�VWXGLHG�E\�0LQGUHVV�HW�DO�� ���� >���@��/LNHZLVH��FDOFLXP�K\GUR[LGH�LV�DOVR�JHQHUDWHG�LQ� WKH�
UHDFWLRQ� DQG� LWV� DGYDQWDJH� LV� WR� SURPRWH� WKH� IRUPDWLRQ� RI� SDVVLYH� R[LGH� ILOP� WKDW� FRYHU� WKH� VWHHO�
UHLQIRUFHPHQWV DQG�SUHYHQW�WKHP�IURP�WKH�FRUURVLRQ�SURFHVV��7KLV�SDVVLYH�R[LGH�ILOP�ZLOO�QR�ORQJHU�
VWDEOH�ZKHQ�FDUERQ�GLR[LGH�SHQHWUDWHV�WKURXJK�WKH�HPSW\�SRUH�RI�FRQFUHWH�DQG�UHDFWV�ZLWK�FDOFLXP�
K\GUR[LGH�WR�IRUP�FDOFLXP�FDUERQDWH��&D&2�� FDOOHG�FDUERQDWLRQ�UHDFWLRQ >����@��&RUURVLRQ RFFXUV
E\�DQ�HOHFWURFKHPLFDO�SURFHVV�IROORZLQJ�E\�UXVW�IRUPDWLRQ��7KHQ��LQWHUQDO�VWUHVV�RI�WKH�FRQFUHWH�ZLOO�
LQFUHDVH�WR�FDXVH�FRQFUHWH�FUDFNLQJ�DQG�VSDOOLQJ��7R�SUHYHQW�WKH�FRUURVLRQ�RI�UHLQIRUFHPHQW�LQ�WLPH��
H[DFWO\�DPRXQW�RI�FDOFLXP�K\GUR[LGH�QHHGV�WR�EH�PHDVXUHG��4XDQWLWDWLYH�GHWHUPLQDWLRQ�RI�FDOFLXP�
K\GUR[LGH�KDV�EHHQ�LQYHVWLJDWHG�E\�6DHNL�HW�DO��DQG %LHUQDFNL�HW�DO��8QIRUWXQDWHO\��&D&2� ZLOO�DOVR�



EH�GHWHFWHG��DQG�ORZ�DFFXUDF\�ZKHQ�XVLQJ�WKHUPRJUDYLPHWULF�DQDO\VLV��7*$� DQG�TXDQWLWDWLYH�;�UD\�
GLIIUDFWLRQ �4;5'��� UHVSHFWLYHO\ >�����@��5HFHQWO\��QHDU�LQIUDUHG�VSHFWURVFRS\��1,5� ZDV�XVHG�WR�
LQYHVWLJDWH� K\GUDWLRQ� UHDFWLRQ� RI� FHPHQW��$Q� LQWHUHVWLQJ� SHDN� DW� ����� FP�� ZDV� REVHUYHG��ZKLFK�
EHORQJV�WR�WKH�ILUVW�RYHUWRQH�RI�WKH�2+�VWUHWFKLQJ�RI�WKH�2+�JURXSV�SUHVHQW�LQ�FDOFLXP�K\GUR[LGH >���
��@�� 7KHUHIRUH�� TXDQWLWDWLYH� 1,5� VSHFWURVFRS\� EHFRPHV� DQ� LQWHUHVWLQJ� PHWKRG� WR� GHWHUPLQH� WKH�
DPRXQW� RI� FDOFLXP� K\GUR[LGH� LQ� FHPHQW� DQG FRQFUHWH� VDPSOHV�� 6HFRQG� GHULYDWLYH� SURILOH� ZDV�
FDOFXODWHG�WR�UHPRYH�WKH�EDFNJURXQG��WKH�VSHFWUXP�ZDV�VKDUSHU��DQG�FOHDUHU�WR�LQWHUSUHW�

([SHULPHQWDO

&KHPLFDOV� �FDOFLXP� K\GUR[LGH� DQG� FDOFLXP� VLOLFDWH� ZHUH� SXUFKDVHG� IURP� FRPPHUFLDO� VXSSOLHUV�
�$OGULFK�&KHPLVWU\��� WKH\�ZHUH�XVHG�ZLWKRXW�IXUWKHU�SXULILFDWLRQ� 6WDQGDUG�FHPHQW�ZDV�SXUFKDVHG�
IURP�FRPPHUFLDO�VXSSOLHUV��8OWLSUR���1,5�VSHFWUD�ZHUH�UHFRUGHG�RQ 3HUNLQ�(OPHU�VSHFWUXP�2QH�176��
)7�1,5�V\VWHP ������������FP��� HTXLSSHG�ZLWK�D�WUDQVIOHFWDQFH�DFFHVVRU\�DQG D�'7*6�GHWHFWRU��
$�WRWDO�RI����VFDQV�ZHUH�PDGH�DW�D�UHVROXWLRQ�RI����FP�� RQ�HDFK�VDPSOH�

6DPSOH�SUHSDUDWLRQ� 9DULRXV� FDOFLXP� K\GUR[LGH� WR� FDOFLXP� VLOLFDWH� UDWLR� ZHUH� SUHSDUHG� DQG�
PHDVXUHG�E\�XVLQJ�1,5�VSHFWURVFRS\��6HFRQG�GHULYDWLYH�SURILOH�ZDV�FDOFXODWHG��DQG�VHFRQG�GHULYDWLYH�
DEVRUEDQFH�LQWHQVLW\�ZDV�SORWWHG�ZLWK�FRQFHQWUDWLRQ�RI�&+��7KUHH�FHPHQW�VDPSOHV�ZLWK�YDULRXV�Z�F�
UDWLR������������������������� ZHUH�SUHSDUHG��7KH\�ZHUH�KDUGHQHG�IRU��������DQG����GD\V�DQG�PHDVXUHG�
E\�XVLQJ�1,5�VSHFWURVFRS\��&RQFUHWH�VDPSOHV�ZHUH�DOVR�SUHSDUHG�E\�PL[LQJ�ZLWK�VDQG�DQG�GLIIHUHQW�
Z�F�UDWLR ��������������������������7KH\�ZHUH�KDUGHQHG�XQGHU�ZDWHU�IRU���GD\V�DW����&�DQG�PHDVXUHG�
E\�XVLQJ�1,5�VSHFWURVFRS\�

5HVXOWV�DQG�'LVFXVVLRQ

'LIIHUHQW� FDOFLXP� K\GUR[LGH WR� FDOFLXP� VLOLFDWH� UDWLRV ZHUH FKDUDFWHUL]HG� E\� XVLQJ� )7�1,5�
VSHFWURVFRS\��7ZR�SURPLQHQW�SHDNV�ZHUH�REVHUYHG��ZKLFK�DUH� WKH�SHDN�DW�ZDYHQXPEHU������DQG�
�����FP�� LQGLFDWH�ZDWHU�PROHFXOH�WKDW�LV DEVRUEHG�RQ�WKH�VXUIDFH�DQG�ILUVW�RYHUWRQH�RI�2+�VWUHWFKLQJ�
RI� FDOFLXP� K\GUR[LGH�� UHVSHFWLYHO\��$EVRUEDQFH� VSHFWUXPV� ZHUH FRQYHUWHG� WR� VHFRQG� GHULYDWLYH�
SURILOHV��)LJ� � VKRZV�WKDW�WKH�KLJKHVW�DPRXQW�RI�FDOFLXP�K\GUR[LGH��WKH�KLJKHVW�LQWHQVLW\�LV REVHUYHG��
6HFRQG�GHULYDWLYH�DEVRUEDQFHV RI�FDOFLXP�K\GUR[LGH�ZHUH PHDVXUHG�LQ�WKH�DEVROXWH�YDOXH��

)LJ��� 6HFRQG�GHULYDWLYH�)7�1,5�VSHFWUXP�RI�FDOFLXP�K\GUR[LGH�DW������FP��

&DOLEUDWLRQ� JUDSK� EHWZHHQ� FRQFHQWUDWLRQ� RI� FDOFLXP� K\GUR[LGH� DQG� VHFRQG�GHULYDWLYH� DEVRUEDQFH�
LQWHQVLW\�DW�ZDYHQXPEHU������FP�� ZHUH�SORWWHG�LQWR�WZR�JUDSKV�GXH�WR WUHQG�FKDQJLQJ��)LJ� � LV�WKH�
FDOLEUDWLRQ�FXUYH�RI������WR����� FDOFLXP�K\GUR[LGH�WR�FDOFLXP�VLOLFDWH�UDWLR��ZKLFK�OLQHDU�HTXDWLRQ�LV�



\� �������[�DORQJ�ZLWK�OLQHDULW\��5ð� LV ��������2Q�WKH�RWKHU�KDQG��OLQHDU�HTXDWLRQ�\� �������[���
�������ZLWK�OLQHDULW\ �5ð� LV ������ IRU�WKH�FDOLEUDWLRQ�FXUYH�RI������WR����� FDOFLXP�K\GUR[LGH�WR�
FDOFLXP�VLOLFDWH�UDWLR DV�VKRZQ�LQ�)LJ����

)LJ��� &DOLEUDWLRQ�FXUYH�RI������WR����� FDOFLXP�K\GUR[LGH�DQG�FDOFLXP�VLOLFDWH�UDWLR������������������������������������������������������
OLQHDU�HTXDWLRQ�\� �������[��5ð� �������

)LJ����&DOLEUDWLRQ�FXUYH�RI������WR����� FDOFLXP�K\GUR[LGH�DQG�FDOFLXP�VLOLFDWH�UDWLR�
OLQHDU�HTXDWLRQ�\� �������[�����������5ð� �������

4XDQWLWDWLYH� GHWHUPLQDWLRQ� RI� FDOFLXP� K\GUR[LGH� LQ� FHPHQW� ZLWK� DQG� ZLWKRXW� SR]]RODQ� ZHUH�
LQYHVWLJDWHG�E\�YDU\LQJ�Z�F�UDWLRV��WKH�UHVXOWV�DUH�VKRZQ�LQ�7DEOH���(DFK�FHPHQW�ZDV�FKDUDFWHUL]HG�
E\�QHDU�LQIUDUHG�VSHFWURVFRS\��6HFRQG�GHULYDWLYH�SURILOH�VKRZHG�D�YHU\�VKDUS�SHDN�DW������FP���ZKLFK�
EHORQJV�WR�2�+�VWUHWFKLQJ�RI�FDOFLXP�K\GUR[LGH��&+���7KH�DEVRUEDQFH�ZDV�QRWHG��DQG�FRQYHUWHG�WR�
SHUFHQWDJH�RI�FDOFLXP�K\GUR[LGH�LQ�WKH�FHPHQW�VDPSOHV��$V�\RX�FDQ�VHH�LQ�HQWU\����WKH�KLJKHVW�DPRXQW�
RI�FDOFLXP�K\GUR[LGH�ZDV�REWDLQHG�XS�WR������ZKHQ�QR�SR]]RODQLF�FHPHQW�PL[HG�ZLWK������Z�F�UDWLR�
DIWHU�RQO\���GD\V��0RUHRYHU��WKH�DPRXQW�RI�FDOFLXP�K\GUR[LGH�ZDV�GHFUHDVHG�ZLWK�WLPH�GXH�WR�WKH�
IRUPDWLRQ�RI�FDOFLXP�VLOLFDWH�K\GUDWH�JHO�DQG�WKHUH�ZDV�QR�IXUWKHU�K\GUDWLRQ��7KH�DPRXQW�RI�FDOFLXP�
K\GUR[LGH LQ�QR�SR]]RODQLF� FHPHQW ZDV�KLJKHU� WKDQ� WKH�SR]]RODQLF� FHPHQW�GXH� WR�KLJKHU� FHPHQW�
DPRXQW��ZKLFK�PHDQV�WKHUH�ZDV�PRUH�K\GUDWLRQ�UHDFWLRQ�RFFXUHG� +\GUDWLRQ�UHDFWLRQ�WLPH�RI�FHPHQW�
ZLWK�DQG�ZLWKRXW�SR]]RODQ�VDPSOHV�ZHUH�WKH�VDPH�DV���GD\V�



7DEOH �� 7KH�DPRXQW�RI�&D�2+�� LQ�SR]]RODQLF�FHPHQW DQG�QR�SR]]RODQLF�FHPHQW�VDPSOHV�ZLWK�
YDULRXV�Z�F�UDWLRV�DIWHU�FXULQJ�IRU��������DQG����G�

HQWU\ UDWLR FXULQJ�WLPH
DPRXQW�RI�&+�>�@

SR]]RODQLF�FHPHQW QR�SR]]RODQLF�FHPHQW
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)XUWKHUPRUH��WKH�YDULDWLRQ�RI�Z�F�UDWLRV�LQ�FRQFUHWH�VDPSOHV�ZHUH VWXGLHG�E\�XVLQJ�������������������
DQG����� DV�VKRZQ�LQ�7DEOH����$OO�FRQFUHWH�VDPSOHV�ZHUH�FXUHG�XQGHU�ZDWHU�IRU�WZR�GD\V�FDOOHG�ZHW�
FRQFUHWH��7KHQ��FRQFUHWH�VDPSOHV�ZHUH�GULHG�XQGHU�DWPRVSKHUH�IRU�D�ZHHN�FDOOHG�GULHG�FRQFUHWH��%RWK�
ZHW�DQG�GULHG�FRQFUHWH�ZHUH�PHDVXUHG�WKH�DPRXQW�RI�FDOFLXP�K\GUR[LGH�E\�XVLQJ�1,5�VSHFWURVFRS\��
7KH�UHVXOWV�VKRZ WKDW�FDOFLXP�K\GUR[LGH�ZDV�SURGXFHG�LQ�GULHG�FRQFUHWH�XS�WR�������HQWU\����WKDW�LV�
KLJKHU�WKDQ�WKH�DPRXQW�RI�FDOFLXP�K\GUR[LGH�LQ�ZHW�FRQFUHWH�ZKLFK�LV�RQO\����� �HQWU\��� DORQJ�ZLWK�
Z�F�UDWLR�HTXDO�WR������

7DEOH �� 7KH�DPRXQW�RI�&D�2+�� LQ�FRQFUHWH�ZLWK�YDULRXV�Z�F�UDWLR
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&RQFOXVLRQV

4XDQWLWDWLYH�QHDU�LQIUDUHG�VSHFWURVFRS\�FDQ�EH�XVHG�WR�GHWHUPLQH�WKH�DPRXQW�RI�FDOFLXP�K\GUR[LGH�
LQ� FHPHQW� DQG� FRQFUHWH VDPSOHV��7KH� ILUVW� RYHUWRQH� RI� 2+� VWUHWFKLQJ� RI� 2+� JURXSV� LQ� FDOFLXP�
K\GUR[LGH�ZDV�REVHUYHG�DW�ZDYHOHQJWK������FP��� &HPHQW�VDPSOHV�ZLWKRXW�SR]]RODQV SURGXFHG�WKH�
KLJKHVW�DPRXQW�RI�FDOFLXP�K\GUR[LGH�XS�WR����� DIWHU�� GD\V DORQJ�ZLWK������Z�F�UDWLR� 2Q�WKH�RWKHU�
KDQG��WKH�DPRXQW RI�FDOFLXP�K\GUR[LGH WKDW�ZDV�SURGXFHG�E\�K\GUDWLRQ�RI�SR]]RODQLF�FHPHQW�ZLWK�
�����Z�F�UDWLR ZDV RQO\����� GXH�WR�ORZHU�FHPHQW�FRQWHQW��&RQFUHWH�VDPSOHV�ZLWK������Z�F�UDWLR�
SURGXFHG�FDOFLXP�K\GUR[LGH XS�WR������DIWHU�GU\LQJ� 7KXV� WKH�KLJKHVW�Z�F�UDWLR�ZRXOG�JHQHUDWH�WKH�
JUHDWHVW�DPRXQW�RI�FDOFLXP�K\GUR[LGH��(YHQ�WKURXJK��WKH�SHUFHQWDJH�RI�FDOFLXP�K\GUR[LGH�LQ�FHPHQW�
DQG�FRQFUHWH�VDPSOHV�ZDV�LQFUHDVHG�ZLWK WLPH��SDUW�RI�LW�ZDV�XVHG�LQ�WKH�IRUPDWLRQ�RI�FDOFLXP�VLOLFDWH�
K\GUDWH�JHO�
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