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3URSRVLWLRQV
DFFRPSDQ\LQJ WKH GLVVHUWDWLRQ

8QGHUVWDQGLQJ RI FUDFN JURZWK LQ VLQJOH� DQG EL�PDWHULDO
ERQGHG MRLQWV ZLWK ȇH[WUD�WKLFNȈ DGKHVLYH ERQG�OLQHV

E\

5RPLQD /23(6 )(51$1'(6

�� 0DWFKLQJ WKH ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQV RI DGKHUHQGV
 VXUIDFHV LQ FRQWDFW
ZLWK WKH DGKHVLYH LV D VWDWH RI GHIRUPDWLRQ QHHGHG WR DFKLHYH SXUH PRGH ,
IUDFWXUH EHKDYLRXU LQ EL�PDWHULDO '&% MRLQWV �WKLV SURSRVLWLRQ SHUWDLQV WR WKLV
GLVVHUWDWLRQ��

�� 7KH PRGH , IUDFWXUH HQHUJ\ RI '&% MRLQWV FRPSRVHG E\ KLJK EHQGLQJ VWLIIQHVV
DGKHUHQGV LV LQGHSHQGHQW RI WKH DGKHUHQG PDWHULDOV DQG MRLQW FRQILJXUDWLRQ�
7KH PRGH , IUDFWXUH HQHUJ\ LV KLJKO\ LQIOXHQFHG E\ WKH DGKHVLYH WKLFNQHVV
�WKLV SURSRVLWLRQ SHUWDLQV WR WKLV GLVVHUWDWLRQ��

�� ,Q '&% MRLQWV ZLWK DGKHVLYH ERQG�OLQHV WKLFNHU WKDQ DGKHVLYH
V SODVWLF UDGLXV�
WKH DGKHUHQG�DGKHVLYH PRGXOXV PLVPDWFK DQG DGKHUHQGV WKLFNQHVV DUH WKH
GRPLQDQW WHUPV GHILQLQJ WKH SUH�FUDFN OHQJWK UHTXLUHG IRU IUDFWXUH RQVHW DW
DGKHVLYH PLG�WKLFNQHVV �WKLV SURSRVLWLRQ SHUWDLQV WR WKLV GLVVHUWDWLRQ��

�� 7HVW VWDQGDUG RI IUDFWXUH FKDUDFWHUL]DWLRQ RI EL�PDWHULDO DGKHVLYH MRLQWV LV UH�
TXLUHG IRU VFLHQWLILF SURJUHVV�

�� &RQVWDQW UH�SODQQLQJ LV QHFHVVDU\ ZKHQ FRQGXFWLQJ UHVHDUFK�

�� 7KH QXPEHU RI SXEOLFDWLRQV LV QRW D PHDVXUH RI VXFFHVV LQ D 3K' SURMHFW�

�� $OO ELJ FLWLHV VKRXOG KDYH F\FOLQJ LQIUDVWUXFWXUH DV LQ WKH FLWLHV RI WKH 1HWKHU�
ODQGV�

�� 0RUH EDG QHZV LV D VLJQ RI EHWWHU VXUYHLOODQFH RI VXIIHULQJ� QRW D ZRUVHQLQJ
ZRUOG �ERRN ঈ)DFWIXOQHVVউ E\ +DQV 5RVOLQJ��

�� 'XH WR FRURQDYLUXV SDQGHPLF� ZH NQRZ KRZ DQLPDOV IHHO LQ ]RRV�

��� 9HJDQ IRRG LV QRW ERULQJ�

7KHVH SURSRVLWLRQV DUH UHJDUGHG DV RSSRVDEOH DQG GHIHQGDEOH� DQG KDYH EHHQ
DSSURYHG DV VXFK E\ WKH SURPRWRU 3URI�GU�LU� 5� %HQHGLFWXV�



6WHOOLQJHQ
EHKRUHQGH ELM KHW SURHIVFKULIW

8QGHUVWDQGLQJ RI FUDFN JURZWK LQ VLQJOH� DQG EL�PDWHULDO
ERQGHG MRLQWV ZLWK ȇH[WUD�WKLFNȈ DGKHVLYH ERQG�OLQHV

GRRU

5RPLQD /23(6 )(51$1'(6

�� 2P SXXU PRGH , EUHXNJHGUDJ WH EHUHLNHQ LQ EL�PDWHULDDO '&% YHUELQGLQJHQ
LV HU HHQ VWDDW YDQ YHUYRUPLQJ QRGLJ ZDDUELM GH ORQJLWXGLQDOH UHNYHUGHOLQJHQ
YDQ GH VXEVWUDDWRSSHUYODNNHQ GLH LQ FRQWDFW NRPHQ PHW GH OLMP RS HONDDU
DIJHVWHPG ]LMQ �GH]H VWHOOLQJ KHHIW EHWUHNNLQJ WRW GLW SURHIVFKULIW��

�� 'H PRGH , EUHXNHQHUJLH YDQ '&% YHUELQGLQJHQ EHVWDDQGH XLW VXEVWUDWHQ PHW
HHQ KRJH EXLJVWLMIKHLG LV RQDIKDQNHOLMN YDQ KHW PDWHULDDO YDQ GH VXEVWUDWHQ
HQ GH FRQILJXUDWLH YDQ GH YHUELQGLQJ� 'H PRGH , EUHXNHQHUJLH ZRUGW VWHUN
EH¯QYORHG GRRU GH GLNWH YDQ GH OLMPODDJ �GH]H VWHOOLQJ KHHIW EHWUHNNLQJ WRW GLW
SURHIVFKULIW��

�� ,Q '&% YHUELQGLQJHQ ZDDUELM GH GLNWH YDQ GH OLMPODDJ JURWHU LV GDQ GH SODVWL�
VFKH UDGLXV� ]LMQ GH PLVPDWFK WXVVHQ GH PRGXOXV YDQ VXEVWUDWHQ HQ OLMPODDJ
HQ GH GLNWH YDQ GH VXEVWUDWHQ GH GRPLQDQWH IDFWRUHQ GLH GH OHQJWH YDQ GH
YRRUVFKHXU GLH QRGLJ LV YRRU HHQ EUHXN EHJLQQHQG LQ KHW PLGGHQ YDQ GH GLNWH
YDQ GH OLMPODDJ EHSDOHQ �GH]H VWHOOLQJ KHHIW EHWUHNNLQJ WRW GLW SURHIVFKULIW��

�� (U LV YRRU ZHWHQVFKDSSHOLMNH YRRUXLWJDQJ HHQ WHVWQRUP QRGLJ YRRU GH EUHXN�
NDUDNWHULVHULQJ YDQ EL�PDWHULDDO OLMPYHUELQGLQJHQ�

�� &RQVWDQWH KHUSODQQLQJ LV QRGLJ ELM KHW GRHQ YDQ RQGHU]RHN�

�� +HW DDQWDO SXEOLFDWLHV LV JHHQ PDDWVWDI YRRU VXFFHV LQ HHQ 3K' SURMHFW�

�� $OOH JURWH VWHGHQ ]RXGHQ HHQ ILHWV LQIUDVWUXFWXXU ]RDOV 1HGHUODQGVH VWHGHQ
PRHWHQ KHEEHQ�

�� 0HHU VOHFKW QLHXZV LV HHQ WHNHQ YDQ EHWHU ]LFKW RS OLMGHQ� QLHW YDQ HHQ VOHFKWHU
ZRUGHQGH ZHUHOG �ERHN ঈ)DFWIXOQHVVউ GRRU +DQV 5RVOLQJ��

�� 'DQN]LM GH FRURQD SDQGHPLH ZHWHQ ZH KRH GLHUHQ ]LFK YRHOHQ LQ HHQ GLHUHQ�
WXLQ�

��� 9HJDQLVWLVFK HWHQ LV QLHW VDDL�

'H]H VWHOOLQJHQ ZRUGHQ RSSRQHHUEDDU HQ YHUGHGLJEDDU JHDFKW HQ ]LMQ DOV ]RGDQLJ
JRHGJHNHXUG GRRU GH SURPRWRU 3URI�GU�LU� 5� %HQHGLFWXV�



8QGHUVWDQGLQJ RI FUDFN JURZWK LQ
VLQJOH� DQG EL�PDWHULDO ERQGHG MRLQWV
ZLWK ȇH[WUD�WKLFNȈ DGKHVLYH ERQG�OLQHV





8QGHUVWDQGLQJ RI FUDFN JURZWK LQ
VLQJOH� DQG EL�PDWHULDO ERQGHG MRLQWV
ZLWK ȇH[WUD�WKLFNȈ DGKHVLYH ERQG�OLQHV

'LVVHUWDWLRQ

IRU WKH SXUSRVH RI REWDLQLQJ WKH GHJUHH RI GRFWRU
DW 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\�

E\ WKH DXWKRULW\ RI WKH 5HFWRU 0DJQLILFXV 3URI�GU�LU� 7�+�-�-� YDQ GHU +DJHQ�
FKDLU RI WKH %RDUG IRU 'RFWRUDWHV�

WR EH GHIHQGHG SXEOLFO\ RQ
)ULGD\ � -XQH ���� DW ����� RঅFORFN

E\

5RPLQD /23(6 )(51$1'(6

0DVWHU RI 6FLHQFH LQ 0HFKDQLFDO (QJLQHHULQJ� 8QLYHUVLW\ RI 3RUWR� 3RUWXJDO
ERUQ LQ /XFHUQH� 6ZLW]HUODQG



7KLV GLVVHUWDWLRQ KDV EHHQ DSSURYHG E\ WKH SURPRWRU�

&RPSRVLWLRQ RI WKH GRFWRUDO FRPPLWWHH�

5HFWRU 0DJQLILFXV� FKDLUSHUVRQ
3URI�GU�LU� 5� %HQHGLFWXV� 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\� SURPRWRU
'U� 6� 7HL[HLUD GH )UHLWDV� 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\� FRSURPRWRU

,QGHSHQGHQW PHPEHUV�
3URI�GU�LU� -�0�&� 0RO� 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\
3URI�GU� 7� 3DUGRHQ� 8QLYHUVLW\ RI /RXYDLQ� %HOJLXP
3URI�GU� $� 9DVVLORSRXORV� �FROH 3RO\WHFKQLTXH )©G©UDOH GH /DXVDQQH� 6ZLW]HUODQG
'U� 0�)�6�)� GH 0RXUD� 8QLYHUVLW\ RI 3RUWR� 3RUWXJDO
3URI�GU�LU� 5�&� $OGHUOLHVWHQ� 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\� UHVHUYH PHPEHU

2WKHU PHPEHUV�
'U� 0�.� %XG]LN� $DUKXV 8QLYHUVLW\� 'HQPDUN

'U� 0�.� %XG]LN KDV FRQWULEXWHG JUHDWO\ WR WKH SUHSDUDWLRQ RI WKLV GLVVHUWDWLRQ�

.H\ZRUGV� DGKHVLYH MRLQWV� ঈH[WUD�WKLFNউ ERQG�OLQH� IUDFWXUH EHKDYLRXU

3ULQWHG E\� ,SVNDPS 3ULQWLQJ �ZZZ�LSVNDPSSULQWLQJ�QO�

&RS\ULJKW j ���� E\ 5RPLQD /23(6 )(51$1'(6

$OO ULJKWV UHVHUYHG� 1R SDUW RI WKLV SXEOLFDWLRQ PD\ EH UHSURGXFHG� VWRUHG LQ D
UHWULHYDO V\VWHP RU WUDQVPLWWHG LQ DQ\ IRUP RU E\ DQ\ PHDQV� HOHFWURQLF� PHFKDQLFDO�
SKRWRFRS\LQJ� UHFRUGLQJ RU RWKHUZLVH� ZLWKRXW WKH SULRU ZULWWHQ SHUPLVVLRQ RI WKH
DXWKRU�

7KLV UHVHDUFK ZDV FDUULHG RXW XQGHU SURMHFW QXPEHU 6����������D ঀ 'XUDERQG LQ
WKH IUDPHZRUN RI WKH 3DUWQHUVKLS 3URJUDP RI WKH 0DWHULDOV ,QQRYDWLRQ ,QVWLWXWH 0�L
�ZZZ�P�L�QO� DQG WKH 7HFKQRORJ\ )RXQGDWLRQ 77:� ZKLFK LV SDUW RI WKH 1HWKHU�
ODQGV 2UJDQL]DWLRQ IRU 6FLHQWLILF 5HVHDUFK �ZZZ�QZR�QO�� 7KH 'XUDERQG SURMHFW LV
OLQNHG WR -RLQW ,QGXVWU\ 3URMHFW �-,3� VHW XS E\ 712� VHSDUDWHO\ IXQGHG E\ 7RSFRQ�
VRUWLXP YRRU .HQQLV HQ ,QQRYDWLH �7.,� +LJK7HFK 6\VWHPHQ 	 0DWHULDOHQ �+760��

$Q HOHFWURQLF YHUVLRQ RI WKLV GLVVHUWDWLRQ LV DYDLODEOH DW
KWWS���UHSRVLWRU\�WXGHOIW�QO��







,Q PHPRU\ RI )UDQFLVFR 6DUDLYD�





&RQWHQWV

6XPPDU\ [LLL

6DPHQYDWWLQJ [Y

1RPHQFODWXUH [YLL

� ,QWURGXFWLRQ �
��� 6WUXFWXUDO ERQGLQJ DV SURPLVLQJ WHFKQRORJ\ LQ VKLSEXLOGLQJ

DQG FLYLO LQGXVWULHV� � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� &KDOOHQJHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� $LP RI WKLV GLVVHUWDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � �
��� 'LVVHUWDWLRQ RXWOLQH � � � � � � � � � � � � � � � � � � � � � � � � � � �
5HIHUHQFHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� /LWHUDWXUH UHYLHZ �
��� 0RGH , IUDFWXUH EHKDYLRXU RI DGKHVLYH MRLQWV� � � � � � � � � � � � �

����� 'RXEOH�FDQWLOHYHU EHDP FRQILJXUDWLRQ � � � � � � � � � � � �
����� %L�PDWHULDO '&% DGKHVLYH MRLQWV � � � � � � � � � � � � � � � �
����� 7KH UROH RI DGKHVLYH ERQG�OLQH WKLFNQHVV � � � � � � � � � � �
����� 7KH UROH RI PDWHULDO RI DGKHUHQGV � � � � � � � � � � � � � � ��

��� 7KH VSHFLDO FDVH RI DGKHVLYH MRLQWV ZLWK ȇH[WUD�WKLFNȈ ERQG�
OLQHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6XPPDU\ DQG NQRZOHGJH JDSV� � � � � � � � � � � � � � � � � � � � ��
5HIHUHQFHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 3XUH PRGH , IUDFWXUH LQ EL�PDWHULDO DGKHVLYH MRLQWV ��
��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 3URSRVHG DSSURDFK� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $QDO\VLV RI WKH GHIRUPDWLRQ RI WKH FUDFNHG DGKHVLYH OD\HU
LQ D EL�PDWHULDO '&% VSHFLPHQ� � � � � � � � � � � � � � � � ��

����� &ULWHULRQ WR DFKLHYH SXUH PRGH , � � � � � � � � � � � � � � � ��
����� 'HVLJQ RI FRPSRVLWH DGKHUHQG � � � � � � � � � � � � � � � � ��

��� &DVH VWXG\� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0DWHULDOV DQG SUHSDUDWLRQ � � � � � � � � � � � � � � � � � � ��
����� 7HVW VHW�XS� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� )LQLWH HOHPHQW PRGHOOLQJ �)(0� � � � � � � � � � � � � � � � � � � � ��
��� 5HVXOWV DQG GLVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � ��

����� ([SHULPHQWDO UHVXOWV DQG )(0 YDOLGDWLRQ � � � � � � � � � ��
����� $QDO\VLV RI WKH IUDFWXUH VXUIDFHV� � � � � � � � � � � � � � � ��
����� &ULWLFDO IUDFWXUH HQHUJ\ UHVXOWV� � � � � � � � � � � � � � � � ��

L[



[ &RQWHQWV

��� $SSOLFDWLRQV DQG OLPLWDWLRQV RI WKH VWUDLQ EDVHG FULWHULRQ � � � � ��
��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'DWD DYDLODELOLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
5HIHUHQFHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� )URP WKLQ WR ȇH[WUD�WKLFNȈ DGKHVLYH ERQG�OLQHV ��
��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ([SHULPHQWDO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 0DWHULDOV DQG SUHSDUDWLRQ � � � � � � � � � � � � � � � � � � ��
����� 7HVW VHW�XS� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� $QDO\VLV RI IUDFWXUH VXUIDFHV � � � � � � � � � � � � � � � � � ��

��� 'DWD UHGXFWLRQ PHWKRGV� � � � � � � � � � � � � � � � � � � � � � � � ��
����� 6WDQGDUG PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � ��
����� 3HQDGR�.DQQLQHQ PRGHO� WKH (XOHU�%HUQRXOOL EHDP RQ

WKH :LQNOHU HODVWLF IRXQGDWLRQ � � � � � � � � � � � � � � � � ��
����� 0RGH , 6(55� WKH UHODWLRQ EHWZHHQ WKH VLPSOH EHDP WKH�

RU\ DQG WKH 3HQDGR�.DQQLQHQ PRGHO � � � � � � � � � � � � ��
��� 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� /RDG�GLVSODFHPHQW FXUYHV � � � � � � � � � � � � � � � � � � ��
����� )DLOXUH VXUIDFHV� � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 5HVLVWDQFH�FXUYHV � � � � � � � � � � � � � � � � � � � � � � � ��
����� $QDO\WLFDO ORDG�GLVSODFHPHQW FXUYHV � � � � � � � � � � � � ��

��� $GKHVLYH ERQG�OLQH WKLFNQHVV HIIHFW RQ FULWLFDO IUDFWXUH HQHUJ\� ��
����� 'LVSODFHPHQW 	 VWUHVV ILHOG DKHDG WKH FUDFN WLS � � � � � ��
����� 'LVFXVVLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'DWD DYDLODELOLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
5HIHUHQFHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 5ROH RI DGKHUHQG PDWHULDO RQ WKH IUDFWXUH RI DGKHVLYH MRLQWV ��
��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ([SHULPHQWDO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 0DWHULDOV DQG SUHSDUDWLRQ � � � � � � � � � � � � � � � � � � ��
����� 7HVW VHW�XS� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� $QDO\VLV RI WKH IUDFWXUH VXUIDFHV E\ D VFDQQLQJ PLFUR�

VFRSH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� $WWHQXDWHG WRWDO UHIOHFWDQFH�)RXULHU WUDQVIRUP LQIUDUHG

�$75�)7,5� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'DWD DQDO\VLV� 3HQDGR�.DQQLQHQ PRGHO � � � � � � � � � � � � � � ��

����� $GDSWDWLRQ WR EL�PDWHULDO DGKHVLYH MRLQWV � � � � � � � � � ��
��� 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� )UDFWXUH VXUIDFHV� � � � � � � � � � � � � � � � � � � � � � � � ��
����� /RDG�GLVSODFHPHQW FXUYHV DQG 3. PRGHO YDOLGDWLRQ � � � ��
����� 5HVLVWDQFH�FXUYHV � � � � � � � � � � � � � � � � � � � � � � � ��



&RQWHQWV [L

��� &ULWLFDO PRGH , IUDFWXUH HQHUJ\� UHVXOWV DQG GLVFXVVLRQ � � � � � ��
��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 'DWD DYDLODELOLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
5HIHUHQFHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� &UDFN RQVHW DQG SDWK VWDELOLW\ LQ ȇH[WUD�WKLFNȈ DGKHVLYH MRLQWV ���
��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� ([SHULPHQWDO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 0DWHULDOV DQG SUHSDUDWLRQ � � � � � � � � � � � � � � � � � � ���
����� 7HVW VHW�XS� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 0RGHOOLQJ PHWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
����� %HDP RQ HODVWLF�SODVWLF IRXQGDWLRQ � � � � � � � � � � � � � ���
����� )LQLWH HOHPHQW �)(� PRGHO � � � � � � � � � � � � � � � � � � � ���

��� ([SHULPHQWDO UHVXOWV DQG PRGHOV YDOLGDWLRQ � � � � � � � � � � � � ���
����� 1RUPDOL]HG ORDG YV� GLVSODFHPHQW FXUYHV� VWLIIQHVV GXU�

LQJ ORDGLQJ� � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
����� 1RUPDOL]HG FULWLFDO IRUFH DW IUDFWXUH RQVHW � � � � � � � � � ���
����� 'HIOHFWLRQ LQ ERQGHG UHJLRQ� � � � � � � � � � � � � � � � � � ���

��� 'LVFXVVLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
����� )UDFWXUH RQVHW � � � � � � � � � � � � � � � � � � � � � � � � � ���
����� &UDFN SDWK VHOHFWLRQ � � � � � � � � � � � � � � � � � � � � � � ���

��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� $SSHQGL[ , � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� 'DWD DYDLODELOLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
5HIHUHQFHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� &RQFOXVLRQV DQG IXWXUH ZRUN ���
��� 6XPPDU\ RI PDLQ ILQGLQJV � � � � � � � � � � � � � � � � � � � � � � ���
��� 5HFRPPHQGDWLRQV IRU IXUWKHU ZRUN � � � � � � � � � � � � � � � � � ���

$FNQRZOHGJHPHQWV ���

/LVW RI 3XEOLFDWLRQV ���





6XPPDU\

7KH HPHUJHQFH RI FRPSRVLWH PDWHULDOV LQ VKLSEXLOGLQJ DQG FLYLO LQGXVWULHV KDV
GULYHQ UHVHDUFK LQWR VWUXFWXUDO DGKHVLYH ERQGLQJ WHFKQRORJ\� 'HPDQG RI LQ�

FUHDVHG FDUJR WUDQVSRUW DQG UHQRYDWLRQ RI EULGJHV KDV FUHDWHG D VHW RI FKDOOHQJHV
IRU ZKLFK WKH XVH RI D FRPELQDWLRQ RI VWHHO DQG FRPSRVLWH SDUWV DSSHDUV DV DQ
DWWUDFWLYH VROXWLRQ� %XW WKHVH SDUWV QHHG WR EH MRLQHG WRJHWKHU� $GKHVLYH ERQGLQJ
FDQ SURYLGH VWUXFWXUDO LQWHJULW\ ZLWKRXW WKH QHHG RI IDVWHQLQJ KROHV RU IDVWHQHUV DV
LQ PHFKDQLFDOO\ IDVWHQHG FRQQHFWLRQV�
+RZHYHU� WKH DSSOLFDWLRQ RI DGKHVLYH ERQGLQJ LQ WKHVH LQGXVWULHV SUHVHQWV D FULWLFDO
GLIIHUHQFH LQ FRPSDULVRQ ZLWK WKH UHIHUHQFH LQGXVWULHV� L�H� DHURVSDFH DQG DXWRPR�
WLYH� 7KH HIILFLHQW SURGXFWLRQ RI ODUJH VWUXFWXUHV OHDGV WR KLJK HQJLQHHULQJ WROHU�
DQFHV� ZKLFK FRUUHVSRQGV LQ SUDFWLFH WR DGKHVLYH ERQG�OLQHV RI XS WR �� PP� 7KHVH
ঈH[WUD�WKLFNউ DGKHVLYH ERQG�OLQHV WDNH WKH XVH RI HSR[\�EDVHG VWUXFWXUDO DGKHVLYHV
WR D QHZ FKDSWHU�
7KH JHRPHWULFDO OHQJWK VFDOH RI WKH DGKHVLYH ERQG�OLQH WKLFNQHVV LPSRVHG E\ VKLS�
EXLOGLQJ DQG FLYLO LQGXVWULHV RSHQV D VHULHV RI TXHVWLRQV LQ WHUPV RI UHOLDELOLW\ DQG
SHUIRUPDQFH RI EL�PDWHULDO MRLQWV ZLWK WKLFN DGKHVLYH ERQG�OLQHV� 7KHUH LV VWLOO D ORQJ
SDWK WR JR WKURXJK IRU FHUWLILFDWLRQ RI DGKHVLYH ERQGLQJ DV D SULPDU\ MRLQLQJ PHWKRG
LQ WKHVH LQGXVWULHV� 7KH ZRUN GHYHORSHG LQ WKLV GRFXPHQW JLYHV D FRQWULEXWLRQ LQ
WKDW GLUHFWLRQ�
7KLV GLVVHUWDWLRQ GHDOV ZLWK VLQJOH� DQG EL�PDWHULDO DGKHVLYH MRLQWV ZLWK ঈH[WUD�WKLFNউ
ERQG�OLQHV DQG WKHLU SHUIRUPDQFH XQGHU WKH PRVW FULWLFDO ORDGLQJ PRGH � WKH RSHQLQJ
PRGH� $ WRWDO RI IRXU VWXGLHV DUH SHUIRUPHG LQ RUGHU WR SXUVXH WKH DLP RI WKLV
GLVVHUWDWLRQ� 7KH VWXGLHV LQYROYH DQDO\WLFDO DQG�RU QXPHULFDO ZRUN VXSSRUWHG E\
ODERUDWRU\ H[SHULPHQWV�
)LUVWO\� D QHZ GHVLJQ FULWHULRQ WR DFKLHYH PRGH , IUDFWXUH LV SURSRVHG DQG DQDO\VHG
IRU GRXEOH�FDQWLOHYHU EHDP �'&%� EL�PDWHULDO DGKHVLYH MRLQWV �L�H� ZLWK GLVVLPLODU
DGKHUHQGV�� ,W LV LGHQWLILHG WKDW PDWFKLQJ WKH ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQV RI WKH
GLVVLPLODU DGKHUHQGV DW WKH ERQG�OLQH� LQVWHDG RI PDWFKLQJ WKHLU IOH[XUDO VWLIIQHVV�
HOLPLQDWHV PRGH ,, IUDFWXUH FRPSRQHQW� %RWK WKH H[SHULPHQWDO DQG QXPHULFDO UH�
VXOWV VKRZ WKDW SXUH PRGH , FDQ EH DFKLHYHG LQ EL�PDWHULDO DGKHVLYH MRLQWV GHVLJQHG
ZLWK WKH SURSRVHG FULWHULRQ� 0L[HG PRGH UDWLR LV UHGXFHG E\ D IDFWRU RI � ZKHQ XV�
LQJ WKH SURSRVHG ORQJLWXGLQDO VWUDLQ EDVHG FULWHULRQ LQ FRPSDULVRQ ZLWK WKH IOH[XUDO
VWLIIQHVV EDVHG FULWHULRQ�
,Q WKH VHFRQG SODFH� WKH HIIHFW RI WKH DGKHVLYH ERQG�OLQH WKLFNQHVV RQ WKH PRGH ,
IUDFWXUH EHKDYLRXU RI HSR[\�EDVHG VWHHO�VWHHO DGKHVLYH MRLQWV LV LQYHVWLJDWHG� 7KH
ERQG�OLQH WKLFNQHVV UDQJHV IURP ��� XS WR �� PP� 7KH FULWLFDO PRGH , IUDFWXUH
HQHUJ\ RI WKH MRLQWV LV IRXQG WR EH VLPLODU LQ WKH UDQJH RI ������� PP WKLFN ERQG�
OLQH� 7KH FULWLFDO IUDFWXUH HQHUJ\ LQFUHDVHV VWHHSO\ IRU D ERQG�OLQH WKLFNQHVV RI ���
PP� KRZHYHU WKLV LQFUHDVH LV IROORZHG E\ D GHFUHDVH IRU MRLQWV ZLWK ���� PP WKLFN
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DGKHVLYH ERQG�OLQH� 7KLV WUHQG LV MXVWLILHG E\ �D� WKH FUDFN SDWK� ZKLFK LQIOXHQFHV
WKH VWUHVV ILHOG DKHDG RI WKH FUDFN WLS DQG� FRQVHTXHQWO\� WKH VL]H RI WKH SURFHVV ]RQH
DKHDG RI WKH FUDFN WLS� DQG �E� WKH GLIIHUHQFHV LQ WKH PRUSKRORJ\ RI WKH IUDFWXUH
VXUIDFHV�
7KLUGO\� WKH HIIHFW RI WKH PDWHULDO RI WKH DGKHUHQGV RQ WKH PRGH , IUDFWXUH EH�
KDYLRXU RI DGKHVLYH MRLQWV LV SXUVXHG� 7KH IROORZLQJ HSR[\�EDVHG DGKHVLYH MRLQW
FRQILJXUDWLRQV DUH LQYHVWLJDWHG� VWHHO�VWHHO� *)53�*)53� VWHHO�*)53 �*)53 VWDQGV
IRU JODVV ILEUH UHLQIRUFHG SRO\PHU�� 0RUHRYHU� HDFK FRQILJXUDWLRQ LV SURGXFHG ZLWK
DGKHVLYH OD\HU RI ��� PP �WKLQ ERQG�OLQH� DQG ���� PP �WKLFN ERQG�OLQH�� 7KH
FULWLFDO PRGH , IUDFWXUH HQHUJ\ VKRZV WR EH LQGHSHQGHQW RI WKH DGKHUHQG W\SH DQG
MRLQW FRQILJXUDWLRQ �L�H� VLQJOH� RU EL�PDWHULDO�� ,Q WKH MRLQWV ZLWK WKLQ ERQG�OLQH�
WKH UHVXOWV UHYHDO D VLPLODU GHJUHH RI FRQVWUDLQW LPSRVHG WR WKH DGKHVLYH E\ WKH
KLJK�PRGXOXV �L�H� VWHHO� DQG�RU UHODWLYHO\ WKLFN �L�H� FRPSRVLWH� DGKHUHQGV� ,Q WKH
MRLQWV ZLWK WKLFN ERQG�OLQH� WKH FUDFN JURZV LQ JHQHUDO DORQJ D SODQH FORVH WR WKH
DGKHVLYH�DGKHUHQG LQWHUIDFH FKDUDFWHUL]HG E\ WKH KLJKHVW PDWHULDO VWLIIQHVV PLV�
PDWFK� 7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\ LQGHSHQGHQFH VKRZV WKDW WKH DGKHVLYH
GHIRUPV VLPLODUO\� HYHQ WKRXJK WKH FUDFN WLS LV FRQVWUDLQHG LQ RQH VLGH E\ GLIIHUHQW
W\SHV RI DGKHUHQGV �L�H� HLWKHU E\ D VWHHO� RU *)53�DGKHUHQG��
)LQDOO\� IRU DGKHVLYH MRLQWV ZLWK �� PP WKLFN ERQG�OLQH� D ZHDNQHVV WR EH UHFRJ�
QL]HG� IURP ERWK VFLHQWLILF DQG DSSOLHG SRLQWV RI YLHZ� LV WKH VWUHVV JUDGLHQW DW
EL�PDWHULDO �DGKHUHQG�DGKHVLYH� HGJHV DQG FRUQHUV� H[DFHUEDWHG E\ GLIIHUHQFHV LQ
PDWHULDOV SURSHUWLHV� /RFDOO\� SHHO IRUFHV DULVH� ZKLFK PLJKW UHVXOW LQ ORFDO GDPDJH
DQG IUDFWXUH RQVHW� LQ FDVH H[WHUQDO ORDGLQJ LV DSSOLHG� :LWKLQ WKLV FRQWH[W� WKH
IUDFWXUH RQVHW DQG FUDFN GHIOHFWLRQ LQ DGKHVLYH MRLQWV ZLWK WKLFN ERQG�OLQHV XQGHU
PRGH , ORDGLQJ FRQGLWLRQV LV VWXGLHG� $Q HPSLULFDO UHODWLRQ� LQ WHUPV RI JHRPHWULFDO
DQG PDWHULDO SURSHUWLHV RI WKH MRLQWV� WKDW GHILQHV WKH WUDQVLWLRQ EHWZHHQ FRKHVLYH
FORVH WR WKH LQWHUIDFH DQG FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW LV IRXQG�
$ERYH D VSHFLILF SUH�FUDFN OHQJWK WKH VWUHVV VLQJXODULW\ DW SUH�FUDFN WLS UXOHV RYHU
WKH VWUHVV VLQJXODULW\ QHDU EL�PDWHULDO FRUQHUV� UHVXOWLQJ LQ PLG�DGKHVLYH WKLFNQHVV
FRKHVLYH IUDFWXUH RQVHW� +RZHYHU� WKH FUDFNLQJ GLUHFWLRQ UDSLGO\ GHIOHFWV RXW IURP
WKH DGKHVLYH OD\HU FHQWUH�OLQH� 3RVLWLYH ൙�VWUHVV DORQJ WKH FUDFN WLS LV RQH RI WKH
IDFWRUV IRU XQVWDEOH FUDFN SDWK�
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'H RSNRPVW YDQ FRPSRVLHWPDWHULDOHQ LQ GH VFKHHSVERXZ HQ FLYLHOH LQGXVWULH
KHHIW RQGHU]RHN JHGUHYHQ QDDU VWUXFWXUHOH OLMPYHUELQGLQJVWHFKQRORJLH«Q� 'H

YUDDJ QDDU PHHU YUDFKWYHUYRHU HQ GH UHQRYDWLH YDQ EUXJJHQ KHHIW JHOHLG WRW HHQ
UHHNV XLWGDJLQJHQ ZDDUYRRU HHQ FRPELQDWLH YDQ VWDOHQ HQ FRPSRVLHWHQ RQGHUGH�
OHQ HHQ DDQWUHNNHOLMNH RSORVVLQJ OLMNW� 0DDU GH]H RQGHUGHOHQ PRHWHQ ZRUGHQ VD�
PHQJHYRHJG� /LMPYHUELQGLQJHQ NXQQHQ VWUXFWXUHOH LQWHJULWHLW OHYHUHQ ]RQGHU GH
QRRG]DDN YDQ EHYHVWLJLQJVJDWHQ RI EHYHVWLJLQJVPLGGHOHQ ]RDOV ELM PHFKDQLVFK EH�
YHVWLJGH YHUELQGLQJHQ�
(U LV HFKWHU HHQ NULWLHN YHUVFKLO WXVVHQ GH WRHSDVVLQJ YDQ OLMPYHUELQGLQJHQ LQ GH]H
LQGXVWULH«Q HQ GH WRHSDVVLQJ LQ UHIHUHQWLH�LQGXVWULH«Q ]RDOV GH OXFKWYDDUW HQ DXWR�
PRELHOLQGXVWULH� 'H HIILFL«QWH SURGXFWLH YDQ JURWH FRQVWUXFWLHV OHLGW WRW KRJH WHFK�
QLVFKH WROHUDQWLHV� ,Q GH SUDNWLMN UHVXOWHHUW GLW LQ OLMPYHUELQGLQJHQ WRW �� PP GLN�
'H]H ঈH[WUD GLNNHউ OLMPYHUELQGLQJHQ EUHQJHQ KHW JHEUXLN YDQ VWUXFWXUHOH OLMPHQ RS
HSR[\ EDVLV QDDU HHQ QLHXZ KRRIGVWXN�
'H JHRPHWULVFKH OHQJWHVFKDDO YDQ GH GLNWH YDQ GH OLMPYHUELQGLQJHQ ]RDOV RSJHOHJG
GRRU GH VFKHHSVERXZ HQ FLYLHOH LQGXVWULH OHLGW WRW YUDJHQ RYHU GH EHWURXZEDDUKHLG
HQ GH SUHVWDWLH YDQ EL�PDWHULDDO YHUELQGLQJHQ PHW GLNNH OLMPODJHQ� (U LV QRJ HHQ
ODQJH ZHJ WH JDDQ WRW GH FHUWLILFDWLH YDQ OLMPYHUELQGLQJHQ DOV HHQ SULPDLUH YHUELQ�
GLQJVZLM]H LQ GH]H LQGXVWULH«Q� +HW ZHUN GDW XLWHHQJH]HW LV LQ GLW SURHIVFKULIW JHHIW
HHQ ELMGUDJH LQ GLH ULFKWLQJ�
'LW SURHIVFKULIW EHKDQGHOW OLMPYHUELQGLQJHQ WXVVHQ VXEVWUDWHQ YDQ GH]HOIGH RI WZHH
YHUVFKLOOHQGH PDWHULDOHQ �EL�PDWHULDDO� PHW ঈH[WUD GLNNHউ OLMPODJHQ HQ KXQ SUHVWDWLH
RQGHU GH PHHVW NULWLVFKH EHODVWLQJ ঀ GH RSHQLQJ PRGH� ,Q WRWDDO ]LMQ HU YLHU RQGHU�
]RHNHQ XLWJHYRHUG RP KHW GRHO YDQ GH]H WKHVLV QD WH VWUHYHQ� 'H]H VWXGLHV EHVWDDQ
XLW DQDO\WLVFK HQ�RI QXPHULHN ZHUN RQGHUVWHXQG GRRU H[SHULPHQWHQ�
7HQ HHUVWH LV HU HHQ QLHXZ RQWZHUSFULWHULXP RP PRGH , EUHXN WH EHUHLNHQ YRRUJH�
VWHOG HQ JHDQDO\VHHUG YRRU GRXEOH�FDQWLOHYHU EHDP �'&%� EL�PDWHULDDO OLMPYHUELQ�
GLQJHQ �G�Z�]� YHUVFKLOOHQGH VXEVWUDWHQ�� (U LV YDVWJHVWHOG GDW GRRU KHW PDWFKHQ
YDQ GH ORQJLWXGLQDOH UHNYHUGHOLQJHQ YDQ GH YHUVFKLOOHQGH VXEVWUDWHQ DDQ GH YHUELQ�
GLQJVOLMQ� LQ SODDWV YDQ KHW PDWFKHQ YDQ KXQ EXLJVWLMIKHLG� GH PRGH ,, EUHXNFRP�
SRQHQW JH«OLPLQHHUG ZRUGW� =RZHO GH H[SHULPHQWHOH DOV GH QXPHULHNH UHVXOWDWHQ
ODWHQ ]LHQ GDW HHQ SXUH PRGH , EHUHLNW NDQ ZRUGHQ LQ EL�PDWHULDDO OLMPYHUELQGLQJHQ
GLH RQWZRUSHQ ]LMQ PHW KHW YRRUJHVWHOGH FULWHULXP� %LM KHW JHEUXLNHQ YDQ KHW YRRU�
JHVWHOGH FULWHULXP RS EDVLV YDQ ORQJLWXGLQDOH UHNYHUGHOLQJHQ ZRUGW GH JHPHQJGH
PRGH UDWLR JHUHGXFHHUG PHW HHQ IDFWRU � WHQ RS]LFKWH YDQ KHW FULWHULXP JHEDVHHUG
RS EXLJVWLMIKHLG�
7HQ WZHHGH LV RQGHU]RFKW ZDW KHW HIIHFW LV YDQ GH GLNWH YDQ GH YHUELQGLQJVOLMQ RS
PRGH , EUHXNJHGUDJ YDQ VWDDO�VWDDO OLMPYHUELQGLQJHQ RS HSR[\ EDVLV� 'H OLMPYHU�
ELQGLQJVOLMQGLNWH LV JHYDULHHUG YDQ ��� WRW �� PP� (U LV JHYRQGHQ GDW GH NULWLVFKH
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PRGH , EUHXNHQHUJLH YDQ GH YHUELQGLQJHQ YHUJHOLMNEDDU LV YRRU OLMPGLNWHV WXVVHQ ���
ঀ ��� PP� 'H NULWLVFKH EUHXNHQHUJLH VWLMJW VWHUN YRRU HHQ YHUELQGLQJVOLMQGLNWH YDQ
��� PP� 'H]H VWLMJLQJ ZRUGW HFKWHU JHYROJG GRRU HHQ GDOLQJ YRRU YHUELQGLQJHQ PHW
HHQ YHUELQGLQJVOLMQ YDQ ���� PP GLN� 'H]H WUHQG NDQ YHUNODDUG ZRUGHQ GRRU �D� KHW
VFKHXUSDG� ZDW KHW VSDQQLQJVYHOG YRRU GH VFKHXUSXQW HQ GDDUGRRU GH JURRWWH YDQ
GH SURFHV]RQH YRRU GH VFKHXUSXQW EH¯QYORHGW� HQ �E� GH YHUVFKLOOHQ LQ PRUIRORJLH
YDQ GH EUHXN RSSHUYODNNHQ�
7HQ GHUGH LV KHW HIIHFW YDQ KHW PDWHULDDO YDQ GH VXEVWUDWHQ RS KHW PRGH , EUHXNJH�
GUDJ YDQ GH OLMPYHUELQGLQJHQ EHNHNHQ� 'H YROJHQGH RS HSR[\�JHEDVHHUG OLMPYHU�
ELQGLQJ FRQILJXUDWLHV ]LMQ RQGHU]RFKW� VWDDO�VWDDO� *9.�*9.� VWDDO�*9. �*9. VWDDW
YRRU JODVYH]HOYHUVWHUNWH NXQVWVWRI�� %RYHQGLHQ LV HONH FRQILJXUDWLH JHSURGXFHHUG
PHW HHQ OLMPODDJ YDQ ��� PP �GXQQH YHUELQGLQJVOLMQ� HQ ���� PP �GLNNH YHUELQ�
GLQJVOLMQ�� 'H NULWLVFKH PRGH , EUHXNHQHUJLH EOLMNW RQDIKDQNHOLMN YDQ KHW VRRUW VXE�
VWUDDW HQ GH YHUELQGLQJVFRQILJXUDWLH �G�Z�]� HQNHO RI EL�PDWHULDDO�� ,Q GH YHUELQ�
GLQJHQ PHW GXQQH YHUELQGLQJVOLMQHQ ODWHQ GH UHVXOWDWHQ HHQ YHUJHOLMNEDUH PDWH YDQ
EHSHUNLQJ YDQ GH OLMPODDJ ]LHQ GRRU GH VXEVWUDWHQ PHW HHQ KRJH PRGXOXV �G�Z�]�
VWDDO� HQ�RI UHODWLHI GLNNH VXEVWUDWHQ �G�Z�]� FRPSRVLHW�� ,Q GH YHUELQGLQJHQ PHW
HHQ GLNNH YHUELQGLQJVOLMQ JURHLW GH EUHXN RYHU KHW DOJHPHHQ ODQJV HHQ YODN GLFKW�
ELM GH OLMP�VXEVWUDDW LQWHUIDFH GLH JHNHQPHUNW ZRUGW GRRU GH KRRJVWH PLVPDWFK LQ
PDWHULDDOVWLMIKHLG� 'H RQDIKDQNHOLMNKHLG YDQ GH NULWLVFKH PRGH , EUHXNHQHUJLH ODDW
]LHQ GDW GH OLMP YHUJHOLMNEDDU YHUYRUPG� RQGDQNV GDW GH VFKHXUSXQW EHSHUNW LV LQ
HHQ NDQW GRRU GH YHUVFKLOOHQGH VRRUWHQ VXEVWUDWHQ �G�Z�] GRRU RI HHQ VWDOHQ RI HHQ
*9. VXEVWUDDW��
7HQ VORWWH LV YRRU GH OLMPYHUELQGLQJHQ PHW HHQ �� PP GLNNH YHUELQGLQJVOLMQ GH VSDQ�
QLQJVJUDGL«QW RS EL�PDWHULDDO �VXEVWUDDW�OLMP� UDQGHQ HQ KRHNHQ HHQ ]ZDNWH ZDDU
UHNHQLQJ PHH PRHW ZRUGHQ JHKRXGHQ� ]RZHO YDQXLW HHQ ZHWHQVFKDSSHOLMN DOV HHQ
WRHJHSDVW RRJSXQW� 'H]H JUDGL«QW ZRUGW YHUHUJHUG GRRU KHW YHUVFKLO LQ PDWHULDDO�
HLJHQVFKDSSHQ� /RNDDO WUHGHQ HU SHHONUDFKWHQ RS� GLH NXQQHQ UHVXOWHUHQ LQ ORNDOH
VFKDGH HQ KHW EHJLQ YDQ HHQ EUHXN LQ KHW JHYDO YDQ H[WHUQH EHODVWLQJ� %LQQHQ GH]H
FRQWH[W LV KHW EUHXN EHJLQ HQ GH VFKHXUDIEXLJLQJ LQ OLMPYHUELQGLQJHQ PHW GLNNH
YHUELQGLQJVOLMQHQ RQGHU PRGH , EHODVWLQJ RQGHU]RFKW� (HQ HPSLULVFKH UHODWLH� LQ
WHUPHQ YDQ JHRPHWULVFKH HLJHQVFKDSSHQ HQ PDWHULDDOHLJHQVFKDSSHQ YDQ GH YHU�
ELQGLQJHQ� GLH GH RYHUJDQJ WXVVHQ KHW EHJLQ YDQ HHQ FRKHVLHYH EUHXN� GLFKW ELM GH
LQWHUIDFH� HQ HHQ FRKHVLHYH DGKHVLHYH EUHXN� LQ KHW PLGGHQ YDQ GH GLNWH� LV JH�
YRQGHQ� %RYHQ HHQ EHSDDOGH YRRUEDUVWOHQJWH ]DO GH VLQJXODULWHLW ELM GH YRRUEDUVWLS
GH VSDQQLQJVVLQJXODULWHLW ELM EL�PDWHULDDO KRHNHQ RYHUKHHUVHQ� GLW UHVXOWHHUW LQ HHQ
FRKHVLHI EUHXN EHJLQ LQ GH KDUWOLMQ YDQ GH OLMPODDJ� 'H VFKHXUULFKWLQJ ]DO HFKWHU VQHO
DIZLMNHQ YDQ GH]H PLGGHQ OLMQ� (HQ YDQ GH UHGHQHQ YRRU HHQ RQVWDELHO VFKHXUSDG
LV HHQ SRVLWLHYH 7�VSDQQLQJ ODQJV GH VFKHXUSXQW�
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/DWLQ 6\PEROV

ൠ FUDFN OHQJWK �PP�
ൠLQLW LQLWLDO FUDFN OHQJWK �PP�
ൠWRWDO WRWDO FUDFN OHQJWK �PP�
ൠ6%7 HVWLPDWHG FUDFN OHQJWK EDVHG RQ VLPSOH EHDP WKHRU\ �PP�
ൠVWUDLQ JDXJH VWUDLQ JDXJH SRVLWLRQ �PP�
ൠኺ LQLWLDOO\ XQERQGHG OHQJWK �PP�
_ൠFRUU_ OHQJWK FRUUHFWLRQ IRU FUDFN OHQJWK DFFRUGLQJ WR PRG�

LILHG EHDP WKHRU\
�PP�

െ FUDFN VXUIDFH DUHD �PPኼ�
>െ@ H[WHQVLRQDO PDWUL[ RI ODPLQDWH WKHRU\ �3D�PP�
േ VSHFLPHQ ZLGWK �PP�
>േ@ FRXSOLQJ PDWUL[ RI ODPLQDWH WKHRU\ �3D�PPኼ�
േHOH ILQLWH HOHPHQW ZLGWK �PP�
ൢ ERQGHG OHQJWK �PP�
ൈ VSHFLPHQ FRPSOLDQFH �PP�1�
ൈኻዅኾ FRQVWDQWV RI LQWHJUDWLRQ ���
ൣ GLVWDQFH EHWZHHQ ORDG OLQH DQG RULJLQ �PP�
>൉@ IOH[XUDO PDWUL[ RI ODPLQDWH WKHRU\ �3D�PPኽ�
ൊ WHQVLOH PRGXOXV RI LVRWURSLF PDWHULDO �03D�
ൊD DGKHVLYH <RXQJ
V PRGXOXV �03D�
ൊDGKHU DGKHUHQG <RXQJ
V PRGXOXV �03D�
ൊI፱ DGKHUHQG IOH[XUDO PRGXOXV �03D�
ൊ፱፱ 8' ODPLQD ORQJLWXGLQDO� ൶�GLUHFWLRQ� PRGXOXV �03D�
ൊ፲፲ 8' ODPLQD WUDQVYHUVH� ൷�GLUHFWLRQ� PRGXOXV �03D�
ൊDGKHU፲ DGKHUHQG PRGXOXV LQ ൷�GLUHFWLRQ �03D�
൥�൶� GLVWULEXWLRQ RI WKH UHDFWLRQ IRUFH DFWLQJ RQ WKH EHDPV �1�
ൌ VWUDLQ HQHUJ\ UHOHDVH UDWH �1�PP�
ൌD DGKHVLYH VKHDU PRGXOXV �03D�
ൌDGKHU DGKHUHQG VKHDU PRGXOXV �03D�
ൌ, PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH �1�PP�
ൌ,, PRGH ,, VWUDLQ HQHUJ\ UHOHDVH UDWH �1�PP�

[YLL
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ൌ,,, PRGH ,,, VWUDLQ HQHUJ\ UHOHDVH UDWH �1�PP�
ൌ,F FULWLFDO PRGH , IUDFWXUH HQHUJ\ �1�PP�
ൌ,F�D FULWLFDO PRGH , IUDFWXUH HQHUJ\ RI EXON DGKHVLYH �1�PP�
ൌ,F�RQVHW FULWLFDO PRGH , IUDFWXUH RQVHW HQHUJ\ �1�PP�
ൌ,F�RQVHW� EL�PDW FULWLFDO PRGH , IUDFWXUH RQVHW HQHUJ\ RI EL�PDWHULDO

DGKHVLYH MRLQW
�1�PP�

ൌ,�&&0 PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH EDVHG RQ FRPSOL�
DQFH FDOLEUDWLRQ PHWKRG

�1�PP�

ൌ,�PD[ PD[LPXP YDOXH RI PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH �1�PP�
ൌ,�PLQ PLQLPXP YDOXH RI PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH �1�PP�
ൌ,�3. PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH E\ IROORZLQJ 3.

PRGHO
�1�PP�

ൌ,�6%7 PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH EDVHG RQ VLPSOH
EHDP WKHRU\

�1�PP�

ൌEL�PDWHULDO,�3. PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH RI EL�PDWHULDO '&%
MRLQW E\ IROORZLQJ 3. PRGHO

�1�PP�

ൌ፱፲ 8' ODPLQD VKHDU PRGXOXV LQ ൶൷�GLUHFWLRQ �03D�
ൌ፱፳ 8' ODPLQD VKHDU PRGXOXV LQ ൶൸�GLUHFWLRQ �03D�
ൌ፲፳ 8' ODPLQD VKHDU PRGXOXV LQ ൷൸�GLUHFWLRQ �03D�
߶ DUP WKLFNQHVV LQ D KRPRJHQHRXV '&% VSHFLPHQ �PP�
߶DGKHU DGKHUHQG WKLFNQHVV �PP�
53(*ࣄ߶ ILQDO WKLFNQHVV RI WKH ODPLQDWH DIWHU SRVW�FXUH F\FOH �PP�
ൎ VHFRQG PRPHQW RI WKH EHDP FURVV�VHFWLRQ DUHD �PPኾ�
൩ IRXQGDWLRQ VWLIIQHVV �03D�
>൩˃@ ODPLQDWH FXUYDWXUHV ���PP�
൩D DGKHVLYH FRQVWDQW GHILQLQJ VWUHVV VWDWH ���
൩DGKHU DGKHUHQG FRQVWDQW GHILQLQJ VWUHVV VWDWH ���
൐ LQWHUIDFH FRUQHU VWUHVV LQWHQVLW\ IDFWRU �03DࣇPP�
൐, VWUHVV LQWHQVLW\ IDFWRU RI RSHQLQJ PRGH �03DࣇPP�
൐,, VWUHVV LQWHQVLW\ IDFWRU RI VKHDU PRGH �03DࣇPP�
൐ጼ, UHPRWH PRGH , .�ILHOG �03DࣇPP�
൐ኻዅኾ FRQVWDQWV RI LQWHJUDWLRQ ���
൪H ERQGHG UHJLRQ OHQJWK LQ HODVWLF UHJLPH �PP�
൪I OHQJWK EHWZHHQ WKH ORDGLQJ SRLQW DQG WKH RULJLQ �PP�
൪S SODVWLF ]RQH OHQJWK �PP�
൑ VSHFLPHQ OHQJWK �PP�
൑*)53 RU 6WHHO OHQJWK RI SRVLWLYH ൵ERQ�൶� �PP�
൒ PRPHQW GLVWULEXWLRQ RYHU WKH GHIRUPHG DGKHVLYH UH�

JLRQ
�1�PP�
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>൒@ DSSOLHG PRPHQWV SHU XQLW OHQJWK �1�PP�PP�
൫T FRQVWDQW GHILQLQJ VWUHVV VWDWH LQ WKH DGKHVLYH ���
൬ VORSH RI ORJ�ORJ SORW RI ͕ YHUVXV ൠ ���
>൓@ DSSOLHG ORDG SHU XQLW OHQJWK �1�PP�
ൕ DSSOLHG ORDG �1�
ൕF FULWLFDO ORDG DW IUDFWXUH RQVHW �1�
ൕ˂ QRUPDOL]HG ORDG ���
ൕ&&0 FRPSOLDQFH FDOLEUDWLRQ PHWKRG HVWLPDWHG DSSOLHG

ORDG
�1�

ൕPD[ PD[LPXP DSSOLHG ORDG �1�
ൕ˂EL�PDW QRUPDOL]HG ORDG RI EL�PDWHULDO DGKHVLYH MRLQW ���
ൕ˂F QRUPDOL]HG FULWLFDO ORDG DW IUDFWXUH RQVHW ���
ൕ˂F� EL�PDW QRUPDOL]HG FULWLFDO ORDG DW IUDFWXUH RQVHW RI EL�

PDWHULDO DGKHVLYH MRLQW
���

ൕ˂VKHDU QRUPDOL]HG ORDG E\ WDNLQJ VKHDU LQWR DFFRXQW ���
ൕ˂VKHDU� EL�PDW QRUPDOL]HG ORDG RI EL�PDWHULDO DGKHVLYH MRLQW E\ WDN�

LQJ VKHDU LQWR DFFRXQW
���

൰ UDGLDO GLVWDQFH IURP WKH FUDFN WLS �PP�
൰S ,UZLQ
V HVWLPDWH RI WKH UDGLXV RI WKH SODVWLF ]RQH �PP�
ൗኻዅኼ FRQVWDQWV RI LQWHJUDWLRQ ���

൘ HTXDO WR ᗛ ኻ
ፄI፱�VWHHOፈVWHHO

� ኻ
ፄI፱�*)53ፈ*)53

ᗜ ���03D�PPኾ�

൘D DYHUDJH DUHDO URXJKQHVV �࿾P�
൘T URRW PHDQ VTXDUH GHYLDWLRQ �࿾P�
൙ VWUHVV DFWLQJ SDUDOOHO WR WKH FUDFN SODQH �03D�
൙J JODVV WUDQVLWLRQ WHPSHUDWXUH �p&�
൳ ORQJLWXGLQDO GLVSODFHPHQW �LQ ൶�GLUHFWLRQ� �PP�
൚ VWRUHG HODVWLF HQHUJ\ �1�PP�
൳U ORQJLWXGLQDO GLVSODFHPHQW �LQ ൶�GLUHFWLRQ� XQGHU WKH

UHDFWLRQ IRUFH GLVWULEXWLRQ
�PP�

൴ YHUWLFDO GLVSODFHPHQW �LQ ൷�GLUHFWLRQ� �PP�
൵ GLVSODFHPHQW LQ ൸�GLUHFWLRQ �PP�
൜ H[WHUQDO ZRUN �1�PP�
൵ERQ�൶� GHIOHFWLRQ LQ ERQGHG UHJLRQ RI 3HQDGR�.DQQLQHQ
V

PRGHO
�PP�

൵XQERQ�൶� GHIOHFWLRQ LQ XQERQGHG UHJLRQ RI 3HQDGR�.DQQLQHQ
V
PRGHO

�PP�

൵�൶� GHIOHFWLRQ RI 3HQDGR�.DQQLQHQ
V PRGHO �PP�
൵ኻ�൶� GHIOHFWLRQ LQ UHJLRQ � RI <DPDGD
V PRGHO �PP�
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൵ኼ�൶� GHIOHFWLRQ LQ UHJLRQ � RI <DPDGD
V PRGHO �PP�
൵ኽ�൶� GHIOHFWLRQ LQ UHJLRQ � RI <DPDGD
V PRGHO �PP�
൝ QRGDO IRUFH LQ ൶�GLUHFWLRQ �1�
൞ QRGDO IRUFH LQ ൷�GLUHFWLRQ �1�
ൟ QRGDO IRUFH LQ ൸�GLUHFWLRQ �1�
�൲D DGKHVLYH ERQG�OLQH WKLFNQHVV �PP�
�൲D�DY� DYHUDJH DGKHVLYH ERQG�OLQH WKLFNQHVV �PP�
�൲D�PD[ PD[LPXP DGKHVLYH ERQG�OLQH WKLFNQHVV �PP�
�൲D�PLQ PLQLPXP DGKHVLYH ERQG�OLQH WKLFNQHVV �PP�

*UHHN 6\PEROV

࿳ 'XQGXUV SDUDPHWHU ���
࿴ 'XQGXUV SDUDPHWHU ���
࿵ FRQVWDQW UHODWHG WR WKH RUGHU RI VLQJXODULW\ ���
࿵፱፲ VKHDU VWUDLQ ���
́ KDOI�RSHQLQJ GLVSODFHPHQW LQ '&% VSHFLPHQ �PP�
́ൠ SUH�FUDFN OHQJWK �PP�
́ൠFULW� FULWLFDO SUH�FUDFN OHQJWK �PP�
́ൠHOH LQFUHPHQW RI WKH FUDFN ZKLFK LV HTXDO WR WKH HOHPHQW

VL]H DW WKH FUDFN WLS
�PP�

́ൠH[SHU� H[SHULPHQWDO SUH�FUDFN OHQJWK �PP�
́ൠH[S PD[ PD[LPXP H[SHULPHQWDO SUH�FUDFN OHQJWK �PP�
ဍ RVFLOODWLRQ LQGH[ ���
࿷፱፱ VWUDLQ FRPSRQHQW LQ ൶�GLUHFWLRQ ���
࿷፲፲ VWUDLQ FRPSRQHQW LQ ൷�GLUHFWLRQ ���
>࿷ኺ@ ODPLQDWH PLGGOH�SODQH VWUDLQV ���
࿽ ZDYH QXPEHU �PPዅኻ�
࿽ዅኻ HODVWLF SURFHVV ]RQH OHQJWK �PP�
࿽ዅኻ፣�H[S H[SHULPHQWDO HODVWLF SURFHVV ]RQH OHQJWK �൨  ����

���� ���� ���� �����
�PP�

࿿D DGKHVLYH 3RLVVRQ
V UDWLR ���
࿿DGKHU DGKHUHQG 3RLVVRQ
V UDWLR ���
࿿፱፲ 8' ODPLQD 3RLVVRQ
V UDWLR ���
စXOWLPDWH XOWLPDWH �PD[LPXP� VWUHQJWK �03D�
စ፱፱ VWUHVV FRPSRQHQW LQ ൶�GLUHFWLRQ �03D�
စ\ DGKHVLYH \LHOG VWUHQJWK �03D�
စ፲፲ VWUHVV FRPSRQHQW LQ ൷�GLUHFWLRQ �03D�
စጼ፲፲ UHPRWH VWUHVV FRPSRQHQW LQ ൷�GLUHFWLRQ �03D�
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စ፲፲�KRPRJHQHRXV DV\PSWRWLF VWUHVV FRPSRQHQW QRUPDO WR D FUDFN LQ
KRPRJHQHRXV PDWHULDO

�03D�

စ፲፲�LQWHUIDFH DV\PSWRWLF VWUHVV FRPSRQHQW QRUPDO WR EL�PDWHULDO
LQWHUIDFH

�03D�

စ፱፲ VWUHVV FRPSRQHQW LQ ൶൷�GLUHFWLRQ �03D�

တ HTXDO WR ᗕፁፆ,F
፧
ᗖ

፧
፧ዄኻ � ᓋ ኼ

Ꭴ
ᓏ

ኻ
፧ዄኻ

���

ဉ FRPSOLDQFH FDOLEUDWLRQ PHWKRG FXUYH ILWWLQJ SDUDP�
HWHU

���

ည HTXDO WR ፁ
ኽ
ኾᔃኽፄ፡ኽ

ኾ
ൌኽ�ኾ,F �1�PP

ኻ
ኼ �

͕ HTXDO WR ဉዅኻ�ൠዅ፧ �1�PP�
�́ WRWDO RSHQLQJ GLVSODFHPHQW LQ '&% VSHFLPHQ �PP�
�́EL�PDWHULDO WRWDO RSHQLQJ GLVSODFHPHQW LQ EL�PDWHULDO '&% VSHF�

LPHQ
�PP�

˂�́ QRUPDOL]HG GLVSODFHPHQW ���

6XSHUVFULSWV 	 VXEVFULSWV

DGKHU � DGKHUHQG �
DGKHU � DGKHUHQG �
*)53 *)53 DGKHUHQG
൑൧ QRGH DW WKH FUDFN WLS
൑൪ DQG ൑൪ࣄ DGMDFHQW QRGHV GLUHFWO\ EHKLQG WKH FUDFN WLS
VWHHO VWHHO DGKHUHQG

$FURQ\PV

$670 $PHULFDQ 6RFLHW\ IRU 7HVWLQJ DQG 0DWHULDOV
$75�)7,5 $WWHQXDWHG 7RWDO 5HIOHFWDQFH�)RXULHU 7UDQVIRUP ,QIUDUHG
&&0 &RPSOLDQFH &DOLEUDWLRQ 0HWKRG
&)53 &DUERQ )LEUH 5HLQIRUFHG 3RO\PHU
&/7 &ODVVLFDO /DPLQDWH 7KHRU\
&7( &RHIILFLHQW RI 7KHUPDO ([SDQVLRQ
'&% 'RXEOH�&DQWLOHYHU %HDP
',& 'LJLWDO ,PDJH &RUUHODWLRQ
)( )LQLWH (OHPHQW
)(0 )LQLWH (OHPHQW 0RGHOOLQJ
'2, 'LJLWDO 2EMHFW ,GHQWLILHU
': 'LVWLOOHG :DWHU
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*)53 *ODVV )LEUH 5HLQIRUFHG 3RO\PHU
*36 JO\FLGR[\SURS\OWULPHWKR[\VLODQH
+760 +LJK7HFK 6\VWHPHQ 	 0DWHULDOHQ
,62 ,QWHUQDWLRQDO 2UJDQL]DWLRQ IRU 6WDQGDUGL]DWLRQ
-,3 -RLQW ,QGXVWU\ 3URMHFW
/(' /LJKW (PLWWLQJ 'LRGH
0%7 0RGLILHG %HDP 7KHRU\
0�L 0DWHULDOV ,QQRYDWLRQ ,QVWLWXWH
S+ SRWHQWLDO RI +\GURJHQ
3. 3HQDGR�.DQQLQHQ
4( 4XDGUD[LDO (�JODVV
USP UHYROXWLRQV SHU PLQXWH
6%7 6LPSOH %HDP 7KHRU\
6(0 6FDQQLQJ (OHFWURQ 0LFURVFRSH
6(55 6WUDLQ (QHUJ\ 5HOHDVH 5DWH
7., 7RSFRQVRUWLXP YRRU .HQQLV HQ ,QQRYDWLH
712 1HWKHUODQGV 2UJDQLVDWLRQ IRU $SSOLHG 6FLHQWLILF 5HVHDUFK
77: 7HFKQRORJ\ )RXQGDWLRQ
8' 8QLGLUHFWLRQDO
9&&7 9LUWXDO &UDFN &ORVXUH 7HFKQLTXH



�
,QWURGXFWLRQ

$GKHVLYH ERQGLQJ LV D PHWKRG E\ ZKLFK PDWHULDOV DUH MRLQHG WRJHWKHU E\ DQ LQ�
WHUPHGLDWH OD\HU RI DGKHVLYH WR JHQHUDWH DVVHPEOLHV� $Q DVVHPEO\ PDGH E\ WKH

XVH RI DQ DGKHVLYH LV FDOOHG DQ DGKHVLYH MRLQW� 6ROLG PDWHULDOV LQ WKH DGKHVLYH MRLQW
RWKHU WKDQ WKH DGKHVLYH DUH UHIHUUHG WR DV WKH DGKHUHQGV >�� �@�
:LWK WKH HPHUJHQFH RI V\QWKHWLF SRO\PHUV ZLWK LPSURYHG PHFKDQLFDO SURSHUWLHV LQ
WKH HDUO\ ����V� WKH SULPDU\ ERRVW LQ WKH XVH RI DGKHVLYHV DV D MRLQLQJ PHGLXP
LQ VWUXFWXUDO DSSOLFDWLRQV WRRN SODFH� $GKHVLYH ERQGLQJ LV DQ DOWHUQDWLYH WR FRQ�
YHQWLRQDO MRLQLQJ PHWKRGV� VXFK DV PHFKDQLFDO IDVWHQLQJ RU ZHOGLQJ� $OO MRLQLQJ
PHWKRGV KDYH WKHLU DGYDQWDJHV DQG GLVDGYDQWDJHV DQG DGKHVLYH ERQGLQJ LV QRW DQ
H[FHSWLRQ >�� �@�
2QH FUXFLDO GLIIHUHQFH EHWZHHQ DQ DGKHVLYH MRLQW DQG D PHFKDQLFDOO\ IDVWHQHG MRLQW
LV WKDW QR KROHV DUH FUHDWHG LQ WKH DGKHUHQGV �H�J� FRQWLQXRXV ILEUHV LQ D FRPSRV�
LWH SDUW DUH QRW GDPDJHG�� 0RUHRYHU� DVVHPEOLHV SURGXFHG ZLWK DGKHVLYHV KDYH
UHGXFHG ZHLJKW E\ HOLPLQDWLQJ WKH XVH RI PHFKDQLFDO IDVWHQHUV� 3URSHUO\ GHVLJQHG
DGKHVLYH MRLQWV H[KLELW ORZHU VWUHVV FRQFHQWUDWLRQV� WKXV WKH SURSHUWLHV RI WKH DG�
KHUHQGV FDQ EH IXOO\ XWLOL]HG� &RQWUDU\ WR ZHOGHG MRLQWV� DGKHVLYHV DOORZ GLVVLPLODU
PDWHULDOV WR DGKHUH WR RQH DQRWKHU >�ঀ�@�
&RPPRQ IRU DOO DGKHVLYH MRLQWV LV WKDW WKH\ UHO\ RQ DGKHVLRQ IRU ORDG WUDQVIHU WKURXJK
WKH DVVHPEO\� $V DGKHVLRQ LV D VXUIDFH SK\VLFR�FKHPLFDO SKHQRPHQRQ� WKH SK\VLFDO
SURSHUWLHV RI WKH DGKHVLYH MRLQWV DUH GHSHQGHQW RQ KRZ WKH DGKHVLYH LQWHUDFWV ZLWK
WKH VXUIDFH RI WKH DGKHUHQGV� 7KHUHIRUH� SURSHU VXUIDFH SUHSDUDWLRQ LV QHHGHG
IRU GXUDEOH DGKHVLYH MRLQWV� )LQDOO\� DV WKH DGKHVLYHV DUH LQWHUQDO WR WKH MRLQWV� LQ
JHQHUDO� LW LV FKDOOHQJLQJ WR GHWHUPLQH� ZLWKRXW GHVWUXFWLYH WHVWLQJ� ZKHWKHU WKH
DGKHVLYHV ZHUH SURSHUO\ DSSOLHG DQG� WKXV� WR SUHGLFW WKH MRLQW VWUHQJWK >�ঀ�@�
7KH SRWHQWLDO ZHLJKW VDYLQJV LQKHUHQW LQ DGKHVLYH ERQGLQJ DUH D PDMRU UHDVRQ IRU
WKH ZLGHVSUHDG XVH RI WKLV MRLQLQJ WHFKQRORJ\ LQ DHURVSDFH DQG DXWRPRWLYH LQGXV�
WULHV� *UHDW XVH RI DGKHVLYH LV DOVR IRXQG LQ WKH HOHFWURQLFV LQGXVWU\ >�@� 0RUH
UHFHQWO\� WKH DGKHVLYH ERQGLQJ KDV DSSHDUHG DV D SURPLVLQJ VROXWLRQ IRU WKH SURE�
OHPV IDFHG E\ WKH VKLSEXLOGLQJ DQG FLYLO LQGXVWULHV�

�



�

� �� ,QWURGXFWLRQ

���� 6WUXFWXUDO ERQGLQJ DV SURPLVLQJ WHFKQRORJ\ LQ
VKLSEXLOGLQJ DQG FLYLO LQGXVWULHV

7KH WKHRUHWLFDO XQGHUVWDQGLQJ DQG SUDFWLFDO UREXVWQHVV RI FRPSRVLWHV KDYH GULYHQ
UHVHDUFK LQWR OLJKWZHLJKW FRQVWUXFWLRQ LQ VKLSEXLOGLQJ LQGXVWU\� /LJKWHU VKLSV

LPSO\� IRU LQVWDQFH� LQFUHDVHG FDUJR WUDQVSRUW DV D UHVXOW RI LQFUHDVHG YROXPH DW WKH
VDPH VKLS ZHLJKW DQG� WKXV� LQFUHDVHG WUDQVSRUW HIILFLHQF\� 2QH SRVVLEOH VROXWLRQ
IRU WKH UHGXFWLRQ RI WKH VKLSV RYHUDOO ZHLJKW LV IRXQG WR EH WKH UHSODFHPHQW RI
PHWDOOLF VXSHUVWUXFWXUHV E\ FRPSRVLWH RQHV�
,Q JHQHUDO� D EULGJH OLIHVSDQ LV ��� \HDUV� ,Q WKH 1HWKHUODQGV� QXPHURXV EULGJHV
ZLOO DFKLHYH WKH HQG RI WKHLU OLIHVSDQ LQ �� \HDUV >�@� 7KH UHVSRQVLEOH SDUWLHV DUH�
WKHUHIRUH� ORRNLQJ IRU LQWHUPHGLDWH VROXWLRQV WR HOLPLQDWH D SHDN LQ WKH FRQVWUXFWLRQ
RU UHQRYDWLRQ RI EULGJHV LQ WKH IXWXUH DQG WR DYRLG WKH WHUULEOH FRQVHTXHQFHV WKDW
VXFK SHDN ZRXOG KDYH IRU WKH VRFLHW\� 7KH UHSODFHPHQW RI ROG DQG GDPDJHG GHFNV
E\ FRPSRVLWH RQHV PLJKW EH DQ LQWHUHVWLQJ VROXWLRQ�
7KH VROXWLRQV SUHVHQWHG� IRU ERWK FLYLO DQG VKLSEXLOGLQJ FDVHV� LPSO\ WKH FRQQHFWLRQ
EHWZHHQ GLIIHUHQW PDWHULDOV� IRU VKLSEXLOGLQJ� WKH DVVHPEO\ RI FRPSRVLWH VXSHU�
VWUXFWXUHV ZLWK PHWDOOLF KXOOV DQG IRU EULGJH HQJLQHHULQJ� WKH FRQQHFWLRQ EHWZHHQ
FRPSRVLWH EULGJH GHFNV ZLWK PHWDOOLF VWUXFWXUDO EHDPV� 7KH DGKHVLYH ERQGLQJ WHFK�
QRORJ\ DSSHDUV DV D SURPLVLQJ MRLQLQJ PHWKRG IRU ERWK FDVHV� DV GLVVLPLODU FRPSR�
QHQWV PXVW EH FRQQHFWHG WRJHWKHU�
6WHHO XVHG WR EH WKH GRPLQDWLQJ PDWHULDO LQ VKLSEXLOGLQJ LQGXVWU\ DQG� WKXV� WKH
GLIIHUHQW FRPSRQHQWV XVHG WR EH ZHOGHG� 7KH HPHUJHQFH RI FRPSRVLWHV EURXJKW
LQLWLDOO\ DWWHQWLRQ WR WKH PHFKDQLFDO IDVWHQLQJ WHFKQLTXH DQG PRUH UHFHQWO\ WR WKH
DGKHVLYH ERQGLQJ WHFKQRORJ\� $V EHIRUH PHQWLRQHG� WKH PHFKDQLFDO IDVWHQLQJ WHFK�
QLTXH UHTXLUHV GULOOLQJ RI WKH FRPSRQHQWV DQG DOVR UHTXLUHV IDVWHQHUV� ,Q WKH DGKH�
VLYH ERQGLQJ WHFKQLTXH� QHLWKHU IDVWHQLQJ KROHV QRU IDVWHQHUV DUH QHHGHG�
)RU WKH FLYLO FDVH� VWUXFWXUDO DGKHVLYH ERQGLQJ DOVR DSSHDUV DV D SURPLVLQJ MRLQLQJ
WHFKQLTXH� %HVLGHV WKH UHDVRQV SUHYLRXVO\ PHQWLRQHG� WKHUH LV DQRWKHU FULWLFDO SRLQW�
,Q IDFW� PRVW SDUW RI WKH FRPSRQHQWV WR EH FRQQHFWHG WR WKH FRPSRVLWH GHFNV DUH
QRW VWUDLJKW� HQKDQFLQJ WKH DGYDQWDJHV RI WKH PDQXIDFWXULQJ IOH[LELOLW\ RI DGKHVLYHO\
ERQGHG MRLQWV IRU WKLV FDVH�

���� &KDOOHQJHV

$GKHVLYH ERQGLQJ LV ZLGHVSUHDG LQ DHURVSDFH �H�J� ERQGLQJ RI VWULQJHUV WR VNLQV
IRU IXVHODJH DQG ZLQJ FRQVWUXFWLRQ� DQG DXWRPRWLYH �H�J� ERQGLQJ RI RXWHU GRRU

WR DQ LQQHU VKHOO� KRRGV DUH DGKHVLYHO\ ERQGHG� LQGXVWULHV >�@� $OWKRXJK DGKHVLYH
ERQGLQJ LV QRW WKH PDLQ MRLQLQJ PHWKRG LQ VKLSEXLOGLQJ DQG FLYLO LQGXVWULHV� LW KDV
SURJUHVVLYHO\ JDLQHG PRUH LPSRUWDQFH� &RPSDUHG WR DHURVSDFH DQG DXWRPRWLYH DS�
SOLFDWLRQV� WKH DGKHVLYHO\ ERQGHG MRLQWV LQ VKLSEXLOGLQJ DQG FLYLO DSSOLFDWLRQV SUHVHQW
D FULWLFDO GLIIHUHQFH�
$HURVSDFH DQG DXWRPRWLYH LQGXVWULHV DUH NQRZQ IRU WKH WLJKW WROHUDQFHV LQ WKH PDQ�
XIDFWXULQJ SURFHVVHV� $GKHVLYH OD\HUV LQ WKH UDQJH ��� WR � PP DUH IRXQG LQ WKHVH
LQGXVWULHV >�ঀ��@� ,Q VKLSEXLOGLQJ DQG FLYLO DSSOLFDWLRQV� WKH VFHQDULR LV UDWKHU GLI�
IHUHQW� 7KH HIILFLHQW SURGXFWLRQ RI ODUJH VWUXFWXUHV OHDGV WR KLJK HQJLQHHULQJ WROHU�



���� $LP RI WKLV GLVVHUWDWLRQ

�

�

DQFHV� ZKLFK FRUUHVSRQGV LQ SUDFWLFH WR DGKHVLYH ERQG�OLQHV RI XS WR �� PP�
7KH ঈH[WUD�WKLFNউ DGKHVLYH ERQG�OLQHV SUHVHQW LQ VKLSEXLOGLQJ DQG FLYLO DSSOLFDWLRQV
WDNH WKH XVH RI HSR[\�EDVHG VWUXFWXUDO DGKHVLYHV WR D QHZ FKDSWHU UDWKHU GLVWLQ�
JXLVKDEOH IURP WKH UHIHUHQFH FDVHV� L�H� DHURVSDFH DQG DXWRPRWLYH DSSOLFDWLRQV�
:LWK �� PP WKLFN DGKHVLYH ERQG�OLQHV� WKH FRQVWUDLQW OHYHO LPSRVHG E\ WKH FRP�
SRQHQWV RQ WKH DGKHVLYH OD\HU GHFUHDVHV� ,W LV NQRZQ WKDW FRQVWUDLQHG PDWHULDOV
EHKDYH GLIIHUHQWO\ IURP XQFRQVWUDLQHG PDWHULDOV >��� ��@� 7KHUHIRUH� WKH SHUIRU�
PDQFH RI WKH ঈH[WUD�WKLFNউ DGKHVLYH MRLQWV LV GLVWLQFW IURP WKH UHIHUHQFH FDVHV�
&RPPRQ IRU DOO DGKHVLYH MRLQWV LV WKDW WKH\ FRQWDLQ LQWHUIDFHV DQG PDWHULDO GLVFRQ�
WLQXLWLHV� $ ZHDNQHVV WR EH UHFRJQL]HG LV WKH VWUHVV JUDGLHQW DW EL�PDWHULDO HGJHV
DQG FRUQHUV� H[DFHUEDWHG E\ GLIIHUHQFHV LQ PDWHULDOV SURSHUWLHV >��ঀ��@� 7KHUH�
IRUH� DGKHVLYH MRLQWV DUH RIWHQ D ORFXV RI GDPDJH� ZKLFK PD\ SRVWHULRUO\ OHDG WR
IDLOXUH�
,Q WKH VKLSEXLOGLQJ DQG FLYLO FDVHV DERYH GHVFULEHG� WKHUH DUH WZR GLIIHUHQW LQWHUIDFHV
DV GLVVLPLODU FRPSRQHQWV PXVW EH MRLQHG WRJHWKHU� L�H� VWHHO�DGKHVLYH LQWHUIDFH
DQG FRPSRVLWH�DGKHVLYH LQWHUIDFH� 7KH VWHHO�DGKHVLYH LQWHUIDFH KDV WKH ODUJHVW
GLIIHUHQFH LQ PDWHULDOV SURSHUWLHV DQG LW LV� LQ SULQFLSOH� WKH PRVW FULWLFDO RQH�
7KH ঈH[WUD�WKLFNউ DGKHVLYH OD\HUV DQG WKH SUHVHQFH RI LQWHUIDFHV FRQWULEXWH WR JHQ�
HUDO FRQFHUQV UHJDUGLQJ WKH UHOLDELOLW\ DQG SHUIRUPDQFH RI EL�PDWHULDO DGKHVLYH MRLQWV
LQ VKLSEXLOGLQJ DQG FLYLO DSSOLFDWLRQV� $V D FRQVHTXHQFH� PRUH FRQVHUYDWLYH GHVLJQV
DUH EHLQJ XVHG� $V DQ H[DPSOH� DOO DGKHVLYH MRLQWV DOUHDG\ LPSOHPHQWHG LQ VKLSV
DUH UHLQIRUFHG ZLWK PHFKDQLFDO IDVWHQHUV� 7KH IDVWHQHUV DUH DEOH WR FDUU\ WKH ORDG
LQ FDVH WKH ERQG�OLQH IDLOV� 8QIRUWXQDWHO\� WKLV SUDFWLFH KLQGHUV WKH YHUVDWLOLW\ RI
DGKHVLYH ERQGLQJ WHFKQLTXH�
%HIRUH DGRSWLQJ DGKHVLYH ERQGLQJ WR WKH IXOO H[WHQW IRU SULPDU\ DSSOLFDWLRQV LQ VKLS�
EXLOGLQJ DQG FLYLO DSSOLFDWLRQV� WKHUH LV WKH QHHG WR IXOO\ XQGHUVWDQG WKH PHFKDQLFDO
EHKDYLRXU RI WKH ঈH[WUD�WKLFNউ DGKHVLYHO\ ERQGHG MRLQWV LQ RUGHU WR EH DEOH WR GH�
WHUPLQH ZKHQ WKH\ ZLOO IDLO�

���� $LP RI WKLV GLVVHUWDWLRQ

)RU WKH VSHFLDO FDVH RI VWUXFWXUDO ERQGLQJ LQ VKLSEXLOGLQJ DQG FLYLO DSSOLFDWLRQV�
WKH JHRPHWULFDO OHQJWK VFDOH RI WKH WKLFNQHVV RI WKH DGKHVLYH ERQG�OLQH VKRXOG

EH WDNHQ FDUHIXOO\ LQWR FRQVLGHUDWLRQ ZKHQ VWXG\LQJ WKH UHOLDELOLW\ DQG RYHUDOO SHU�
IRUPDQFH RI WKH DGKHVLYH MRLQWV�
7KLV GLVVHUWDWLRQ LV IRFXVHG RQ WKH SHUIRUPDQFH RI MRLQWV ZLWK ঈH[WUD�WKLFNউ DGKHVLYH
ERQG�OLQHV �L�H� �� PP� XQGHU WKH PRVW FULWLFDO ORDGLQJ PRGH IRU DQ DGKHVLYH MRLQW
� WKH RSHQLQJ PRGH� 7KH PDLQ UHVHDUFK TXHVWLRQ RI WKLV GLVVHUWDWLRQ LV IRUPXODWHG
DV IROORZV�

+RZ GR VLQJOH� DQG EL�PDWHULDO MRLQWV ZLWK ঈH[WUD�WKLFNউ DGKHVLYH ERQG�
OLQH EHKDYH XQGHU RSHQLQJ ORDGLQJ FRQGLWLRQV"

,Q RUGHU WR SURYLGH DQ DQVZHU WR WKLV PDLQ TXHVWLRQ� IRXU NH\ TXHVWLRQV ZHUH IRU�
PXODWHG�

��� +RZ FDQ SXUH RSHQLQJ PRGH EH FKDUDFWHUL]HG LQ EL�PDWHULDO DGKHVLYH MRLQWV"



�

� �� ,QWURGXFWLRQ

��� :KDW LV WKH HIIHFW RI WKH ERQG�OLQH WKLFNQHVV RQ WKH IUDFWXUH EHKDYLRXU RI
DGKHVLYH MRLQWV XQGHU RSHQLQJ ORDGLQJ FRQGLWLRQV"

��� +RZ LV WKH IUDFWXUH EHKDYLRXU RI DGKHVLYH MRLQWV XQGHU RSHQLQJ ORDGLQJ FRQ�
GLWLRQV DIIHFWHG E\ WKH PDWHULDO RI WKH DGKHUHQGV"

��� :KDW DUH WKH SDUDPHWHUV FRQWUROOLQJ WKH IUDFWXUH RQVHW ORFXV DQG FUDFN JURZWK
SDWK LQ VLQJOH� DQG EL�PDWHULDO MRLQWV ZLWK ঈH[WUD�WKLFNউ DGKHVLYH ERQG�OLQHV"

���� 'LVVHUWDWLRQ RXWOLQH

$UHYLHZ RI WKH UHVHDUFK FRQGXFWHG RQ WKH IUDFWXUH EHKDYLRXU RI VLQJOH� DQG EL�
PDWHULDO DGKHVLYH MRLQWV XQGHU RSHQLQJ ORDGLQJ FRQGLWLRQV LV SUHVHQWHG LQ &KDS�

WHU �� 7KH FXUUHQWO\ DYDLODEOH GHVLJQ FULWHULRQ IRU EL�PDWHULDO GRXEOH�FDQWLOHYHU EHDP
�'&%� FRQILJXUDWLRQ LV SUHVHQWHG DQG LWV YDOLGLW\ LV GLVFXVVHG� 0RUHRYHU� VSHFLDO DW�
WHQWLRQ LV JLYHQ WR WZR NH\�IDFWRUV LQIOXHQFLQJ WKH EHKDYLRXU RI DGKHVLYH MRLQWV�
L�H� WKH DGKHVLYH ERQG�OLQH WKLFNQHVV DQG WKH PDWHULDO RI WKH DGKHUHQGV� )LQDOO\�
WKH VSHFLDO FDVH RI DGKHVLYH MRLQWV ZLWK ঈH[WUD�WKLFNউ ERQG�OLQHV� XVHG LQ VKLSEXLOG�
LQJ DQG FLYLO LQGXVWULHV� LV DOVR DGGUHVVHG LQ WHUPV RI WKH UROH RI WKH LQWHUIDFHV RQ
IUDFWXUH RQVHW DQG WKH PHWKRGRORJLHV DYDLODEOH IRU RSHQLQJ PRGH IUDFWXUH FKDUDF�
WHUL]DWLRQ�
,Q &KDSWHU �� WKH ILUVW UHVHDUFK TXHVWLRQ LV SXUVXHG� $ QHZ FULWHULRQ LV SURSRVHG WR
REWDLQ SXUH RSHQLQJ PRGH LQ FRPSRVLWH�PHWDO DGKHVLYH MRLQWV� '&% H[SHULPHQWV
DUH FRQGXFWHG WR YHULI\ WKH SURSRVHG FULWHULRQ� $ QXPHULFDO DQDO\VLV LV FDUULHG RXW WR
LQYHVWLJDWH WKH DSSOLFDELOLW\ RI WKH QHZ FULWHULRQ WR RWKHU EL�PDWHULDO FRQILJXUDWLRQV
�H�J� VWHHO�DOXPLQLXP��
7KH VHFRQG UHVHDUFK TXHVWLRQ LV SXUVXHG LQ &KDSWHU �� ZKHUH WKH HIIHFW RI WKH
ERQG�OLQH WKLFNQHVV RQ WKH IUDFWXUH EHKDYLRXU RI PHWDO�PHWDO DGKHVLYH MRLQWV XQGHU
RSHQLQJ ORDGLQJ FRQGLWLRQV LV H[SORUHG� '&% VSHFLPHQV ZLWK ERQG�OLQH WKLFNQHVVHV
UDQJLQJ IURP ��� XS WR �� PP DUH WHVWHG DQG WKH IDLOXUH VXUIDFHV DUH H[DPLQHG�
,Q &KDSWHU �� WKH HIIHFW RI WKH PDWHULDO RI WKH DGKHUHQGV RQ WKH IUDFWXUH EHKDYLRXU
RI DGKHVLYH MRLQWV XQGHU RSHQLQJ ORDGLQJ FRQGLWLRQV LV LQYHVWLJDWHG DQG GHILQHV WKH
WKLUG UHVHDUFK TXHVWLRQ� 7KUHH VSHFLPHQ FRQILJXUDWLRQV DUH VWXGLHG� PHWDO�PHWDO�
FRPSRVLWH�FRPSRVLWH� DQG FRPSRVLWH�PHWDO� 7KH FRPSRVLWH�PHWDO VSHFLPHQ FRQ�
ILJXUDWLRQ LV PDQXIDFWXUHG DFFRUGLQJ WR WKH GHVLJQ FULWHULRQ SURSRVHG LQ &KDSWHU
��
,Q &KDSWHU �� WKH IRXUWK DQG ODVW UHVHDUFK TXHVWLRQ LV SXUVXHG� ZKHUH WKH IUDFWXUH
RQVHW DQG FUDFN GHIOHFWLRQ LQ VLQJOH� DQG EL�PDWHULDO DGKHVLYH MRLQWV ZLWK ঈH[WUD�
WKLFNউ ERQG�OLQHV XQGHU RSHQLQJ ORDGLQJ FRQGLWLRQV LV LQYHVWLJDWHG� 7KH UROH RI
DGKHUHQG�DGKHVLYH PRGXOXV PLVPDWFK DQG WKH UROH RI SUH�FUDFN OHQJWK RQ IUDFWXUH
RQVHW DUH VFUXWLQL]HG� 7KH SDUDPHWHUV FRQWUROOLQJ WKH FUDFN SDWK GLUHFWLRQDO VWDELOLW\
DUH DOVR GLVFXVVHG�
)LQDOO\� &KDSWHU � SUHVHQWV WKH PDLQ FRQFOXVLRQV RI WKLV GLVVHUWDWLRQ DQG RIIHUV VRPH
VXJJHVWLRQV IRU IXWXUH ZRUN�



5HIHUHQFHV

�
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5HIHUHQFHV
>�@ $� 9� 3RFLXV� $GKHVLRQ DQG DGKHVLYHV WHFKQRORJ\� DQ LQWURGXFWLRQ� �UG HG�

�+DQVHU 3XEOLFDWLRQV� ������

>�@ 6� +HLGH�-¸UJHQVHQ� 0HFKDQLFV DQG IDLOXUH RI VWUXFWXUHG LQWHUIDFHV� 3K�'� WKH�
VLV� $DUKXV 8QLYHUVLW\ �������

>�@ ;� -LDQJ� 0HFKDQLFDO EHKDYLRXU DQG GXUDELOLW\ RI )53�WR�VWHHO DGKHVLYHO\�
ERQGHG MRLQWV� 3K�'� WKHVLV� 7HFKQLVFKH 8QLYHUVLWHLW 'HOIW �������

>�@ -� $� 3DVFRH� &KDUDFWHULVDWLRQ RI IDWLJXH FUDFN JURZWK LQ DGKHVLYH ERQGV� 3K�'�
WKHVLV� 7HFKQLVFKH 8QLYHUVLWHLW 'HOIW �������

>�@ 5LMNVZDWHUVWDDW � PLQLVWHULH YDQ LQIUDVWUXFWXXU HQ ZDWHUVWDDW� ULFKWOLMQHQ NXQVW�
ZHUNHQ �$UWZRUNV *XLGHOLQHV�� �DFFHVVHG� ������������

>�@ 6� 0DU]L� $� %LHO� DQG 8� 6WLJK� 2Q H[SHULPHQWDO PHWKRGV WR LQYHVWLJDWH WKH
HIIHFW RI OD\HU WKLFNQHVV RQ WKH IUDFWXUH EHKDYLRU RI DGKHVLYHO\ ERQGHG MRLQWV�
,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������

>�@ 7� &DUOEHUJHU DQG 8� 6WLJK� ,QIOXHQFH RI OD\HU WKLFNQHVV RQ FRKHVLYH SURSHUWLHV
RI DQ HSR[\�EDVHG DGKHVLYH � DQ H[SHULPHQWDO VWXG\� -RXUQDO RI $GKHVLRQ ���
��� �������

>�@ '��%� /HH� 7� ,NHGD� 1� 0L\D]DNL� DQG 1��6� &KRL� (IIHFW RI ERQG WKLFNQHVV RQ
WKH IUDFWXUH WRXJKQHVV RI DGKHVLYH MRLQWV� -RXUQDO RI (QJLQHHULQJ 0DWHULDOV DQG
7HFKQRORJ\ ���� �� �������

>�@ 6� 5� 5DQDGH� <� *XDQ� '� &� 2KDQHKL� -� *� 'LOODUG� 5� &� %DWUD� DQG '� $�
'LOODUG� $ WDSHUHG ERQGOLQH WKLFNQHVV GRXEOH FDQWLOHYHU EHDP �'&%� VSHFLPHQ
JHRPHWU\ IRU FRPELQDWRULDO IUDFWXUH VWXGLHV RI DGKHVLYH ERQGV� ,QWHUQDWLRQDO
-RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������

>��@ 9� &RRSHU� $� ,YDQNRYLF� $� .DUDF� '� 0F$XOLIIH� DQG 1� 0XUSK\� (IIHFWV RI
ERQG JDS WKLFNQHVV RQ WKH IUDFWXUH RI QDQR�WRXJKHQHG HSR[\ DGKHVLYH MRLQWV�
3RO\PHU ��� ���� �������

>��@ 7� 3DUGRHQ� 7� )HUUDFLQ� &� 0� /DQGLV� DQG )� 'HODQQD\� &RQVWUDLQW HIIHFWV LQ
DGKHVLYH MRLQW IUDFWXUH� -RXUQDO RI WKH 0HFKDQLFV DQG 3K\VLFV RI 6ROLGV ���
���� �������

>��@ $� -� .LQORFK DQG 6� -� 6KDZ� 7KH IUDFWXUH UHVLVWDQFH RI D WRXJKHQHG HSR[\
DGKHVLYH� 7KH -RXUQDO RI $GKHVLRQ ��� �� �������

>��@ .� -� 0DORQH\� 0LFUR�DUFKLWHFWHG DGKHVLYH MRLQWV� 3K�'� WKHVLV� 8QLYHUVLW\ RI
&DPEULGJH �������

>��@ '� %� %RJ\� 2Q WKH SUREOHP RI HGJH�ERQGHG HODVWLF TXDUWHU�SODQHV ORDGHG DW
WKH ERXQGDU\� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG 6WUXFWXUHV �� ���� �������



�

� 5HIHUHQFHV

>��@ -� :� +XWFKLQVRQ� 0� (� 0HDU� DQG -� 5� 5LFH� &UDFN SDUDOOHOLQJ DQ LQWHUIDFH
EHWZHHQ GLVVLPLODU PDWHULDOV� -RXUQDO RI $SSOLHG 0HFKDQLFV ��� ��� �������

>��@ =� 6XR DQG -� :� +XWFKLQVRQ� 6DQGZLFK WHVW VSHFLPHQV IRU PHDVXULQJ LQWHUIDFH
FUDFN WRXJKQHVV� 0DWHULDOV 6FLHQFH DQG (QJLQHHULQJ� $ ���� ��� �������

>��@ (� '� 5HHG\ DQG 7� 5� *XHVV� ,QWHUIDFH FRUQHU IDLOXUH DQDO\VLV RI MRLQW VWUHQJWK�
HIIHFW RI DGKHUHQG VWLIIQHVV� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH ��� ��� �������



�
/LWHUDWXUH UHYLHZ

)UDFWXUH PHFKDQLFV KDV EHFRPH DQ LQGLVSHQVDEOH DSSURDFK IRU XQGHUVWDQGLQJ DQG
DYRLGLQJ IDLOXUHV RI VWUXFWXUHV� 5HFRJQL]LQJ WKDW IODZV H[LVW LQ DOO PDWHULDOV DQG

IDEULFDWHG VWUXFWXUHV� WKH ILHOG RI IUDFWXUH PHFKDQLFV VHHNV WR TXDQWLI\ WKH GULYLQJ
IRUFHV DYDLODEOH IRU FUDFN SURSDJDWLRQ >�@�
)UDFWXUH PD\ RFFXU LQ D SXUH PRGH RU LQ VRPH FRPELQDWLRQ RI WKH WKUHH SURSDJD�
WLRQ PRGHV� PRGH , � RSHQLQJ FUDFN� PRGH ,, � VOLGLQJ FUDFN� PRGH ,,, � WHDULQJ
FUDFN� GHSLFWHG LQ )LJ� ���� 0RGH , DULVHV IURP WHQVLRQ DW WKH FUDFN IURQW� 7KLV
IUDFWXUH PRGH ZHDNHQV WKH FUDFNHG PDWHULDO� FDXVLQJ IXUWKHU FUDFN RSHQLQJ DQG
RIWHQ OHDGLQJ WR FDWDVWURSKLF IDLOXUH� 0RGH ,, DQG ,,, DUH FDXVHG E\ LQ�SODQH DQG
RXW�RI�SODQH VKHDULQJ RI WKH FUDFN VXUIDFHV� UHVSHFWLYHO\� 7KHVH PRGHV PD\ UHVXOW
LQ VKLHOGLQJ RI WKH FUDFN WLS� ZKLFK UHWDLQV DQG PLJKW HYHQ LQFUHDVH WKH WRXJKQHVV
RI WKH FUDFNHG PDWHULDO >�� �@� 7KH PRGH , IUDFWXUH LV WKH PDLQ IRFXV RI WKH SUHVHQW
GLVVHUWDWLRQ DQG ZLOO EH GHVFULEHG LQ JUHDWHU GHWDLOV ODWHU�

�D� 0RGH ,� RSHQLQJ� �E� 0RGH ,,� LQ�SODQH VKHDU� �F� 0RGH ,,,� RXW�RI�SODQH
VKHDU�

)LJXUH ���� 7KH WKUHH IUDFWXUH PRGHV�

7KH ZRUN RI *ULIILWK >�@ DQG ,UZLQ >�ঀ�@ HQDEOHG WR TXDQWLI\ WKH UHVLVWDQFH RI D PD�
WHULDO DJDLQVW IUDFWXUH� *ULIILWK DGRSWHG DQ HQHUJ\ EDODQFH DSSURDFK WR GHWHUPLQH
WKH VWUHQJWK RI EULWWOH FUDFNHG PDWHULDOV� L�H� WKH FULWLFDO VWUHVV� DW ZKLFK D FUDFN
ZRXOG JURZ� LV GHULYHG IURP WKH EDODQFH EHWZHHQ WKH UHOHDVHG VWUDLQ HQHUJ\ IURP
WKH PDWHULDO VXUURXQGLQJ WKH FUDFN VXUIDFHV DQG WKH FRQVXPHG HQHUJ\ WR FUHDWH WKH

�



�

� �� /LWHUDWXUH UHYLHZ

QHZ FUDFN VXUIDFHV� *ULIILWK ZDV WKH ILUVW WR TXDQWLI\ WKH UHODWLRQ EHWZHHQ PDWH�
ULDO VWUHQJWK DQG FUDFN VL]H� 6HYHUDO GHFDGHV ODWHU� ,UZLQ PRGLILHG WKLV UHODWLRQ E\
FRQVLGHULQJ SODVWLF GHIRUPDWLRQ LQ WKH YLFLQLW\ RI WKH FUDFN WLS�
7KH VWUDLQ HQHUJ\ UHOHDVH UDWH �6(55�� ൌ� LV WKH DPRXQW RI HQHUJ\ SHU XQLW FUDFN
DUHD LPSRVHG E\ WKH ORDGLQJ FRQGLWLRQV DQG DYDLODEOH WR GULYH D JURZLQJ FUDFN�
)RU V\VWHPV LQ ZKLFK GLVVLSDWLRQ LV OLPLWHG WR WKH FUDFN WLS UHJLRQ� WKLV UHODWLRQ LV
H[SUHVVHG DV >�@�

ൌ  
ဌ�൜ ࢿ ൚�

ဌെ
� �����

ZKHUH ൜ LV WKH H[WHUQDO ZRUN� ൚ LV WKH VWRUHG HODVWLF HQHUJ\ DQG െ LV WKH FUDFN
VXUIDFH DUHD� &UDFN JURZWK RFFXUV ZKHQ WKH 6(55 UHDFKHV WKH FULWLFDO YDOXH� ൌF
�DOVR NQRZQ DV WKH FULWLFDO IUDFWXUH HQHUJ\�� 7KH SUDFWLFDOLW\ RI WKH 6(55 DSSURDFK
IURP D SK\VLFDO SRLQW RI YLHZ UHVXOWHG LQ EURDG DSSOLFDWLRQ RI LW� LQFOXGLQJ WR ERQGHG
V\VWHPV�

���� 0RGH , IUDFWXUH EHKDYLRXU RI DGKHVLYH MRLQWV
������ 'RXEOH�FDQWLOHYHU EHDP FRQILJXUDWLRQ

7KH GRXEOH�FDQWLOHYHU EHDP �'&%� VSHFLPHQ KDV EHHQ DQ DWWUDFWLYH FRQILJXUDWLRQ
IRU WKH VWXG\ RI FUDFN SURSDJDWLRQ LQ FRPSRVLWH DQG LQ DGKHVLYHO\ ERQGHG PD�

WHULDOV GXH WR LWV H[SHULPHQWDO DQG WKHRUHWLFDO VLPSOLFLW\� 7KH QDPH RULJLQDWHV IURP
WKH ZRUN RI %HQERZ DQG 5RHVOHU >�@� LQ ZKLFK HDFK DUP RI WKH VSHFLPHQ LV WUHDWHG
DV D EXLOW�LQ FDQWLOHYHU EHDP KDYLQJ D OHQJWK HTXDO WR WKH OHQJWK RI WKH FUDFN�
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)LJXUH ���� '&% FRQILJXUDWLRQ�

)LJ� ��� VFKHPDWLFDOO\ LOOXVWUDWHV WKH VWDQGDUG '&% VSHFLPHQ� ,W FRQVLVWV RI WZR
XQLIRUP DGKHUHQGV RI ZLGWK േ DQG WKLFNQHVV ߶DGKHU ERQGHG WRJHWKHU E\ DQ LQWHU�
PHGLDWH OD\HU RI DGKHVLYH RI WKLFNQHVV �൲D� 7KH XQERQGHG SDUW XS WR WKH ORDG
DSSOLFDWLRQ SRLQW KDV D OHQJWK RI ൠኺ� $ SUH�FUDFN RI OHQJWK ́ൠ LV LQLWLDOO\ PDGH LQ WKH
DGKHVLYH OD\HU E\ D UD]RU EODGH� ZKLFK LV UHPRYHG SULRU WR WHVWLQJ� 7KH LQLWLDO FUDFN
KDV D WRWDO OHQJWK RI ൠኺ � ́ൠ� 7KH ORDG ൕ LV DSSOLHG WR DGKHUHQGV LQ WKH XQERQGHG
HQG� 7KH WHVW DQG WKH GDWD WUHDWPHQW LQFRUSRUDWHV HDVLO\ PHDVXUDEOH TXDQWLWLHV



���� 0RGH , IUDFWXUH EHKDYLRXU RI DGKHVLYH MRLQWV

�

�

� PDFURVFRSLF GLVSODFHPHQW DQG H[WHUQDO IRUFH� XVHG WR HVWDEOLVK IUDFWXUH GULYLQJ
SDUDPHWHUV� VXFK DV WKH FULWLFDO PRGH , 6(55� DOVR UHIHUUHG WR DV WKH FULWLFDO PRGH
, IUDFWXUH HQHUJ\� ൌ,F�
7KURXJK WKH ODVW FHQWXU\� VHYHUDO WKHRUHWLFDO PRGHOV RI DGKHVLYH MRLQWV KDYH EHHQ
GHYHORSHG� 7KH DGKHVLYH ERQG�OLQH FDQ HLWKHU EH LQFOXGHG RU QHJOHFWHG GHSHQGLQJ
RQ WKH VFHQDULR DQG WKH DSSURDFK WDNHQ >�@� 6RPH RI WKRVH PRGHOV DUH GHVFULEHG LQ
JUHDWHU GHWDLOV LQ &KDSWHUV � WR �� VXFK DV WKH VWDQGDUG VLPSOH EHDP WKHRU\ �6%7�
RU D EHDP SDUWLDOO\ IUHH DQG SDUWLDOO\ VXSSRUWHG E\ DQ HODVWLF IRXQGDWLRQ� L�H� WKH
:LQNOHU IRXQGDWLRQ >�� ��@�

������ %L�PDWHULDO '&% DGKHVLYH MRLQWV

7KH VWDQGDUG '&% VSHFLPHQ FRQILJXUDWLRQ� IURP QRZ RQ UHIHUUHG WR DV VLQJOH�
PDWHULDO '&%� LV VKRZQ LQ )LJ� ���� KRZHYHU GLIIHUHQW YHUVLRQV RI LW H[LVW� )RU

H[DPSOH� LI WKH WZR DGKHUHQGV DUH QRW LGHQWLFDO� WKH '&% VSHFLPHQ LV DV\PPHWULF LQ
WHUPV RI JHRPHWU\ DQG PDWHULDOV� 7KLV W\SH RI FRQILJXUDWLRQ LV KHUHLQDIWHU UHIHUUHG
WR DV EL�PDWHULDO MRLQW W\SH�
&XUUHQWO\� VWDQGDUG PRGH , IUDFWXUH WHVW PHWKRGV DUH RQO\ DYDLODEOH IRU MRLQWV ZLWK
WKH VDPH DGKHUHQG PDWHULDO� ([SHULPHQWDO DQG QXPHULFDO ZRUN KDV EHHQ FDUULHG
RXW E\ PDQ\ UHVHDUFKHUV IRU VWDQGDUG '&% DGKHVLYH MRLQWV �L�H� DGKHUHQGV RI VDPH
PDWHULDO DQG WKLFNQHVV� >��ঀ��@� +RZHYHU� WKH IUDFWXUH EHKDYLRXU PLJKW EH GHSHQ�
GHQW RQ WKH PDWHULDOV RI WZR DGKHUHQGV ZKHQ SHUIRUPLQJ IUDFWXUH WHVW RI EL�PDWHULDO
'&% MRLQWV� ,Q WKLV FDVH� WKH VWDQGDUG '&% VSHFLPHQ PXVW EH DGDSWHG�
)URP RSHQ OLWHUDWXUH� LW LV IRXQG WKDW� IRU EL�PDWHULDO '&% MRLQWV� WKH PRVW FRPPRQO\
XVHG GHVLJQ FULWHULRQ LV PDWFKLQJ WKH IOH[XUDO VWLIIQHVV RI WKH WZR DGKHUHQGV >��ঀ
��@� $OWKRXJK WKH GHIOHFWLRQ RI WKH WZR DGKHUHQGV LV V\PPHWULF LQ WKH EL�PDWHULDO
'&% VSHFLPHQ GHVLJQHG ZLWK WKLV FULWHULRQ� PRGH ,, IUDFWXUH FRPSRQHQW KDV EHHQ
IRXQG >��� ��@� 2X\DQJ HW DO� >��@ KDV UHSRUWHG WKDW WKH VKHDU VWUHVV LQ WKH DGKHVLYH
LQWHUOD\HU EHWZHHQ WZR GLVVLPLODU DGKHUHQGV KDV WR EH VXSSUHVVHG WR REWDLQ SXUH
PRGH ,� RWKHUZLVH PRGH ,, ZRXOG EH SUHVHQW� =DPEHOLV HW DO� >��@ KDV YHULILHG WKH
LGHD RI 2X\DQJ HW DO� >��@ ZLWK QXPHULFDO VLPXODWLRQV� 7KHUHIRUH� D QHZ GHVLJQ
FULWHULRQ WR DFKLHYH SXUH PRGH , LQ D EL�PDWHULDO DGKHVLYH MRLQW LV QHHGHG�

������ 7KH UROH RI DGKHVLYH ERQG�OLQH WKLFNQHVV

5HVHDUFK RQ WKH HIIHFW RI DGKHVLYH ERQG�OLQH WKLFNQHVV RQ PRGH , IUDFWXUH EH�
KDYLRXU KDV PDLQO\ IRFXVHG HLWKHU RQ MRLQWV ERQGHG ZLWK VWUXFWXUDO HSR[\ DGKH�

VLYHV ZLWK ERQG�OLQH WKLFNQHVVHV QRUPDOO\ UDQJLQJ EHWZHHQ ��� DQG � PP ঀ PRVWO\
DSSOLHG WR DHURVSDFH DQG DXWRPRWLYH DSSOLFDWLRQV >�� ��ঀ��@� RU RQ MRLQWV ZLWK IOH[�
LEOH DGKHVLYHV RIWHQ ZLWK WKLFNHU ERQG�OLQHV >�� ��ঀ��@� +RZHYHU� OLPLWHG VWXGLHV
ZHUH IRXQG RQ MRLQWV ZLWK ঈH[WUD�WKLFNউ ERQG�OLQHV �! � PP XS WR �� PP� RI HSR[\
DGKHVLYHV� UHOHYDQW IRU FLYLO DQG PDULWLPH DSSOLFDWLRQV� 7KH UHVHDUFK GRQH LQ WKH
SDVW KDV SURYHG WKDW WKHUH LV D GHSHQGHQFH RI WKH FULWLFDO IUDFWXUH HQHUJ\ RI DGKHVLYH
MRLQWV RQ ERQGLQJ WKLFNQHVV� UHJDUGOHVV RI WKH QDWXUH RI WKH DGKHVLYHV� +RZHYHU�
WKHUH LV QR VLQJOH WUHQG IRU WKLV GHSHQGHQF\�
0RVW VROLG PDWHULDOV GHYHORS SODVWLF VWUDLQV ZKHQ WKH \LHOG VWUHQJWK LV H[FHHGHG LQ
WKH UHJLRQ QHDU D FUDFN WLS� 6WUXFWXUDO DGKHVLYHV� VXFK DV HSR[LHV� DUH QR H[FHSWLRQ�
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7KH DPRXQW RI SODVWLF GHIRUPDWLRQ LV UHVWULFWHG E\ WKH VXUURXQGLQJ PDWHULDO� ZKLFK
UHPDLQV HODVWLF GXULQJ ORDGLQJ� $V D UHVXOW� D SODVWLF ]RQH LV IRUPHG FRQWDLQLQJ
PLFUR�VWUXFWXUDO GHIHFWV VXFK DV GLVORFDWLRQV DQG YRLGV DQG LW LV FDOOHG WKH FUDFN WLS
SODVWLF ]RQH� 7KLV SODVWLF GHIRUPDWLRQ RFFXUV LQ D VPDOO UHJLRQ �VPDOO�VFDOH \LHOGLQJ�
DQG LV FRQVLGHUHG DV UHVSRQVLEOH RI GLVVLSDWLQJ PDMRULW\ RI H[WHUQDO ORDGLQJ� ,Q
D EXON DGKHVLYH VSHFLPHQ� ZKHQ WHQVLOH ORDGHG� LV DVVXPHG WKDW WKLV ]RQH KDV
D FLUFXODU VKDSH RI GLDPHWHU HTXDO WR �൰S� ZKHUH ൰S LV ,UZLQ
V HVWLPDWLRQ RI WKH
UDGLXV RI WKH SODVWLF ]RQH �PRUH RQ WKDW ODWHU� LQ &KDSWHU ��� ,Q D ERQGHG MRLQW� WKH
SK\VLFDO FRQVWUDLQWV RI WKH DGKHUHQGV DIIHFW WKH VWUHVV ILHOG DW WKH FUDFN WLS DQG�
FRQVHTXHQWO\� WKH VKDSH DQG VL]H RI WKH SODVWLF GHIRUPDWLRQ ]RQH� 7KH LQIOXHQFH
RI WKH DGKHUHQGV RQ WKH JHRPHWU\ RI WKH SODVWLF ]RQH YDULHV ZLWK WKH ERQG�OLQH
WKLFNQHVV >��� ��@�
,Q D ERQGHG MRLQW ZLWK D WKLQ DGKHVLYH OD\HU� WKH UROH RI WKH LQWHUSKDVHV EHFRPHV
GRPLQDQW RQ WKH IUDFWXUH EHKDYLRXU RI WKH MRLQW� 7KH WHUP LQWHUSKDVH UHODWHV WR WKH
DGKHVLYH YROXPH DGMDFHQW WR WKH VXUIDFH RI WKH DGKHUHQG� ZKLFK LV DVVXPHG WR SRV�
VHVV SURSHUWLHV GLIIHUHQW IURP WKRVH RI WKH DGKHVLYH ZKHQ FXUHG LQ WKH DEVHQFH RI
DQ DGKHUHQG� ,W KDV EHHQ UHSRUWHG WKDW HSR[LGH EDVHG DGKHVLYHV IRUP LQWHUSKDVHV
ZLWK DQ H[WHQVLRQ RI XS WR ��� ࿾P IURP WKH DGKHUHQGV VXUIDFHV >��� ��@� *HLVV
HW DO� >��@ H[SHULPHQWDOO\ PHDVXUHG WKH ORFDO GHIRUPDWLRQ RI WKH DGKHVLYH OD\HU
DQG LWV LQWHUSKDVHV LQ VKHDU�ORDGHG DGKHVLYH MRLQWV� 7KH UHVXOWV VKRZHG WKDW� LQ WKH
HODVWLF UHJLPH� WKH SURSHUWLHV RI WKH LQWHUSKDVHV ZHUH VLPLODU WR WKRVH LQ WKH FHQWUH
RI WKH DGKHVLYH MRLQW� 1HYHUWKHOHVV� WKH LQWHUSKDVHV UHYHDOHG WR EH PRUH VHQVLWLYH
WR VWUDLQ�LQGXFHG VRIWHQLQJ� ZKLFK ZDV WULJJHUHG RQFH WKH SRO\PHU
V \LHOG SRLQW ZDV
H[FHHGHG�
%DVFRP HW DO� >��@ LQYHVWLJDWHG WKH HIIHFW RI ERQG�OLQH WKLFNQHVV RQ PRGH , IUDFWXUH
EHKDYLRXU RI DOXPLQLXP MRLQWV ZLWK DQ HSR[\ DGKHVLYH DQG WKH WRXJKHQLQJ HIIHFWV
RI DGGLQJ HODVWRPHU SDUWLFOHV WR WKH HSR[\ DGKHVLYH �L�H� ��� RI WKH ZHLJKW RI
WKH HSR[\ DGKHVLYH�� 7KH FULWLFDO IUDFWXUH HQHUJ\ RI WKH MRLQWV ZLWK WKH XQPRGLILHG
HSR[\ ZDV QRW DIIHFWHG E\ WKH ERQG�OLQH WKLFNQHVV LQ WKH VWXGLHG UDQJH �L�H� IURP
���� PP XS WR � PP�� ZKLOH D VKDUS LQFUHDVH RI DOPRVW �� WLPHV ZDV REVHUYHG
LQ WKH MRLQWV ERQGHG ZLWK WKH HODVWRPHU�PRGLILHG HSR[\� 0RUHRYHU� WKH ൌ,F RI WKH
MRLQWV ZLWK WKH HODVWRPHU�PRGLILHG HSR[\ ZDV IRXQG WR EH VWURQJO\ GHSHQGHQW XSRQ
WKH WKLFNQHVV RI WKH DGKHVLYH OD\HU� 7KH ൌ,F ZDV PD[LPL]HG ZKHQ WKH ERQG�OLQH
WKLFNQHVV ZDV DERXW WKH VL]H RI WKH SODVWLF ]RQH IRUPHG DW WKH FUDFN WLS �L�H� ERQG�
OLQH WKLFNQHVV RI �������� PP�� 7KH PD[LPXP FULWLFDO IUDFWXUH HQHUJ\ ZDV KLJKHU
WKDQ WKH RQH IURP EXON DGKHVLYH�
:DQJ HW DO� >��@ QXPHULFDOO\ SUHGLFWHG WKH VWUHVVHV LQ WKH QHDU ILHOG RI WKH FUDFN WLS
LQ DGKHVLYH MRLQWV DV D IXQFWLRQ RI DGKHUHQGV�DGKHVLYH PRGXOXV UDWLR DQG DGKHVLYH
WKLFNQHVV� 7KH UHVXOWV VKRZHG WKDW ZKHQ WKH ERQG�OLQH WKLFNQHVV GHFUHDVHG� D
VKRXOGHU GHYHORSHG RQ WKH ORFDO WHQVLOH VWUHVV GLVWULEXWLRQ ZLWK WKH UHVXOW WKDW KLJKHU
VWUHVVHV H[WHQGHG DORQJ D ODUJHU GLVWDQFH DKHDG RI WKH FUDFN WLS� 7KLV GLVWDQFH
LQFUHDVHG DV WKH ERQG�OLQH WKLFNQHVV ZDV GHFUHDVLQJ�
7KH ZRUN RI .LQORFK DQG 6KDZ >��@ VXSSRUWHG WKH ILQGLQJV RI %DVFRP HW DO� >��@�
KRZHYHU YLD D VOLJKWO\ PRGLILHG DUJXPHQW EDVHG RQ WKH ZRUN RI :DQJ HW DO� >��@�
%\ DVVXPLQJ D VWUHVV VLQJXODULW\ DW WKH FUDFN WLS� .LQORFK DQG 6KDZ VXSSRVHG WKDW
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WKH \LHOG VWUHQJWK RI WKH DGKHVLYH ZRXOG EH RYHUUHDFKHG LQ VRPH ]RQH DKHDG RI WKH
FUDFN WLS� 'XH WR WKH IDFW WKDW KLJKHU VWUHVVHV VSUHDG RXW DORQJ D ODUJHU GLVWDQFH
DKHDG RI WKH FUDFN WLS DV WKH ERQG�OLQH WKLFNQHVV GHFUHDVHG� .LQORFK DQG 6KDZ
DVVXPHG WKDW WKH \LHOG FULWHULRQ ZRXOG EH H[FHHGHG DW IXUWKHU GLVWDQFHV IURP WKH
FUDFN WLS� &RQVHTXHQWO\� WKLV ZRXOG UHVXOW LQ PRUH HORQJDWHG SODVWLF ]RQHV� 7KHLU
WKHRU\ VXJJHVWHG WKDW WKHUH LV D SHDN LQ WKH FULWLFDO IUDFWXUH HQHUJ\ RI DQ DGKHVLYH
MRLQW ZKHQ WKH DGKHVLYH ERQG�OLQH WKLFNQHVV DSSURDFKHV WKH GLDPHWHU RI WKH SODVWLF
]RQH RI D JURZLQJ FUDFN LQ D EXON DGKHVLYH VSHFLPHQ� ,Q WKLV FDVH� WKH KHLJKW RI
WKH SODVWLF ]RQH LV� WKHUHIRUH� DV SUHGLFWHG IURP WKH EXON DGKHVLYH VSHFLPHQ EXW LWV
OHQJWK DKHDG RI WKH FUDFN WLS PD\ EH JUHDWHU GXH WR FRQVWUDLQW IURP WKH DGKHUHQGV�
&RQVHTXHQWO\� WKH YROXPH RI WKH SODVWLF ]RQH VKRXOG EH ODUJHU LQ WKH DGKHVLYH MRLQW
WKDQ LWV YROXPH LQ EXON DGKHVLYH VSHFLPHQV� 0RUHRYHU� WKH FULWLFDO IUDFWXUH HQHUJ\ RI
DGKHVLYH MRLQWV GHFUHDVHV DW ERQG�OLQHV WKLQQHU WKDQ WKH EXON DGKHVLYH SODVWLF ]RQH
GLDPHWHU� $OWKRXJK WKH SUHVHQFH RI VWLII DGKHUHQGV H[WHQGV WKH SODVWLF ]RQH OHQJWK�
WKH YROXPH RI WKH SODVWLF ]RQH LV DOZD\V VPDOOHU GXH WR WKLQQHU ERQG�OLQHV� 2Q
WKH RWKHU KDQG� LQ MRLQWV ZLWK ERQG�OLQH WKLFNQHVVHV JUHDWHU WKDQ WKH EXON DGKHVLYH
SODVWLF ]RQH GLDPHWHU� WKH FRQVWUDLQW OHYHO IURP WKH DGKHUHQGV LV ORZHU� UHVXOWLQJ
LQ D UHGXFWLRQ RI WKH OHQJWK RI WKH SODVWLF ]RQH� DQG� WKXV� LQ ORZHU YDOXHV RI WKH
FULWLFDO IUDFWXUH HQHUJ\ RI WKH MRLQWV �WHQGLQJ WRZDUGV WKH FULWLFDO IUDFWXUH HQHUJ\ RI
WKH EXON DGKHVLYH��
7KH UHVXOWV RI RWKHU UHVHDUFKHUV IXUWKHU VXSSRUWHG WKH SURSRVDOV RI %DVFRP HW DO�
>��@ DQG .LQORFK DQG 6KDZ >��@� UHJDUGLQJ WKH UROH RI WKH SODVWLF ]RQH VL]H RQ WKH
FULWLFDO IUDFWXUH HQHUJ\�DGKHVLYH WKLFNQHVV UHODWLRQ RI DGKHVLYH MRLQWV� +XQVWRQ HW
DO� >��@ FRQGXFWHG IUDFWXUH H[SHULPHQWV RQ DGKHVLYH MRLQWV FRPSRVHG E\ DOXPLQLXP
DGKHUHQGV DQG DQ HODVWRPHU�PRGLILHG HSR[\ DGKHVLYH� %RQGHG MRLQWV ZLWK DGKHVLYH
WKLFNQHVVHV RI ����� � DQG � PP ZHUH WHVWHG DQG WKH VWUHVV�ZKLWHQLQJ WKDW RFFXUUHG
DW WKH FUDFN WLS ZDV XVHG WR HYDOXDWH WKH VL]H DQG VKDSH RI WKH SODVWLF ]RQH� 7KH
UHVXOWV VKRZHG WKDW WKH SODVWLF ]RQH FKDQJHV ZLWK WKH ERQG�OLQH WKLFNQHVV GXH WR
WKH SK\VLFDO FRQVWUDLQW RI WKH DGKHUHQGV DQG WKH VWUHVV ILHOG DW WKH FUDFN WLS� 7KH
PD[LPXP YDOXH RI WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\ ZDV IRXQG WR RFFXU DW D
VSHFLILF WKLFNQHVV ZKHUH WKH KHLJKW RI WKH SODVWLF ]RQH ZDV HTXDO WR WKH ERQG�OLQH
WKLFNQHVV�
0DORQH\ >�@ LQYHVWLJDWHG WKH PRGH , IUDFWXUH EHKDYLRXU RI DOXPLQLXP MRLQWV ERQGHG
ZLWK D VWUXFWXUDO HSR[\ DGKHVLYH �$UDOGLWH ����� +XQWVPDQn�� ZLWK ERQG�OLQH WKLFN�
QHVVHV UDQJLQJ IURP ��� WR ��� PP� )DLOXUH RI WKH MRLQWV ZDV REVHUYHG WR RFFXU E\
FRKHVLYH SURSDJDWLRQ RI D VLQJOH FUDFN� (YLGHQFH RI SODVWLF GDPDJH PHFKDQLVPV
RFFXUULQJ DW WKH WLS RI WKH JURZLQJ FUDFN ZDV IRXQG DORQJ WKH IDLOXUH VXUIDFHV� VXFK
DV VWUHVV ZKLWHQLQJ� 7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\� ൌ,F� RI MRLQWV ZLWK ERQG�OLQH
WKLFNQHVVHV RI ��� DQG ��� PP ZDV IRXQG WR EH PXFK ORZHU WKDQ WKH RQH RI WKH EXON
DGKHVLYH VSHFLPHQV� ZKLOH WKH ൌ,F RI WKH ��� PP WKLFN ERQG�OLQH MRLQWV ZDV VLPLODU
WR WKH FULWLFDO IUDFWXUH HQHUJ\ RI WKH EXON DGKHVLYH VSHFLPHQV� 7KH MRLQWV ZLWK D
ILQLWH DGKHVLYH ERQG�OLQH WKLFNQHVV RI � PP SUHVHQWHG WKH KLJKHVW ൌ,F YDOXH� 7KLV
PD[LPXP RFFXUUHG DW D ERQG�OLQH WKLFNQHVV QHDUO\ HTXDO WR WKH VL]H RI WKH SODVWLF
]RQH�
$V PHQWLRQHG HDUOLHU� WKHUH LV QR VLQJOH WUHQG WR GHVFULEH WKH GHSHQGHQFH RI WKH
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FULWLFDO IUDFWXUH HQHUJ\ RI DGKHVLYH MRLQWV RQ ERQGLQJ WKLFNQHVV DQG LQ VRPH FDVHV
WKH SURSRVDOV RI %DVFRP HW DO� >��@ DQG .LQORFK DQG 6KDZ >��@ GR QRW FRUUHODWH
ZHOO ZLWK WKH H[SHULPHQWDO UHVXOWV� 5DQDGH HW DO� >��@ KDYH VWXGLHG WKH HIIHFW RI WKH
ERQG�OLQH WKLFNQHVV RQ WKH FULWLFDO IUDFWXUH HQHUJ\ XQGHU PRGH , ORDGLQJ FRQGLWLRQV
RI DOXPLQLXP VSHFLPHQV ERQGHG ZLWK D VWUXFWXUDO HSR[\ DGKHVLYH� 7KH ERQG�OLQH
WKLFNQHVV YDULHG IURP ���� XS WR ��� PP� 7KH IUDFWXUH HQHUJLHV LQFUHDVHG ZLWK
DQ LQFUHDVH LQ WKH ERQG�OLQH WKLFNQHVV XS WR DERXW � PP DQG UHPDLQHG FRQVWDQW
RXW WR WKH PD[LPXP ERQG�OLQH WKLFNQHVV RI DERXW ��� PP� $Q HVWLPDWH RI WKH
SODVWLF ]RQH OHQJWK ZDV REWDLQHG E\ WHVWLQJ EXON DGKHVLYH VSHFLPHQV DQG WKH UHVXOW
ZDV FRPSDUHG WR WKH H[SHULPHQWDO ERQG�OLQH WKLFNQHVVHV� 7KH HVWLPDWHG SODVWLF
]RQH OHQJWK ZDV DERXW RQH�IRXUWK WKH ERQG�OLQH WKLFNQHVV YDOXH RI � PP �ZKHUH D
SODWHDX RI ൌ,F ZDV DFKLHYHG�� 1R GHWDLOHG DQDO\VLV RI WKH FUDFN SDWK ZDV UHSRUWHG
DQG� FRQVHTXHQWO\� WKH FULWLFDO IUDFWXUH HQHUJ\�DGKHVLYH ERQG�OLQH WKLFNQHVV UHODWLRQ
FRXOG QRW EH IXOO\ XQGHUVWRRG�
'DJK\DQL HW DO� >��� ��@ LQYHVWLJDWHG WKH HIIHFW RI ERQG WKLFNQHVV RQ WKH PRGH
, IUDFWXUH WRXJKQHVV RI DOXPLQLXP DGKHVLYH MRLQWV� $ UXEEHU�WRXJKHQHG DGKHVLYH
ZDV XVHG� 7KH FULWLFDO IUDFWXUH HQHUJ\ LQFUHDVHG JUDGXDOO\ XS WR � PP WKLFN ERQG�
OLQH� WHQGLQJ WR D SODWHDX DIWHUZDUGV� )RU ERQG�OLQH WKLFNQHVVHV ODUJHU WKDQ � PP�
WKHUH ZDV D VKDUS LQFUHDVH LQ WKH FULWLFDO IUDFWXUH HQHUJ\ WRZDUGV WKH FULWLFDO IUDFWXUH
HQHUJ\ RI WKH EXON DGKHVLYH PDWHULDO� 7KH DXWKRUV FRQFOXGHG WKDW WKH UHODWLRQVKLS
EHWZHHQ WKH FULWLFDO IUDFWXUH HQHUJ\ DQG WKH DGKHVLYH ERQG�OLQH WKLFNQHVV LV PDLQO\
FRQWUROOHG E\ WKH SODVWLF GHIRUPDWLRQ RI WKH DGKHVLYH DURXQG WKH FUDFN WLS DV PD\ EH
LQIOXHQFHG E\ WKH FRQVWUDLQW LPSRVHG E\ WKH DGKHUHQGV� 7RXJK IUDFWXUH PHFKDQLVPV
ZHUH REVHUYHG LQ WKLFN ERQGV DQG WKHLU SUHVHQFH EHFDPH PRUH SURQRXQFHG ZLWK
LQFUHDVLQJ DGKHVLYH ERQG�OLQH WKLFNQHVV�
&RRSHU HW DO� >��@ SHUIRUPHG D FRPELQHG H[SHULPHQWDO�QXPHULFDO VWXG\ RI WKH IUDF�
WXUH EHKDYLRXU RI D UXEEHU�WRXJKHQHG HSR[\ DGKHVLYH� 0HWDOOLF DGKHVLYH MRLQWV ZLWK
YDULRXV ERQG�OLQH WKLFNQHVVHV UDQJLQJ IURP ���� WR ��� PP ZHUH WHVWHG� 7KH IUDF�
WXUH HQHUJLHV LQFUHDVHG VWHDGLO\ IURP ��� 1�PP DW ���� PP ERQG�OLQH WKLFNQHVV
WR ��� 1�PP DW ��� PP DQG UHPDLQHG DOPRVW FRQVWDQW IRU ODUJHU ERQG�OLQH WKLFN�
QHVVHV� 7KH DXWKRUV DUJXHG WKDW PRVW RI WKH HQHUJ\ GLVVLSDWLRQ RFFXUV ORFDOO\ LQ WKH
SODVWLF ]RQH IRUPHG DKHDG RI WKH FUDFN WLS DQG WKDW WKH LQWHQVLW\ RI ORFDO SODVWLFLW\
LV WKH PDLQ IDFWRU LQ GHWHUPLQLQJ WKH FULWLFDO IUDFWXUH HQHUJ\ DQG QRW RQO\ WKH VL]H
RI WKH SODVWLF ]RQH�
$V DIRUHPHQWLRQHG� LQ ERQGHG MRLQWV ZLWK IOH[LEOH DGKHVLYHV� WKH DGKHVLYH ERQG�
OLQH WKLFNQHVV DOVR SOD\V D UROH LQ PRGH , IUDFWXUH EHKDYLRXU DQG VRPH VWXGLHV
KDYH IRFXVHG RQ WKLV WRSLF >�� ��� ��@� 0DORQH\ >�@ SHUIRUPHG H[SHULPHQWV ZLWK
DGKHVLYH MRLQWV FRQVLVWLQJ RI DOXPLQLXP DGKHUHQGV DQG DQ HODVWRPHULF DGKHVLYH �D
VLO\O�PRGLILHG SRO\PHU�� 7ZR ERQG�OLQH WKLFNQHVVHV ZHUH WHVWHG� ��� DQG ��� PP�
7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\ LQFUHDVHG ZLWK WKH DGKHVLYH ERQG�OLQH WKLFNQHVV�
,Q RUGHU WR EHWWHU XQGHUVWDQG WKH GDPDJH PHFKDQLVPV RFFXUULQJ GXULQJ WKH FUDFN
JURZWK� WKH DGKHVLYH OD\HU ZDV VFDQQHG E\ FRPSXWHG WRPRJUDSK\� 7KH MRLQWV RI D
ERQG�OLQH RI ��� PP SUHVHQWHG D KLJKHU FRQFHQWUDWLRQ RI YRLGV QHDU HDFK LQWHUIDFH
WKDQ DORQJ WKH PLG�SODQH RI WKH DGKHVLYH OD\HU� +RZHYHU� WKH YRLGV DORQJ WKH PLG�
SODQH WHQGHG WR EH ODUJHU WKDQ WKRVH QHDU HDFK LQWHUIDFH� 7KH DGKHVLYH DORQJ WKH
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IUHH VXUIDFHV RI WKH MRLQWV RIWHQ IDLOHG LQ WKH ODVW SODFH� DIWHU WKH DGKHVLYH LQ WKH
LQQHU UHJLRQ KDV IDLOHG E\ FDYLWDWLRQ GXH WR D FULWLFDO VWDWH RI K\GURVWDWLF VWUHVV�
6LPLODU IDLOXUH PHFKDQLVPV ZHUH REVHUYHG LQ MRLQWV ZLWK ERQG�OLQH WKLFNQHVVHV RI
��� PP� 7KHVH MRLQWV DOVR GLVSOD\HG YRLGV DORQJ QDUURZ VWULSV RI DGKHVLYH LQ WKH
FHQWUDO UHJLRQ DURXQG � PP IURP DQ\ IUHH VXUIDFH� SUREDEO\ ZKHUH WKH K\GURVWDWLF
VWUHVV UHDFKHG D FULWLFDO YDOXH�

������ 7KH UROH RI PDWHULDO RI DGKHUHQGV

7KH VXEMHFW RI WKH HIIHFW RI WKH PDWHULDO RI WKH DGKHUHQGV RQ WKH IDLOXUH RI DG�
KHVLYH MRLQWV KDV EHHQ PDLQO\ LQYHVWLJDWHG IRU WKH VKHDU ORDGLQJ FDVH� QDPHO\

ZLWK ODS�VKHDU WHVWV >��ঀ��@� 7KHVH VWXGLHV DGGUHVVHG WKH HIIHFW RI WKH PDWHULDO RI
WKH DGKHUHQGV LQ WZR GLVWLQFW ZD\V� E\ FRQVLGHULQJ VLQJOH�PDWHULDO DGKHVLYH MRLQWV
ZLWK GLIIHUHQW DGKHUHQG WKLFNQHVVHV� RU E\ FRQVLGHULQJ EL�PDWHULDO DGKHVLYH MRLQWV�
/RRNLQJ DW WKH HIIHFW RI WKH PDWHULDO RI WKH DGKHUHQGV RQ WKH PRGH , IUDFWXUH EH�
KDYLRXU RI DGKHVLYH MRLQWV� VRPH VWXGLHV DUH DYDLODEOH >��� ��� ��ঀ��@� +RZHYHU�
WKHVH VWXGLHV FRPPRQO\ DGGUHVV WKH HIIHFW RI WKH PDWHULDO RI WKH DGKHUHQGV E\
FRQVLGHULQJ VLQJOH�PDWHULDO DGKHVLYH MRLQWV ZLWK GLIIHUHQW DGKHUHQG WKLFNQHVVHV�
.DZDVKLWD HW DO� >��@ LQYHVWLJDWHG WKH HIIHFW RI WKH DGKHUHQG WKLFNQHVV RQ WKH FULWLFDO
PRGH , IUDFWXUH HQHUJ\ RI PHWDOOLF MRLQWV� ERQGHG ZLWK D UXEEHU WRXJKHQHG HSR[\
DGKHVLYH �ERQG�OLQH WKLFNQHVV RI ���� PP�� 7KUHH GLIIHUHQW DGKHUHQG WKLFNQHVVHV
ZHUH FRQVLGHUHG� ���� �� ��� PP� ,W LV UHSRUWHG WKDW WKH ORZHVW YDOXH RI ൌ,F FRUUH�
VSRQGV WR WKH ORZHVW DGKHUHQG WKLFNQHVV� ZKLOH LWV YDOXH VKRZV LQGHSHQGHQFH IRU
WKLFNHU DGKHUHQGV� 7KH ORZHVW YDOXH RI ൌ,F LV MXVWLILHG E\ WKH IDLOXUH W\SH LQ WKHVH
VSHFLPHQV� (YLGHQFH RI LQWHUIDFLDO IDLOXUH ZDV IRXQG RQ WKH IUDFWXUHG VXUIDFHV�
.DINDOLGLV HW DO� >��@ SHUIRUPHG IUDFWXUH H[SHULPHQWV ZLWK VWHHO�VWHHO DQG DOXPLQLXP�
DOXPLQLXP '&% DGKHVLYH MRLQWV� 7KUHH GLIIHUHQW DGKHUHQG WKLFNQHVVHV ZHUH VWXGLHG�
7KH FULWLFDO IUDFWXUH HQHUJ\ RI WKH DGKHVLYH MRLQWV ZDV IRXQG WR EH LQGHSHQGHQW RI
WKH WKLFNQHVV RI WKH DGKHUHQGV DQG WKH DGKHUHQG PDWHULDO W\SH� 7KH SHDN VWUHVV
DQG WKH FULWLFDO GLVSODFHPHQW IRU IDLOXUH VXSSRUWHG E\ WKH DGKHVLYH YDULHG ZLWK WKH
FRQVWUDLQW OHYHO LQ VXFK D PDQQHU WKDW WKH FULWLFDO IUDFWXUH HQHUJ\ UHPDLQHG DSSUR[�
LPDWHO\ FRQVWDQW�
0DUWLQ\ HW DO� >��@ FRQGXFWHG D QXPHULFDO VWXG\ RQ WKH HIIHFWV RI WKH DGKHUHQG VWLII�
QHVV RQ WKH IUDFWXUH EHKDYLRXU RI DGKHVLYHO\�ERQGHG MRLQWV� FRQVLVWLQJ RI PHWDOOLF
DGKHUHQGV DQG DQ HSR[\�EDVHG VWUXFWXUDO DGKHVLYH� 7ZR DGKHUHQG PDWHULDOV ZHUH
FRQVLGHUHG� VWHHO DQG DOXPLQLXP� ,Q DGGLWLRQ� GLIIHUHQW DGKHUHQG WKLFNQHVVHV ZHUH
VWXGLHG� $W D JLYHQ YDOXH RI WKH DGKHVLYH OD\HU WKLFNQHVV� WKH SUHGLFWHG YDOXHV RI ൌ,F
YDULHG E\ RQO\ DERXW ���� UHJDUGOHVV RI WKH DGKHUHQG PDWHULDO DQG WKLFNQHVV� 7KH
DXWKRUV H[SODLQHG WKHVH UHVXOWV E\ WKH KLJKHU GHJUHH RI FRQVWUDLQW WKDW LV LPSRVHG
WR WKH DGKHVLYH E\ HPSOR\LQJ KLJK�PRGXOXV DQG�RU UHODWLYHO\ WKLFN DGKHUHQGV�
'DJK\DQL HW DO� >��@ LQYHVWLJDWHG WKH FRQVWUDLQW HIIHFW RQ WKH IUDFWXUH EHKDYLRXU
RI D UXEEHU�PRGLILHG HSR[\� YLD FRPSDFW WHQVLRQ DGKHVLYH MRLQWV� 7KH QXPHULFDOO\
SUHGLFWHG YDOXHV RI ൌ,F GHFUHDVHG DV WKH DGKHUHQG VWLIIQHVV LQFUHDVHG� 7KH JUHDWHU
GHJUHH RI FRQVWUDLQW ZLWK LQFUHDVLQJ DGKHUHQG VWLIIQHVV OHG WR D ORZHU H[WHQW RI WKH
SODVWLF HQHUJ\ GLVVLSDWLRQ�
%ODFNPDQ HW DO� >��@ SHUIRUPHG PRGH , IUDFWXUH WHVWV ZLWK VLQJOH�PDWHULDO '&%



�

�� �� /LWHUDWXUH UHYLHZ

DGKHVLYH MRLQWV� 7ZR DGKHUHQG PDWHULDOV ZHUH VWXGLHG� DQ XQLGLUHFWLRQDO FDUERQ�
ILEUH UHLQIRUFHG SODVWLF �&)53� DQG D PLOG VWHHO �JUDGH (1���� 7KHVH DGKHUHQGV
ZHUH ERQGHG ZLWK WKH VDPH VWUXFWXUDO HSR[\�SDVWH DGKHVLYH� 7KH WKLFNQHVV RI
WKH ERQG�OLQH ZDV ��� PP� $OO VDPSOHV IDLOHG FRKHVLYHO\� QR LQWHUIDFLDO IDLOXUH ZDV
REVHUYHG� 7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\ DSSHDUHG WR EH GHSHQGHQW RQ WKH
DGKHUHQG PDWHULDO XVHG� 7KH DXWRUV FRQFOXGHG WKDW WKH GLIIHUHQW YDOXHV RI WKH JODVV
WUDQVLWLRQ WHPSHUDWXUH� ൙J� RI WKH FXUHG DGKHVLYH LQ WKH GLIIHUHQW DGKHVLYH MRLQWV
ZHUH WKH SRWHQWLDO FDXVH RI WKH GHSHQGHQFH RI ൌ,F ZLWK WKH DGKHUHQG PDWHULDO� /RZ
YROXPHV RI ZDWHU GLIIXVHG IURP WKH &)53 DGKHUHQGV LQWR WKH DGKHVLYH� 7KH ZDWHU
GLIIXVLRQ LQWHUIHUHG ZLWK WKH IRUPDWLRQ RI UXEEHU�SDUWLFXODWH VHSDUDWHG�SKDVH GXULQJ
WKH FXUH RI WKH HSR[\ DGKHVLYH� DIIHFWLQJ WKH ൙J DQG� FRQVHTXHQWO\� WKH ൌ,F RI WKH
&)53�&)53 DGKHVLYH MRLQWV >��@�
7KH UHVHDUFK FDUULHG RQ XS WR QRZ DGGUHVVHG WKH HIIHFW RI WKH PDWHULDO RI WKH
DGKHUHQGV RQ WKH FULWLFDO IUDFWXUH HQHUJ\ RI DGKHVLYH MRLQWV E\ VROHO\ FRQVLGHULQJ
VLQJOH�PDWHULDO DGKHVLYH MRLQWV ZLWK GLIIHUHQW DGKHUHQG WKLFNQHVVHV� %HVLGHV� WKH
VWXGLHV DYDLODEOH DUH EDVHG LQ VWDQGDUG UHGXFWLRQ VFKHPHV� ZKLFK GR QRW WDNH HQ�
WLUHO\ LQWR DFFRXQW WKH JHRPHWULF DQG PDWHULDO SURSHUWLHV RI WKH DGKHVLYH MRLQWV� OLNH
DGKHVLYH ERQG�OLQH WKLFNQHVV DQG RXW�RI�SODQH VWLIIQHVV RI WKH DGKHUHQGV� 0RUH�
RYHU� WR WKH DXWKRU
V EHVW NQRZOHGJH� QR VWXGLHV LQYHVWLJDWLQJ WKH SRVVLEOH FKDQJHV
RQ WKH FULWLFDO IUDFWXUH HQHUJ\ RI EL�PDWHULDO DGKHVLYH MRLQWV DUH IRXQG LQ RSHQ OLWHU�
DWXUH�

���� 7KH VSHFLDO FDVH RI DGKHVLYH MRLQWV ZLWK ȇH[WUD�
WKLFNȈ ERQG�OLQHV

7KH XVH RI DGKHVLYH ERQGLQJ WHFKQRORJ\ LQ FLYLO DQG VKLSEXLOGLQJ LQGXVWULHV UH�
VXOWV LQ ERQGHG UHJLRQV FKDUDFWHUL]HG E\ DGKHVLYH OD\HUV ZLWK D WKLFNQHVV RI XS

WR � DQG �� PP� UHVSHFWLYHO\� 6XFK DGKHVLYH WKLFNQHVVHV DUH LPSRVHG E\ LQ�VLWX
RU PDQXIDFWXULQJ >��@ FRQVWUDLQWV� :LWK VXFK WKLFNQHVVHV� D ZHDNQHVV WR EH UHF�
RJQL]HG� IURP ERWK WKH VFLHQWLILF DQG DSSOLHG SRLQWV RI YLHZ� LV VWUHVV JUDGLHQW DW
EL�PDWHULDO HGJHV DQG FRUQHUV� H[DFHUEDWHG E\ GLIIHUHQFHV LQ PDWHULDOV SURSHUWLHV
>��ঀ��@� /RFDOO\� SHHO IRUFHV DULVH DQG PLJKW UHVXOW LQ ORFDO GDPDJH DQG IUDFWXUH
RQVHW� LQ FDVH WKH ERQGHG UHJLRQ LV VXEMHFWHG WR H[WHUQDO ORDGLQJ� EHLQJ WKH PRGH
, ORDGLQJ FDVH WKH PRVW FULWLFDO�
0RUHRYHU� VWUXFWXUDO HSR[\ DGKHVLYHV DUH RIWHQ LQGLFDWHG� E\ WKH VKLSEXLOGLQJ DQG
FLYLO HQJLQHHUV� WR EH XVHG LQ WKH EL�PDWHULDO MRLQWV� 7KHLU HODVWLF�SODVWLF PDWHULDO
FKDUDFWHULVWLFV� LQ DGGLWLRQ WR WKH DIRUHPHQWLRQHG JHRPHWULF OHQJWK VFDOH RI WKH
WKLFNQHVV RI WKH DGKHVLYH OD\HU� LQWURGXFHV D PDWHULDO OHQJWK VFDOH RI D SODVWLF UDGLXV
>��@� :KHQ WKH \LHOG VWUHQJWK RI WKH DGKHVLYH LV H[FHHGHG LQ WKH UHJLRQ QHDU D
FUDFN WLS� SODVWLF GHIRUPDWLRQ RFFXUV LQ D VPDOO UHJLRQ� DV LW LV UHVWULFWHG E\ WKH
VXUURXQGLQJ PDWHULDO� ZKLFK UHPDLQV HODVWLF� 7KLV SODVWLF GHIRUPDWLRQ LV FRQVLGHUHG
DV UHVSRQVLEOH IRU GLVVLSDWLRQ RI WKH PDMRULW\ RI WKH H[WHUQDO ORDGLQJ� &RQWURO RYHU
H�J� WKH QXPEHU� WKH ORFDOL]DWLRQ DQG VL]H RI WKH SODVWLF UHJLRQV LV KLJKO\ GHVLUHG DQG
LQ SULQFLSOH FRXOG LQFUHDVH ERWK UHOLDELOLW\ DQG RYHUDOO SHUIRUPDQFH RI WKH DGKHVLYH
MRLQW LQ VXVWDLQLQJ H[WHUQDO ORDGLQJ�
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�D� .DQQLQHQ >��@� KRPRJHQHRXV '&% VSHFLPHQ
PRGHOOHG E\ FRQVLGHULQJ D ILQLWH OHQJWK EHDP
ZKLFK LV SDUWLDOO\ IUHH DQG SDUWLDOO\ VXSSRUWHG E\
DQ HODVWLF IRXQGDWLRQ�
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�E� )� 9DQ /RRFN� 0�'� 7KRXOHVV� 1�$� )OHFN
������ >��@� DGKHVLYH MRLQW ZLWK VHPL�LQILQLWH
FUDFN VXEMHFWHG WR D UHPRWH PRGH , .�ILHOG�

)LJXUH ���� &RPSDULVRQ RI PRGH , JHRPHWULHV XVHG WR DQDO\VH DGKHVLYH MRLQWV�

7KH WKHRUHWLFDO GHVFULSWLRQ RI WKH '&% FRQILJXUDWLRQ KDV EHHQ PRGLILHG DQG H[�
WHQGHG WR FRYHU WKH HIIHFWV RI YDULRXV SDUDPHWHUV �H�J� ERQG�OLQH WKLFNQHVV RU
VKHDU GHIRUPDWLRQ RI DGKHUHQGV�� $V DIRUHPHQWLRQHG LQ VHFWLRQ ���� %HQERZ DQG
5RHVOHU >�@ ZHUH WKH ILUVW WR WKHRUHWLFDOO\ PRGHO D '&% VSHFLPHQ E\ IROORZLQJ WKH
VLPSOH EHDP WKHRU\ WR PRGHO WKH FUDFNHG SDUWV RI WKH DGKHUHQGV DV EXLOW�LQ FDQ�
WLOHYHU EHDPV� ,Q WKLV PRGHO� WKH ERQGHG �LQWDFW� SDUW RI WKH MRLQW ZDV DVVXPHG DV
FRPSOHWHO\ ULJLG� ZKLFK RYHUHVWLPDWHG WKH VWLIIQHVV RI WKH MRLQW�
.DQQLQHQ >��@ GHYHORSHG WKH ঈDXJPHQWHG '&% PRGHOউ IRU FUDFN SURSDJDWLRQ DQDO�
\VLV RI D KRPRJHQHRXV VSHFLPHQ DV VKRZQ LQ )LJ� ����D�� 7KH PRGHO WDNHV GLUHFW
DFFRXQW RI WKH UHJLRQ EHKLQG WKH FUDFN E\ FRQVLGHULQJ D ILQLWH OHQJWK EHDP ZKLFK LV
SDUWLDOO\ IUHH �UHSUHVHQWLQJ WKH XQERQGHG SDUW RI WKH VSHFLPHQ� DQG SDUWLDOO\ VXS�
SRUWHG E\ DQ HODVWLF IRXQGDWLRQ �UHSUHVHQWLQJ WKH ERQGHG UHJLRQ�� 7KH PDWKHPDW�
LFDO GHVFULSWLRQ RI WKH PRGHO LV EDVHG RQ WKH VLPSOHVW WKHRULHV� WKH (XOHU�%HUQRXOOL
EHDP WKHRU\ DQG WKH :LQNOHU IRXQGDWLRQ� 7KLV PRGHO UHPDUNDEO\ JLYHV LQIRUPD�
WLRQ DERXW WKH UHJLRQ LQ IURQW RI WKH FUDFN� LQ SDUWLFXODU WKH HODVWLF SURFHVV ]RQH�
࿽ዅኻ� ZKLFK LV LQWHUSUHWHG DV WKH GLVWDQFH �IURP WKH FUDFN WLS� RYHU ZKLFK WKH SRVL�
WLYH SHHO VWUHVV LV GLVWULEXWHG� 7KHUHIRUH� WKLV PRGHO FDQ IRUP D SKHQRPHQRORJLFDO
EDVLV IRU FRKHVLYH ]RQH PRGHOV DV FUDFN WLS RSHQLQJ GLVSODFHPHQWV DQG VWUHVV DUH
LQFRUSRUDWHG� +RZHYHU� WKLV DQDO\VLV� ZKLFK FDQ EH FRQVLGHUHG DV PHVR�VFDOH� ZDV
LQWHQGHG IRU IUDFWXUH RI KRPRJHQHRXV PDWHULDOV DQG� WKHUHIRUH� GLG QRW LQFOXGH DQ
DGKHVLYH OD\HU� /DWHU RQ� 3HQDGR H[WHQGHG .DQQLQHQ
V DQDO\VLV WR DGKHVLYH MRLQWV�
E\ LQFOXGLQJ WKH DGKHVLYH OD\HU LQ WKH DQDO\VLV >��@� 0RUHRYHU� <DPDGD PRGHOOHG
WKH ERQGHG UHJLRQ E\ FRQVLGHULQJ D EHDP RQ DQ HODVWLF�SODVWLF IRXQGDWLRQ >��@�
$W WKLV VWDJH� LW VHHPV UHDVRQDEOH WR SRVWXODWH WKDW WKH OLPLW RI DSSOLFDELOLW\ RI YDULRXV
PRGHOV LV UHODWHG WR WKH DGKHVLYH WKLFNQHVV� $V WKH DGKHVLYH WKLFNQHVV WHQGV WR
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]HUR� OLNH LQ ODPLQDWHG PDWHULDOV� HLWKHU %HQERZ DQG 5RHVOHU >�@ RU .DQQLQHQ >��@
DSSUR[LPDWLRQV ZLOO VXIILFH� )RU VXIILFLHQWO\ WKLFN ERQG�OLQHV� DV VKRZQ LQ )LJ� ����
ORFDO VWUHVV JUDGLHQWV DW LQWHUIDFHV VKRXOG EH H[SHFWHG� KRZHYHU� PHVR� DQG ORFDO�
VFDOH DQDO\VLV VKRXOG EH XVHG� VXFK DV 3HQDGR
V DQG <DPDGD
V DQDO\VHV >��� ��@�
)LQDOO\� RQFH DGKHVLYH WKLFNQHVV WHQGV WR LQILQLW\� LQ WKH SUHVHQFH RI D HPEHGGHG
FUDFN� VWUHVV LQWHQVLW\ DV\PSWRWLF DQDO\VLV ZLOO EH QHFHVVDU\ >��@�
)ROORZLQJ WKH HDUO\ ZRUNV RI 'XQGXUV DQG %RJ\ >��� ��@� LW KDV EHHQ UHFRJQL]HG WKDW
WKH VR�FDOOHG EDVLF LQWHUIDFH SUREOHP �WZR GLVVLPLODU PDWHULDOV ERQGHG DORQJ VKDUHG
LQWHUIDFH XQGHU UHPRWH ORDGLQJ� LQWURGXFHV ORFDO VWUHVV JUDGLHQWV GXR WR WKH PDWHULDO
SURSHUWLHV PLVPDWFK� 6XFK VLQJXODU VWUHVV ILHOG� LQ FDVH RI PDWHULDOV FRQWDLQLQJ D
FUDFN� FRPHV DV FRPSOHPHQWDU\ WR WKH FUDFN WLS VWUHVV ILHOG�
,Q ����� +XWFKLQVRQ HW DO� >��@ LQYHVWLJDWHG FRPSHWLWLRQ EHWZHHQ WKH FUDFN WLS
VLQJXODU ILHOG DQG PDWHULDOV PLVPDWFK LQGXFHG VWUHVV JUDGLHQW QHDU WKH LQWHUIDFH�
OHDGLQJ WR IRUPXODWLRQ RI FRQGLWLRQV IRU D VXE�LQWHUIDFH FUDFN JURZWK� +HUH� DXWKRUV
QRWHG WKDW WKH VWDEOH VXE�LQWHUIDFH FUDFN JURZWK LV XQOLNHO\ DQG RQFH WKH FUDFN IURQW
RQVHWV LQ FRKHVLYH PDQQHU ZLWKLQ DQ\ RI WKH WZR MRLQHG PDWHULDOV� FRQILJXUDWLRQDO
�ऎ GLUHFWLRQDO� VWDELOLW\ RI WKH FUDFN IROORZV DQRWKHU FULWHULRQ �&RWWHUHOO�5LFH WKHRU\
>��@�� )URP WKLV ZRUN� ZH OHDUQ WKDW RQO\ D QHJDWLYH QRQ�VLQJXODU WHUP DW WKH FUDFN
WLS �ZKLFK UHIHUV VSHFLILFDOO\ WR WKH VR�FDOOHG ൙�VWUHVV H[SODLQHG DW D ODWHU VWDJH LQ
&KDSWHU �� FDQ JXDUDQWHH VWDEOH FUDFN JURZWK� 7KH EDVLF LQWHUIDFH SUREOHP HQULFKHG
E\ WKH SUHVHQFH RI DQ LQWHUIDFH FUDFN ZDV SXUVXHG E\ 6XR DQG +XWFKLQVRQ >��� ��@�
7KH FODVVLF VTXDUH URRW GHSHQGHQFH RI WKH VWUHVVHV RQ WKH GLVWDQFH DZD\ IURP WKH
FUDFN WLS UHPDLQV� KRZHYHU� PDWHULDO PLVPDWFK HQIRUFHV XVH RI FRPSOH[ YDULDEOHV
DQG DGGV DGGLWLRQDO WHUP WR WKH SRZHU GHSHQGHQFH RI WKH VWUHVV RQ WKH GLVWDQFH
IURP WKH FUDFN WLS�
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)LJXUH ���� $GKHVLYH MRLQW ZLWK WKLFN ERQG�OLQH� JHRPHWU\ LGHDOL]DWLRQ WR DYRLG ORFDO VWUHVV SHDNV DW
LQWHUIDFHV �PRUH RQ WKDW ODWHU LQ &KDSWHU ���

5HFHQWO\� )� 9DQ /RRFN HW DO� >��@ VWXGLHG DGKHVLYH MRLQWV VXEMHFWHG WR D UHPRWH
PRGH , .�ILHOG RI PDJQLWXGH ൐ጼ� 7KH MRLQWV� FRPSRVHG E\ DQ HODVWLF DGKHVLYH OD\HU
RI WKLFNQHVV �൲D VDQGZLFKHG EHWZHHQ WZR HODVWLF DGKHUHQGV� FRQWDLQHG D VHPL�
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LQILQLWH FUDFN DV VKRZQ LQ )LJ� ����E�� 7KH QRUPDO VWUHVV FRPSRQHQW စ፲፲ GLVWULEX�
WLRQ �SHUSHQGLFXODU WR WKH FUDFN SODQH DQG ZLWKLQ WKH DGKHVLYH OD\HU� DKHDG RI WKH
FUDFN WLS ZDV GHWHUPLQHG E\ ILQLWH HOHPHQW DQDO\VLV IRU GLIIHUHQW YDOXHV RI PRGXOXV�
PLVPDWFK UDWLR ፄD

ፄDGKHU
�ൊD DQG ൊDGKHU EHLQJ WKH <RXQJ
V PRGXOXV RI WKH DGKHVLYH

DQG DGKHUHQG� UHVSHFWLYHO\�� စ፲፲ LV VKLHOGHG E\ WKH SUHVHQFH RI VWLIIHU DGKHUHQG
PDWHULDO� $V WKH PLVPDWFK LQ PRGXOXV LQFUHDVHV �GHFUHDVLQJ ፄD

ፄDGKHU
�� WKH VWUHVV GLV�

WULEXWLRQ WHQGV WR WKH VROXWLRQ IRU D VHPL�LQILQLWH FUDFN LQ DQ DGKHVLYH OD\HU EHWZHHQ
WZR ULJLG DGKHUHQGV DQG VXEMHFWHG WR DQ XQLIRUP RSHQLQJ GLVSODFHPHQW� 7KH VWUHVV
LV SUHGLFWHG WR EH LQGHSHQGHQW RI FUDFN OHQJWK DQG GHFUHDVHV ZLWK DQ LQFUHDVH LQ
ERQG�OLQH WKLFNQHVV >��@�
$ FHUWDLQ JDS EHWZHHQ GLIIHUHQW DSSURDFKHV H[LVWV� VSHFLDOO\ ZKHQ LW FRPHV WR LP�
SOHPHQWDWLRQ LQWR WKH '&%�OLNH JHRPHWULHV ZKHUH WKH ERQG�OLQH LV RQFH XVHG DV D
FUDFN DQG RQFH DV FRQWDLQLQJ WKH FUDFN� ,Q IDFW� WKH VWDQGDUG '&% SURFHGXUH VNLSV
DGKHVLYH WKLFNQHVV �DV LQ $670 ' ���� >�@�� LPSO\LQJ WKDW WKH VDPH PRGHOV FRXOG
EH XVHG IRU WKLQ DQG WKLFN ERQG�OLQHV� 8VH RI FRPSRVLWHV DQG ERQGHG PDWHULDOV LV
DVVRFLDWHG ZLWK FDUU\LQJ D EHQGLQJ�W\SH RI ORDGLQJ� ZKLOH PRVW RI WKH JHRPHWULHV LQ�
YHVWLJDWHG XVH LGHDOL]HG� UHPRWHO\ DSSOLHG WHQVLOH ORDGLQJ� 6XFK DSSURDFK XOWLPDWHO\
RPLWV LPSRUWDQW OHQJWK VFDOH LQWURGXFHG E\ EHQGLQJ DV RXWOLQHG E\ WKH DQDO\VLV RI
.DQQLQHQ LQ >��@� 7KH ORDG DFWLQJ RYHU WKH FUDFN UHJLRQ FDQQRW EH WUHDWHG DV XQL�
IRUP� FRQWUDU\ WR WKH FDVH RI UHPRWHO\ DSSOLHG WHQVLOH ORDGLQJ DV LQ >��@� (IIHFWV RI
SODVWLF UDGLXV DUH EDUHO\ LQYHVWLJDWHG ZLWKLQ WKH RXWOLQHG IUDPHZRUN� KRZHYHU UROH
RI WKLV UHJLRQ LV NQRZQ DV FULWLFDO >��@�

���� 6XPPDU\ DQG NQRZOHGJH JDSV

$UHYLHZ RI WKH UHVHDUFK FRQGXFWHG RQ PRGH , IUDFWXUH EHKDYLRXU RI VLQJOH� DQG
EL�PDWHULDO '&% MRLQWV KDV EHHQ JLYHQ� 7KH FXUUHQWO\ DYDLODEOH GHVLJQ FULWH�

ULRQ IRU EL�PDWHULDO '&% FRQILJXUDWLRQ ZDV SUHVHQWHG DQG LWV YDOLGLW\ ZDV GLVFXVVHG�
0RUHRYHU� VSHFLDO DWWHQWLRQ ZDV JLYHQ WR WZR NH\�IDFWRUV LQIOXHQFLQJ WKH EHKDYLRXU
RI DGKHVLYH MRLQWV� L�H� WKH DGKHVLYH ERQG�OLQH WKLFNQHVV DQG WKH PDWHULDO RI WKH DG�
KHUHQGV� )LQDOO\� WKH VSHFLDO FDVH RI DGKHVLYH MRLQWV ZLWK ঈH[WUD�WKLFNউ ERQG�OLQHV�
XVHG LQ VKLSEXLOGLQJ DQG FLYLO LQGXVWULHV� ZDV DOVR DGGUHVVHG LQ WHUPV RI WKH UROH RI
WKH LQWHUIDFHV RQ IUDFWXUH RQVHW DQG WKH PHWKRGRORJLHV DYDLODEOH IRU PRGH , IUDFWXUH
FKDUDFWHUL]DWLRQ�
7KH VWDQGDUG '&% FRQILJXUDWLRQ FRQVLVWV RI WZR LGHQWLFDO DGKHUHQGV ERQGHG WR�
JHWKHU E\ DQ LQWHUPHGLDWH OD\HU RI DGKHVLYH� +RZHYHU� GLIIHUHQW YHUVLRQV RI LW H[LVW�
)RU H[DPSOH� LI WKH WZR DGKHUHQGV DUH QRW LGHQWLFDO� WKH '&% VSHFLPHQ LV DV\P�
PHWULF LQ WHUPV RI JHRPHWU\ DQG PDWHULDOV� 7KLV LV WKH VR�FDOOHG EL�PDWHULDO MRLQW
FRQILJXUDWLRQ� &RQVHTXHQWO\� D GHVLJQ FULWHULRQ PXVW EH IROORZHG WR JXDUDQWHH SXUH
PRGH , IUDFWXUH EHKDYLRXU LQ WKLV W\SH RI DGKHVLYH MRLQW� &XUUHQWO\� WKH PRVW XVHG
GHVLJQ FULWHULRQ IRU EL�PDWHULDO '&% MRLQWV LV PDWFKLQJ WKH IOH[XUDO VWLIIQHVV RI ERWK
DGKHUHQGV� $OWKRXJK WKH GHIOHFWLRQ RI WKH WZR DGKHUHQGV LV V\PPHWULF LQ WKH EL�
PDWHULDO '&% VSHFLPHQ GHVLJQHG ZLWK WKLV FULWHULRQ� PRGH ,, IUDFWXUH FRPSRQHQW
KDV EHHQ UHSRUWHG LQ RSHQ OLWHUDWXUH� 7KHUHIRUH� D QHZ GHVLJQ FULWHULRQ WR DFKLHYH
SXUH PRGH , LQ D EL�PDWHULDO DGKHVLYH MRLQW LV QHHGHG�
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�� �� /LWHUDWXUH UHYLHZ

7KH SURSHUWLHV RI DQ DGKHVLYH MRLQW DUH RIWHQ GLIIHUHQW IURP WKH SURSHUWLHV RI WKH
EXON DGKHVLYH� $ YDULHW\ RI IDFWRUV PD\ SOD\ D UROH LQ WKLV GLIIHUHQFH� VXFK DV WKH
FRQVWUDLQW DSSOLHG E\ WKH DGKHUHQGV RQ WKH DGKHVLYH PDWHULDO� ZKLFK LV GHSHQGHQW
RQ WKH WKLFNQHVV RI WKH ERQG�OLQH� 5HVHDUFK RQ WKH HIIHFW RI WKH DGKHVLYH ERQG�OLQH
WKLFNQHVV RQ PRGH , IUDFWXUH EHKDYLRXU KDV PDLQO\ IRFXVHG HLWKHU RQ MRLQWV ZLWK
HSR[\ DGKHVLYHV DQG ZLWK ERQG�OLQH WKLFNQHVVHV LQ WKH UDQJH RI ����� PP RU RQ
MRLQWV ZLWK IOH[LEOH DGKHVLYHV RIWHQ ZLWK WKLFNHU ERQG�OLQHV� 7KH VWXGLHV SHUIRUPHG
KDYH VKRZQ WKDW WKHUH LV D GHSHQGHQFH RI WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\ RI
DGKHVLYH MRLQWV RQ ERQGLQJ WKLFNQHVV� UHJDUGOHVV RI WKH QDWXUH RI WKH DGKHVLYHV�
+RZHYHU� WKHUH LV QR VLQJOH WUHQG IRU WKLV GHSHQGHQF\�
3DUW RI WKH VWXGLHV FRQGXFWHG ZLWK HSR[\�DGKHVLYH MRLQWV KDYH IRXQG D ORFDO SHDN
LQ WKH FULWLFDO IUDFWXUH HQHUJ\ RI WKH MRLQWV� FRUUHVSRQGLQJ WR DQ DGKHVLYH ERQG�OLQH
WKLFNQHVV QHDUO\ HTXDO WR WKH VL]H RI WKH SODVWLF ]RQH� ,Q JHQHUDO� WKH FULWLFDO IUDF�
WXUH HQHUJ\ LQFUHDVHG ZLWK LQFUHDVLQJ ERQG�OLQH WKLFNQHVV XS WR WKH SHDN YDOXH� )RU
ERQG�OLQH WKLFNQHVV JUHDWHU WKDQ WKH SODVWLF ]RQH� WKH FULWLFDO IUDFWXUH HQHUJ\ GH�
FUHDVHG WRZDUGV WKH FULWLFDO IUDFWXUH HQHUJ\ RI WKH EXON DGKHVLYH VSHFLPHQ� +RZ�
HYHU� WKLV WUHQG GLG QRW DOZD\V RFFXUUHG� 6RPH DXWKRUV KDYH UHSRUWHG WKDW WKH
FULWLFDO PRGH , IUDFWXUH HQHUJ\ RI HSR[\�EDVHG DGKHVLYH MRLQWV LQFUHDVHG JUDGXDOO\
XS WR D VSHFLILF ERQG�OLQH WKLFNQHVV �QRW UHODWHG ZLWK WKH SODVWLF ]RQH VL]H�� WHQGLQJ
WR D SODWHDX IRU JUHDWHU ERQG�OLQH WKLFNQHVVHV� 7KH LQFUHDVLQJ SUHVHQFH RI WRXJK
IUDFWXUH PHFKDQLVPV ZLWK LQFUHDVLQJ DGKHVLYH WKLFNQHVV DQG WKH LQWHQVLW\ RI SODV�
WLFLW\ LQ WKH SODVWLF ]RQH �LQVWHDG RI RQO\ WKH VL]H RI WKLV ]RQH� ZHUH VRPH RI WKH
IDFWRUV XVHG WR MXVWLI\ WKH UHVXOWV� ([SHULPHQWDO DQG QXPHULFDO ZRUN LQ WKLV DUHD
ZLWK MRLQWV ZLWK ঈH[WUD�WKLFNউ ERQG�OLQHV ��� PP� RI HSR[\ DGKHVLYHV� UHOHYDQW IRU
FLYLO DQG PDULWLPH DSSOLFDWLRQV� DUH TXLWH OLPLWHG�
7KH UHVHDUFK FDUULHG RQ XS WR QRZ DGGUHVVHG WKH HIIHFW RI WKH PDWHULDO RI WKH
DGKHUHQGV RQ WKH FULWLFDO IUDFWXUH HQHUJ\ RI DGKHVLYH MRLQWV E\ VROHO\ FRQVLGHULQJ
VLQJOH�PDWHULDO DGKHVLYH MRLQWV ZLWK GLIIHUHQW DGKHUHQG WKLFNQHVVHV� %HVLGHV� WKH
VWXGLHV DYDLODEOH DUH EDVHG LQ VWDQGDUG UHGXFWLRQ VFKHPHV� ZKLFK GR QRW WDNH HQ�
WLUHO\ LQWR DFFRXQW WKH JHRPHWULF DQG PDWHULDO SURSHUWLHV RI WKH DGKHVLYH MRLQWV� OLNH
DGKHVLYH ERQG�OLQH WKLFNQHVV DQG RXW�RI�SODQH VWLIIQHVV RI WKH DGKHUHQGV� 0RUH�
RYHU� WR WKH DXWKRU
V EHVW NQRZOHGJH� QR VWXGLHV LQYHVWLJDWLQJ WKH SRVVLEOH FKDQJHV
RQ WKH FULWLFDO IUDFWXUH HQHUJ\ RI EL�PDWHULDO DGKHVLYH MRLQWV DUH IRXQG LQ RSHQ OLWHU�
DWXUH�
7KH XVH RI DGKHVLYH ERQGLQJ WHFKQRORJ\ LQ FLYLO DQG VKLSEXLOGLQJ LQGXVWULHV UHVXOWV
LQ ERQGHG UHJLRQV FKDUDFWHUL]HG E\ DGKHVLYH OD\HUV ZLWK D WKLFNQHVV RI XS WR �� PP�
:LWK VXFK WKLFNQHVVHV� D ZHDNQHVV WR EH UHFRJQL]HG� IURP ERWK WKH VFLHQWLILF DQG
DSSOLHG SRLQWV RI YLHZ� LV VWUHVV JUDGLHQW DW EL�PDWHULDO HGJHV DQG FRUQHUV� H[DFHU�
EDWHG E\ GLIIHUHQFHV LQ PDWHULDOV SURSHUWLHV� /RFDOO\� SHHO IRUFHV DULVH� ZKLFK PLJKW
UHVXOW LQ ORFDO GDPDJH DQG IUDFWXUH RQVHW� ,W LV� WKHUHIRUH� FUXFLDO WR GHYHORS DQ DS�
SURDFK WKDW HOLPLQDWHV WKH SKHQRPHQRQ RI VWUHVV JUDGLHQW DW EL�PDWHULDO LQWHUIDFHV
RQ WKH IUDFWXUH RQVHW SURFHVV LQ DGKHVLYH MRLQWV XQGHU PRGH , ORDGLQJ FRQGLWLRQV�
7KH OLWHUDWXUH DYDLODEOH VKRZV WKDW D SURSHU DQDO\VLV RI '&% MRLQWV FKDUDFWHUL]HG E\
GLVVLPLODU PDWHULDOV DQG WKLFN DGKHVLYH ERQG�OLQHV ZLWK VPDOO FUDFN OHQJWK� ZKLFK
DUH UHSUHVHQWDWLYH RI HQJLQHHULQJ DSSOLFDWLRQV� LV PLVVLQJ�
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FRXSOHG ZLWK D FRKHVLYH GDPDJH PRGHO� (XURSHDQ -RXUQDO RI 0HFKDQLFV �
$�6ROLGV ��� �� �������



�

�� 5HIHUHQFHV

>��@ 0� 6� %LQ 0RKDPHG 5HKDQ� -� 5RXVVHDX� 6� )RQWDLQH� DQG ;� -� *RQJ� ([SHU�
LPHQWDO VWXG\ RI WKH LQIOXHQFH RI SO\ RULHQWDWLRQ RQ '&% PRGH�, GHODPLQD�
WLRQ EHKDYLRU E\ XVLQJ PXOWLGLUHFWLRQDO IXOO\ LVRWURSLF FDUERQ�HSR[\ ODPLQDWHV�
&RPSRVLWH 6WUXFWXUHV ���� � �������

>��@ =� -LDQJ� 6� :DQ� DQG =� :X� &DOFXODWLRQ RI HQHUJ\ UHOHDVH UDWH IRU DGKHVLYH
FRPSRVLWH�PHWDO MRLQWV XQGHU PRGH�, ORDGLQJ FRQVLGHULQJ HIIHFW RI WKH QRQ�
XQLIRUPLW\� &RPSRVLWHV 3DUW %� (QJLQHHULQJ ��� ��� �������

>��@ 0� .KRVKUDYDQ DQG )� $VJDUL 0HKUDEDGL� )UDFWXUH DQDO\VLV LQ DGKHVLYH FRP�
SRVLWH PDWHULDO�DOXPLQXP MRLQWV XQGHU PRGH�, ORDGLQJ� H[SHULPHQWDO DQG QX�
PHULFDO DSSURDFKHV� ,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� �
�������

>��@ 5� *� %RHPDQ� '� (UGPDQ� /� .OHWW� DQG 5� /RPD[� $ SUDFWLFDO WHVW PHWKRG
IRU PRGH , IUDFWXUH WRXJKQHVV RI DGKHVLYH MRLQWV ZLWK GLVVLPLODU VXEVWUDWHV� LQ
6$03(�$&&(�'2( $GYDQFHG &RPSRVLWHV &RQIHUHQFH ������ SS� ���ঀ����

>��@ ;� -� *RQJ� )� +HUQDQGH]� DQG *� 9HUFKHU\� )UDFWXUH WRXJKQHVV RI DGKHVLYH
ERQGHG FRPSRVLWH MRLQWV XQGHU PL[HG PRGH ORDGLQJ� LQ ��WK ,QWHUQDWLRQDO
&RQIHUHQFH RQ &RPSRVLWHV �,&&0�� &RQIHUHQFH� �������

>��@ =� 2X\DQJ� *� -L� DQG *� /L� 2Q DSSUR[LPDWHO\ UHDOL]LQJ DQG FKDUDFWHUL]LQJ
SXUH PRGH�, LQWHUIDFH IUDFWXUH EHWZHHQ ERQGHG GLVVLPLODU PDWHULDOV� -RXUQDO
RI $SSOLHG 0HFKDQLFV ��� ������ �������

>��@ *� =DPEHOLV� 7� '� 6� %RWHOKR� 2� .OLQNRYD� ,� 7DZILT� DQG &� /DQRXHWWH� (YDO�
XDWLRQ RI WKH HQHUJ\ UHOHDVH UDWH LQ PRGH , RI DV\PPHWULFDO ERQGHG FRPSRV�
LWH�PHWDO DVVHPEO\� (QJLQHHULQJ )UDFWXUH 0HFKDQLFV ���� ��� �������

>��@ '� /� +XQVWRQ� $� -� .LQORFK� DQG 6� 6� :DQJ� 0LFURPHFKDQLFV RI IUDFWXUH LQ
VWUXFWXUDO DGKHVLYH ERQGV� 7KH -RXUQDO RI $GKHVLRQ ��� ��� �������

>��@ 0� %� 2XH]GRX DQG $� &KXGQRYVN\� 6WUHVV DQG HQHUJ\ DQDO\VLV RI WRXJKQHVV
PHDVXUHPHQW IRU DGKHVLYH ERQGV� (QJLQHHULQJ )UDFWXUH 0HFKDQLFV ��� ���
�������

>��@ :� '� %DVFRP� 5� /� &RWWLQJWRQ� 5� /� -RQHV� DQG 3� 3H\VHU� 7KH IUDFWXUH
RI HSR[\� DQG HODVWRPHU�PRGLILHG HSR[\ SRO\PHUV LQ EXON DQG DV DGKHVLYHV�
-RXUQDO RI $SSOLHG 3RO\PHU 6FLHQFH ��� ���� �������

>��@ 6� 0DU]L� $� %LHO� DQG 8� 6WLJK� 2Q H[SHULPHQWDO PHWKRGV WR LQYHVWLJDWH WKH
HIIHFW RI OD\HU WKLFNQHVV RQ WKH IUDFWXUH EHKDYLRU RI DGKHVLYHO\ ERQGHG MRLQWV�
,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������

>��@ $� -� .LQORFK DQG 6� -� 6KDZ� 7KH IUDFWXUH UHVLVWDQFH RI D WRXJKHQHG HSR[\
DGKHVLYH� 7KH -RXUQDO RI $GKHVLRQ ��� �� �������



5HIHUHQFHV

�

��

>��@ 7� &DUOEHUJHU DQG 8� 6WLJK� ,QIOXHQFH RI OD\HU WKLFNQHVV RQ FRKHVLYH SURSHUWLHV
RI DQ HSR[\�EDVHG DGKHVLYH � DQ H[SHULPHQWDO VWXG\� -RXUQDO RI $GKHVLRQ ���
��� �������

>��@ '��%� /HH� 7� ,NHGD� 1� 0L\D]DNL� DQG 1��6� &KRL� (IIHFW RI ERQG WKLFNQHVV RQ
WKH IUDFWXUH WRXJKQHVV RI DGKHVLYH MRLQWV� -RXUQDO RI (QJLQHHULQJ 0DWHULDOV DQG
7HFKQRORJ\ ���� �� �������

>��@ 6� 5� 5DQDGH� <� *XDQ� '� &� 2KDQHKL� -� *� 'LOODUG� 5� &� %DWUD� DQG '� $�
'LOODUG� $ WDSHUHG ERQGOLQH WKLFNQHVV GRXEOH FDQWLOHYHU EHDP �'&%� VSHFLPHQ
JHRPHWU\ IRU FRPELQDWRULDO IUDFWXUH VWXGLHV RI DGKHVLYH ERQGV� ,QWHUQDWLRQDO
-RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������

>��@ 9� &RRSHU� $� ,YDQNRYLF� $� .DUDF� '� 0F$XOLIIH� DQG 1� 0XUSK\� (IIHFWV RI
ERQG JDS WKLFNQHVV RQ WKH IUDFWXUH RI QDQR�WRXJKHQHG HSR[\ DGKHVLYH MRLQWV�
3RO\PHU ��� ���� �������

>��@ 7� 3DUGRHQ� 7� )HUUDFLQ� &� 0� /DQGLV� DQG )� 'HODQQD\� &RQVWUDLQW HIIHFWV LQ
DGKHVLYH MRLQW IUDFWXUH� -RXUQDO RI WKH 0HFKDQLFV DQG 3K\VLFV RI 6ROLGV ���
���� �������

>��@ +� 5� 'DJK\DQL� /� <H� DQG <� :� 0DL� 0RGH�, IUDFWXUH EHKDYLRXU RI DGKH�
VLYH MRLQWV� 3DUW ,,� 6WUHVV DQDO\VLV DQG FRQVWUDLQW SDUDPHWHUV� 7KH -RXUQDO RI
$GKHVLRQ ��� ��� �������

>��@ +� 5� 'DJK\DQL� /� <H� DQG <� :� 0DL� 0RGH�, IUDFWXUH EHKDYLRXU RI DGKHVLYH
MRLQWV� 3DUW ,� 5HODWLRQVKLS EHWZHHQ IUDFWXUH HQHUJ\ DQG ERQG WKLFNQHVV� 7KH
-RXUQDO RI $GKHVLRQ ��� ��� �������

>��@ 0� '� %DQHD� /� )� 'D 6LOYD� DQG 5� '� &DPSLOKR� 7KH HIIHFW RI DGKHVLYH
WKLFNQHVV RQ WKH PHFKDQLFDO EHKDYLRU RI D VWUXFWXUDO SRO\XUHWKDQH DGKHVLYH�
-RXUQDO RI $GKHVLRQ ��� ��� �������

>��@ 0� &DEHOOR� -� =XUELWX� -� 5HQDUW� $� 7XURQ� DQG )� 0DUW­QH]� $ JHQHUDO DQDO\WLFDO
PRGHO EDVHG RQ HODVWLF IRXQGDWLRQ EHDP WKHRU\ IRU DGKHVLYHO\ ERQGHG '&%
MRLQWV HLWKHU ZLWK IOH[LEOH RU ULJLG DGKHVLYHV� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG
6WUXFWXUHV ������ �� �������

>��@ $� %LHO DQG 8� 6WLJK� &RKHVLYH ]RQH PRGHOOLQJ RI QXFOHDWLRQ� JURZWK DQG FRD�
OHVFH RI FDYLWLHV� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH ���� ��� �������

>��@ &� 7� 6XQ DQG =� +� -LQ� )UDFWXUH 0HFKDQLFV �$FDGHPLF 3UHVV� ������

>��@ 1� 3HUH]� )UDFWXUH PHFKDQLFV �6SULQJHU� ������

>��@ 3� /� *HLVV DQG 0� 6FKXPDQQ� ,QYHVWLJDWLRQ RI WKH PHFKDQLFDO SURSHUWLHV RI
LQWHUSKDVHV LQ DGKHVLYHO\ ERQGHG HSR[\�DOXPLQXP MRLQWV E\ ORFDOL]HG PLFUR
H[WHQVRPHWU\� 7KH -RXUQDO RI $GKHVLRQ ��� ��� �������
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>��@ :� 3RVVDUW� -� .� .U¼JHU� &� :HKODFN� 8� 0¼OOHU� &� 3HWHUVHQ� 5� %DFWDYDWFKDORX�
DQG $� 0HLVHU� )RUPDWLRQ DQG VWUXFWXUH RI HSR[\ QHWZRUN LQWHUSKDVHV DW WKH
FRQWDFW WR QDWLYH PHWDO VXUIDFHV� &RPSWHV 5HQGXV &KLPLH �� �� �������

>��@ 6� 6� :DQJ� -� )� 0DQGHOO� DQG )� -� 0F*DUU\� $Q DQDO\VLV RI WKH FUDFN WLS VWUHVV
ILHOG LQ '&% DGKHVLYH IUDFWXUH VSHFLPHQV� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH
��� �� �������

>��@ /� 'RUQ DQG :� /LX� 7KH VWUHVV VWDWH DQG IDLOXUH SURSHUWLHV RI DGKHVLYH�ERQGHG
SODVWLF�PHWDO MRLQWV� ,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� ��
�������

>��@ 0� '� $\GLQ� $� �]HO� DQG H� 7HPL]� 7KH HIIHFW RI DGKHUHQG WKLFNQHVV RQ WKH
IDLOXUH RI DGKHVLYHO\�ERQGHG VLQJOH�ODS MRLQWV� -RXUQDO RI $GKHVLRQ 6FLHQFH DQG
7HFKQRORJ\ ��� ��� �������

>��@ 0� 6� 6HRQJ� 7� +� .LP� .� +� 1JX\HQ� -� +� .ZHRQ� DQG -� +� &KRL� $ SDUD�
PHWULF VWXG\ RQ WKH IDLOXUH RI ERQGHG VLQJOH�ODS MRLQWV RI FDUERQ FRPSRVLWH
DQG DOXPLQXP� &RPSRVLWH 6WUXFWXUHV ��� ��� �������

>��@ *� 'L %HOOD� *� *DOWLHUL� (� 3ROOLFLQR� DQG &� %RUVHOOLQR� 0HFKDQLFDO FKDUDFWHU�
L]DWLRQ RI DGKHVLYH MRLQWV ZLWK GLVVLPLODU VXEVWUDWHV IRU PDULQH DSSOLFDWLRQV�
,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� �� �������

>��@ .� *¼OWHNLQ� 6� $NSLQDU� DQG $� �]HO� 7KH HIIHFW RI PRPHQW DQG IOH[XUDO ULJLGLW\
RI DGKHUHQG RQ WKH VWUHQJWK RI DGKHVLYHO\ ERQGHG VLQJOH ODS MRLQWV� -RXUQDO RI
$GKHVLRQ ��� ��� �������

>��@ 9� $QHV� 5� 3HGUR� (� +HQULTXHV� 0� )UHLWDV� DQG /� 5HLV� %RQGHG MRLQWV RI GLV�
VLPLODU DGKHUHQGV DW YHU\ ORZ WHPSHUDWXUHV � DQ DGKHVLYH VHOHFWLRQ DSSURDFK�
7KHRUHWLFDO DQG $SSOLHG )UDFWXUH 0HFKDQLFV ��� �� �������

>��@ )� $VFLRQH� 0� /DPEHUWL� $� *� 5D]DTSXU� DQG 6� 6SDGHD� 6WUHQJWK DQG VWLII�
QHVV RI DGKHVLYHO\ ERQGHG*)53 EHDP�FROXPQPRPHQW UHVLVWLQJ FRQQHFWLRQV�
&RPSRVLWH 6WUXFWXUHV ���� ���� �������

>��@ 0� (O =DURXJ� )� .DGLRJOX� 0� 'HPLUDO� DQG '� 6DDG� ([SHULPHQWDO DQG QX�
PHULFDO LQYHVWLJDWLRQ LQWR VWUHQJWK RI EROWHG� ERQGHG DQG K\EULG VLQJOH ODS
MRLQWV� HIIHFWV RI DGKHUHQG PDWHULDO W\SH DQG WKLFNQHVV� ,QWHUQDWLRQDO -RXUQDO
RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������

>��@ $� *� 5D]DTSXU� )� $VFLRQH� 0� /DPEHUWL� 6� 6SDGHD� DQG 0� 0DODJLF� *)53
KROORZ FROXPQ WR EXLOW�XS EHDP DGKHVLYH FRQQHFWLRQ� PHFKDQLFDO EHKDYLRXU
XQGHU TXDVL�VWDWLF� F\FOLF DQG IDWLJXH ORDGLQJ� &RPSRVLWH 6WUXFWXUHV ���
������� ��������M�FRPSVWUXFW�������������

>��@ 0� 6� .DINDOLGLV� 0� '� 7KRXOHVV� 4� '� <DQJ� DQG 6� 0� :DUG� 'HIRUPDWLRQ DQG
IUDFWXUH RI DGKHVLYH OD\HUV FRQVWUDLQHG E\ SODVWLFDOO\�GHIRUPLQJ DGKHUHQGV�
-RXUQDO RI $GKHVLRQ 6FLHQFH DQG 7HFKQRORJ\ ��� ���� �������
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>��@ %� 5� .� %ODFNPDQ� $� -� .LQORFK� DQG 0� 3DUDVFKL� 7KH HIIHFW RI WKH VXEVWUDWH
PDWHULDO RQ WKH YDOXH RI WKH DGKHVLYH IUDFWXUH HQHUJ\� *፜� IXUWKHU FRQVLGHUD�
WLRQV� -RXUQDO RI 0DWHULDOV 6FLHQFH /HWWHUV ��� ��� �������

>��@ %� 5� %ODFNPDQ� $� -� .LQORFK� 0� 3DUDVFKL� DQG :� 6� 7HR� 0HDVXULQJ WKH PRGH
, DGKHVLYH IUDFWXUH HQHUJ\� *ፈ፜� RI VWUXFWXUDO DGKHVLYH MRLQWV� WKH UHVXOWV RI
DQ LQWHUQDWLRQDO URXQG�URELQ� ,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV
��� ��� �������

>��@ /� )� .DZDVKLWD� $� -� .LQORFK� '� 5� 0RRUH� DQG -� *� :LOOLDPV� 7KH LQIOXHQFH
RI ERQG OLQH WKLFNQHVV DQG SHHO DUP WKLFNQHVV RQ DGKHVLYH IUDFWXUH WRXJKQHVV
RI UXEEHU WRXJKHQHG HSR[\�DOXPLQLXP DOOR\ ODPLQDWHV� ,QWHUQDWLRQDO -RXUQDO
RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������

>��@ 3� 0DUWLQ\� )� /DQL� $� -� .LQORFK� DQG 7� 3DUGRHQ� $ PXOWLVFDOH SDUDPHWULF
VWXG\ RI PRGH , IUDFWXUH LQ PHWDO�WR�PHWDO ORZ�WRXJKQHVV DGKHVLYH MRLQWV� ,Q�
WHUQDWLRQDO -RXUQDO RI )UDFWXUH ���� ��� �������
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�5HY� � -XQH ������ 7HFK� 5HS� ���� �������

>��@ '� %� %RJ\� 2Q WKH SUREOHP RI HGJH�ERQGHG HODVWLF TXDUWHU�SODQHV ORDGHG DW
WKH ERXQGDU\� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG 6WUXFWXUHV �� ���� �������
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HIIHFW RI DGKHUHQG VWLIIQHVV� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH ��� ��� �������

>��@ $� 5� $NLVDQ\D DQG &� 6� 0HQJ� ,QLWLDWLRQ RI IUDFWXUH DW WKH LQWHUIDFH FRUQHU
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�������
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VLYH MRLQW� WKH UROH RI FUDFN OHQJWK DQG RI PDWHULDO PLVPDWFK� -RXUQDO RI WKH
0HFKDQLFV DQG 3K\VLFV RI 6ROLGV ���� ��� �������

>��@ )� (� 3HQDGR� $ FORVHG IRUP VROXWLRQ IRU WKH HQHUJ\ UHOHDVH UDWH RI WKH VRX�
EOH FDQWLOHYHU EHDP VSHFLPHQ ZLWK DQ DGKHVLYH OD\HU� -RXUQDO RI &RPSRVLWH
0DWHULDOV ��� ��� �������

>��@ 6� (� <DPDGD� (ODVWLF�SODVWLF IUDFWXUH DQDO\VLV IRU ERQGHG MRLQWV� (QJLQHHULQJ
)UDFWXUH 0HFKDQLFV ��� ��� �������

>��@ -� 'XQGXUV� (IIHFW RI HODVWLF FRQVWDQWV RQ VWUHVV LQ D FRPSRVLWH XQGHU SODQH
GHIRUPDWLRQ� -RXUQDO RI &RPSRVLWH 0DWHULDOV �� ��� �������



�

�� 5HIHUHQFHV

>��@ '� %� %RJ\� 7ZR HGJH�ERQGHG HODVWLF ZHGJHV RI GLIIHUHQW PDWHULDOV DQG ZHGJH
DQJOHV XQGHU VXUIDFH WUDFWLRQV� -RXUQDO RI $SSOLHG 0HFKDQLFV ��� ��� �������

>��@ %� &RWWHUHOO DQG -� 5� )� 5LFH� 6OLJKWO\ FXUYHG RU NLQNHG FUDFNV� ,QWHUQDWLRQDO
-RXUQDO RI )UDFWXUH ��� ��� �������

>��@ =� 6XR DQG -� :� +XWFKLQVRQ� ,QWHUIDFH FUDFN EHWZHHQ WZR HODVWLF OD\HUV� ,Q�
WHUQDWLRQDO -RXUQDO RI )UDFWXUH ��� � �������

>��@ -� :� +XWFKLQVRQ DQG =� 6XR� 0L[HG PRGH FUDFNLQJ LQ OD\HUHG PDWHULDOV� �(O�
VHYLHU� ����� SS� ��ঀ����

>��@ &� +� :DQJ� $QDO\VLV RI FUDFNV LQ FRQVWUDLQHG OD\HUV� ,QWHUQDWLRQDO -RXUQDO RI
)UDFWXUH ��� � �������

>��@ %� 5� .� %ODFNPDQ� $� -� .LQORFK� DQG 0� 3DUDVFKL� 7KH GHWHUPLQDWLRQ RI
WKH PRGH ,, DGKHVLYH IUDFWXUH UHVLVWDQFH� *ፈፈ፜� RI VWUXFWXUDO DGKHVLYH MRLQWV�
DQ HIIHFWLYH FUDFN OHQJWK DSSURDFK� (QJLQHHULQJ )UDFWXUH 0HFKDQLFV ��� ���
�������



�
3XUH PRGH , IUDFWXUH LQ

EL�PDWHULDO DGKHVLYH MRLQWV

$Q HVVHQWLDO TXHVWLRQ WR SUHGLFW WKH VWUXFWXUDO LQWHJULW\ RI EL�PDWHULDO DGKH�
VLYH MRLQWV LV KRZ WR REWDLQ WKHLU IUDFWXUH SURSHUWLHV XQGHU SXUH PRGH ,� )URP
WKH OLWHUDWXUH UHYLHZ LQ &KDSWHU �� LW LV IRXQG WKDW WKH PRVW FRPPRQO\ XVHG
GHVLJQ FULWHULRQ WR WHVW PRGH , IUDFWXUH LV PDWFKLQJ WKH IOH[XUDO VWLIIQHVV RI WKH
WZR DGKHUHQGV LQ D '&% DGKHVLYH MRLQW� +RZHYHU� WKH PDWHULDO DV\PPHWU\
LQ VXFK GHVLJQHG MRLQWV UHVXOWV LQ PRGH ,, IUDFWXUH DV ZHOO� ,Q WKLV FKDSWHU� D
QHZ GHVLJQ FULWHULRQ LV SURSRVHG WR REWDLQ SXUH PRGH , IUDFWXUH LQ DGKHVLYHO\
ERQGHG EL�PDWHULDO '&% MRLQWV E\ PDWFKLQJ WKH ORQJLWXGLQDO VWUDLQ GLVWULEX�
WLRQV RI WKH WZR DGKHUHQGV DW WKH ERQG�OLQH � WKH ORQJLWXGLQDO VWUDLQ EDVHG
FULWHULRQ� $ WHVW SURJUDP DQG ILQLWH HOHPHQW PRGHOOLQJ KDYH EHHQ FDUULHG RXW
WR YHULI\ WKH SURSRVHG GHVLJQ FULWHULRQ XVLQJ FRPSRVLWH�PHWDO '&% DGKHVLYH
MRLQWV� %RWK WKH H[SHULPHQWDO DQG QXPHULFDO UHVXOWV VKRZ WKDW SXUH PRGH ,
FDQ EH DFKLHYHG LQ EL�PDWHULDO MRLQWV GHVLJQHG ZLWK WKH SURSRVHG FULWHULRQ�
0L[HG PRGH UDWLR LV UHGXFHG E\ D IDFWRU RI � ZKHQ XVLQJ WKH SURSRVHG ORQJL�
WXGLQDO VWUDLQ EDVHG FULWHULRQ LQ FRPSDULVRQ ZLWK WKH IOH[XUDO VWLIIQHVV EDVHG
FULWHULRQ�

3DUWV RI WKLV FKDSWHU KDYH EHHQ SXEOLVKHG LQ &RPSRVLWHV 3DUW %� (QJLQHHULQJ ���� ��� ������ >�@�

��
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���� ,QWURGXFWLRQ

&XUUHQWO\� VWDQGDUG PRGH , IUDFWXUH WHVW PHWKRGV DUH RQO\ DYDLODEOH IRU MRLQWV ZLWK
WKH VDPH DGKHUHQG PDWHULDO DQG WKLFNQHVV� )URP RSHQ OLWHUDWXUH� LW LV IRXQG

WKDW IRU EL�PDWHULDO '&% DGKHVLYH MRLQWV WKH PRVW FRPPRQO\ XVHG GHVLJQ FULWHULRQ LV
PDWFKLQJ WKH IOH[XUDO VWLIIQHVV RI WKH WZR DGKHUHQGV >�ঀ�@� $OWKRXJK WKH GHIOHFWLRQ
RI WZR DGKHUHQGV LV V\PPHWULF LQ WKH EL�PDWHULDO '&% VSHFLPHQ GHVLJQHG ZLWK WKLV
FULWHULRQ� PRGH ,, IUDFWXUH FRPSRQHQW KDV EHHQ IRXQG >�� �@� 2X\DQJ HW DO� >�@
KDV UHSRUWHG WKDW WKH VKHDU VWUHVV LQ WKH DGKHVLYH LQWHUOD\HU EHWZHHQ WZR GLVVLPLODU
DGKHUHQGV KDV WR EH VXSSUHVVHG WR REWDLQ SXUH PRGH ,� RWKHUZLVH PRGH ,, ZRXOG
EH SUHVHQW� =DPEHOLV HW DO� >�@ KDV YHULILHG WKH LGHD RI 2X\DQJ ZLWK QXPHULFDO
VLPXODWLRQ� 7KHUHIRUH� D QHZ GHVLJQ FULWHULRQ WR DFKLHYH SXUH PRGH , LQ D ERQGHG
EL�PDWHULDO MRLQW LV QHHGHG�
,Q WKLV FKDSWHU� D QHZ GHVLJQ FULWHULRQ LV SURSRVHG WR REWDLQ SXUH PRGH , IUDFWXUH
LQ DGKHVLYHO\ ERQGHG EL�PDWHULDO '&% MRLQWV E\ PDWFKLQJ WKH ORQJLWXGLQDO VWUDLQ
GLVWULEXWLRQV RI WKH WZR DGKHUHQGV DW WKH ERQG�OLQH � WKH ORQJLWXGLQDO VWUDLQ EDVHG
FULWHULRQ� 7KLV FULWHULRQ LV YDOLGDWHG ZLWK DQ H[SHULPHQWDO DQG QXPHULFDO FDVH VWXG\
XVLQJ DGKHVLYHO\ ERQGHG FRPSRVLWH�PHWDO '&% MRLQWV�

���� 3URSRVHG DSSURDFK

&RQVLGHULQJ FRKHVLYH IDLOXUH LQ ERQGHG EL�PDWHULDO '&% MRLQWV� WKH FUDFN LV HP�
EHGGHG ZLWKLQ WKH DGKHVLYH OD\HU EHWZHHQ WZR DGKHUHQGV� ,Q RUGHU WR GHYHORS

D PHWKRG RI DFKLHYLQJ SXUH PRGH , LQ DQ DGKHVLYH MRLQW� ZLWK WKH DGKHVLYH OD\HU
HPEUDFLQJ D FUDFN� LW LV FUXFLDO WR H[DPLQH WKH GHIRUPDWLRQ RI WKH FUDFNHG DGKHVLYH
OD\HU HVSHFLDOO\ DURXQG WKH FUDFN WLS�

������ $QDO\VLV RI WKH GHIRUPDWLRQ RI WKH FUDFNHG DGKHVLYH OD\HU
LQ D EL�PDWHULDO '&% VSHFLPHQ

,Q D '&% VSHFLPHQ� WKH ORDGLQJ DSSOLHG WR WKH DGKHVLYH OD\HU LV LQWURGXFHG E\ WKHGHIRUPDWLRQ RI WKH WZR DGKHUHQGV� ,Q )LJ� ���� D JHQHUDO '&% VSHFLPHQ ZLWK
GLVVLPLODU DGKHUHQGV LV VFKHPDWLFDOO\ LOOXVWUDWHG� 7KH IOH[XUDO PRGXOXV DQG WKLFN�
QHVV RI WKH XSSHU DQG ORZHU EHDPV DUH GHQRWHG DV ൊI�DGKHU �፱ � ߶DGKHU � DQG ൊI�DGKHU �፱ �
߶DGKHU �� UHVSHFWLYHO\� 7KH WZR EHDPV RSHQ XS XQGHU D SDLU RI RSHQLQJ ORDGLQJ� ൕ�
KRZHYHU WKH WZR EHDPV DUH QRW SHUIHFWO\ FDQWLOHYHUHG DW WKH FUDFN WLS >�@� $ SRUWLRQ
RI DGKHVLYH LV GHIRUPHG LQ IURQW RI WKH FUDFN WLS� 7KH GHIRUPDWLRQ RI WKH DGKHVLYH
OD\HU FRQWDLQLQJ WKH FUDFN LV JRYHUQHG E\ WKH GLVSODFHPHQW RI WKH ORZHU VXUIDFH RI
WKH XSSHU EHDP DQG WKH GLVSODFHPHQW RI WKH XSSHU VXUIDFH RI WKH ORZHU EHDP� DV
LOOXVWUDWHG LQ WKH FORVH�XS FUDFN SLFWXUH VKRZQ LQ )LJ� ����
,W LV� WKHUHIRUH� FUXFLDO WR DQDO\VH WKH GHIRUPDWLRQ RI WKH WZR EHDPV RI WKH '&% MRLQW
WR H[WUDFW WKH GLVSODFHPHQWV RI WKH ID\LQJ VXUIDFHV� ,Q WKH SURSRVHG DSSURDFK� LW LV
DVVXPHG WKDW OLQHDU HODVWLF IUDFWXUH PHFKDQLFV LV DSSOLFDEOH� 7KHUHIRUH� WKH FODVVLF
EHDP WKHRU\ LV HPSOR\HG WR GHULYH WKH GHIRUPDWLRQV RI WKH WZR EHDPV� 7KH RULJLQ
RI WKH ൶�൷ FRRUGLQDWHV LV VHW DW WKH SRLQW ZKHUH WKH WZR EHDPV DUH EXLOW�LQ� VHH )LJ�
���� 7KH H[DFW ORFDWLRQ LV XQNQRZQ� VLQFH LW LV KLJKO\ GHSHQGHQW RQ WKH PHFKDQLFDO
SURSHUWLHV RI WKH DGKHVLYH V\VWHP� EXW LW LV QRW UHTXLUHG WR H[SODLQ WKH IUDFWXUH
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)LJXUH ���� 'HIRUPDWLRQ RI WKH FUDFNHG DGKHVLYH LQ '&% VSHFLPHQ�

PRGHV LQ WKH DGKHVLYH OD\HU�
7KH ORQJLWXGLQDO GLVSODFHPHQW LQ ൶�GLUHFWLRQ DQG YHUWLFDO GLVSODFHPHQW LQ ൷�GLUHFWLRQ
RI WKH ORZHU VXUIDFH RI WKH XSSHU EHDP GHYHORSHG IURP WKH VLPSOH EHDP WKHRU\ DUH
JLYHQ E\�

൳DGKHU �  
߶DGKHU �൶ൕ

�ൊI�DGKHU �፱ ൎDGKHU �
�ൣ ࢿ ൶�� �����
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DQG VLPLODUO\ WKH FRUUHVSRQGLQJ GLVSODFHPHQWV RI WKH XSSHU VXUIDFH RI WKH ORZHU
EHDP DUH H[SUHVVHG DV�

൳DGKHU �  
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�ൊI�DGKHU �፱ ൎDGKHU �
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ZKHUH VXEVFULSWV ঈDGKHU �উ DQG ঈDGKHU �উ UHIHU WR WKH XSSHU DQG ORZHU EHDPV
UHVSHFWLYHO\� ൕ LV WKH DSSOLHG ORDG� ൣ LV WKH GLVWDQFH EHWZHHQ WKH ORDG OLQH DQG
൷�D[LV� ൎ LV WKH VHFRQG PRPHQW RI WKH EHDP FURVV�VHFWLRQ DUHD RI ZLGWK േ DQG
WKLFNQHVV ߶DGKHU DQG LV JLYHQ E\�

ൎ  
�
��
േ߶ኽDGKHU� �����

:LWK WKH VPDOO GHIRUPDWLRQ DVVXPSWLRQ� WKH QRUPDO VWUDLQ� ࿷፲፲� DQG VKHDU VWUDLQ�
࿵፱፲� RI WKH DGKHVLYH OD\HU FDQ EH GHULYHG UHVSHFWLYHO\ DV IROORZLQJ�
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൴DGKHU � ࢿ ൴DGKHU �
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൳DGKHU � ࢿ ൳DGKHU �
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ZKHUH �൲D GHQRWHV WKH WKLFNQHVV RI WKH DGKHVLYH OD\HU� (T� ��� LQGLFDWHV WKDW WKH
DGKHVLYH OD\HU FRQWDLQLQJ D FUDFN GHIRUPV LQ RSHQLQJ PRGH� :KLOH (T� ��� VKRZV
WKDW DQ LQ�SODQH�VKHDU PRGH FRXOG RFFXU� 7KHVH VWUDLQV DUH LOOXVWUDWHG VFKHPDWLFDOO\
LQ )LJ� ����
,W LV HYLGHQW WKDW WKH UHDFWLRQ IRUFHV IURP WKH DGKHVLYH RQ WKH EHDPV DUH QRW FRQ�
VLGHUHG LQ FDOFXODWLQJ WKH GLVSODFHPHQWV RI WKH ID\LQJ VXUIDFHV� &RQVHTXHQWO\ WKH
DERYH REWDLQHG VWUDLQV DUH D ILUVW DSSUR[LPDWLRQ RI VWUDLQV RI WKH DGKHVLYH� 1HYHU�
WKHOHVV� WKH\ SURYLGH WKH WHQGHQF\ RI KRZ WKH FUDFNHG DGKHVLYH OD\HU FRXOG GHIRUP�
7KH VLJQLILFDQFH RI DFFRXQWLQJ WKH UHDFWLRQ IRUFHV LQ WKH FDOFXODWLRQ LV GLVFXVVHG LQ
WKH QH[W VXEVHFWLRQ�

������ &ULWHULRQ WR DFKLHYH SXUH PRGH ,

%DVHG RQ WKH DQDO\VLV RI WKH GHIRUPDWLRQ RI WKH FUDFNHG DGKHVLYH OD\HU LQ D JHQ�
HUDO EL�PDWHULDO '&% VSHFLPHQ� LW ZDV VKRZQ WKDW WKH H[LVWHQFH RI VKHDU GHIRU�

PDWLRQ RI WKH DGKHVLYH OD\HU ZLWK D FUDFN LQWURGXFHV LQ�SODQH VKHDU IUDFWXUH PRGH�
L�H� PRGH ,,� ,Q RUGHU WR REWDLQ SXUH PRGH , LQ VXFK D '&% VSHFLPHQ� WKH VKHDU
VWUDLQ LQ WKH FUDFNHG DGKHVLYH VKRXOG EH HOLPLQDWHG� L�H� ࿵፱፲  �� 7KH IROORZLQJ
HTXDWLRQ FDQ WKHQ EH REWDLQHG EDVHG RQ (T� ����

൳DGKHU �  ൳DGKHU �� �����

7KH ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQV RI WKH ID\LQJ VXUIDFHV FDQ EH GHWHUPLQHG E\ WKH
GLVSODFHPHQW GLVWULEXWLRQ ZLWK (T� ���� (T� ��� FDQ EH UHZULWWHQ LQ WHUPV RI VWUDLQ�
ZKLFK LV H[SUHVVHG DV (T� �����

࿷  
ဌ൳
ဌ൶
� �����

࿷DGKHU �  ࿷DGKHU �� ������

,Q RUGHU WR HOLPLQDWH WKH VKHDULQJ PRGH LQ WKH '&% VSHFLPHQ� WKH ORQJLWXGLQDO
VWUDLQ GLVWULEXWLRQV DW WKH WZR ID\LQJ VXUIDFHV VKRXOG EH LGHQWLFDO� ,I WKLV FULWHULRQ
LV IXOILOOHG� RQO\ SXUH PRGH , IUDFWXUH ZLOO GHYHORS LQ WKH DGKHVLYH ZLWK WKH FUDFN� ,I
WKLV FULWHULRQ LV QRW VDWLVILHG� WKH PLVPDWFK RI VWUDLQV RI WKH ID\LQJ VXUIDFHV ZLOO OHDG
WR PRGH ,, IUDFWXUH EHKDYLRXU >�@�
7KH '&% VSHFLPHQ ZLWK GLVVLPLODU DGKHUHQGV VKRXOG EH GHVLJQHG WR PHHW WKLV FUL�
WHULRQ XQGHU D SDLU RI DSSOLHG ORDGV� 6XEVWLWXWLQJ (T� ���� (T� ��� DQG (T� ��� LQWR
(T� ���� RQH FDQ REWDLQ WKH IROORZLQJ HTXDWLRQ�

ൊI�DGKHU �፱ ߶ኼDGKHU �  ൊ
I�DGKHU �
፱ ߶ኼDGKHU �� ������



���� 3URSRVHG DSSURDFK

�
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,I D EL�PDWHULDO '&% VSHFLPHQ LV GHVLJQHG DFFRUGLQJ WR (T� ����� WKH ID\LQJ VXUIDFHV
RI WKH WZR EHDPV XQGHU D SDLU RI DSSOLHG ORDG� DV LOOXVWUDWHG LQ )LJ� ���� ZRXOG KDYH
LGHQWLFDO ORQJLWXGLQDO GLVSODFHPHQWV DQG VWUDLQ GLVWULEXWLRQV� 7KHUH LV QR WHQGHQF\
RI ORDGLQJ WKH DGKHVLYH OD\HU LQ VKHDU PRGH� 7KH DGKHVLYH OD\HU LV H[SHFWHG WR
GHIRUP RQO\ LQ ൷�GLUHFWLRQ� &RQVHTXHQWO\� WKH UHDFWLRQ IRUFHV IURP WKH DGKHVLYH
OD\HU RQ WKH EHDPV DUH LQ ൷�GLUHFWLRQ RQO\�

x

y

f(x)

f(x)

E
x

f-adher 1, h
adher 1

Ex
f-adher 2, hadher 2

)LJXUH ���� ,OOXVWUDWLRQ RI WKH UHDFWLRQ IRUFH GLVWULEXWLRQV IURP WKH DGKHVLYH OD\HU RQ WKH EHDPV RI WKH
'&% VSHFLPHQ�

$VVXPLQJ WKDW WKH UHDFWLRQ IRUFHV DFWLQJ RQ WKH EHDP VXUIDFHV IROORZ D VLPLODU GLV�
WULEXWLRQ ൥�൶�� DV LOOXVWUDWHG LQ )LJ� ���� WKH PRPHQW GLVWULEXWLRQV RYHU WKH GHIRUPHG
DGKHVLYH OD\HU UHJLRQ IRU WKH WZR EHDPV FDQ EH JLYHQ E\�

൒DGKHUࢿ �  ൒DGKHU �  ᔈ
፱

ኺ
൥�൶�ൣ൶� ������

8QGHU WKH UHDFWLRQ IRUFH GLVWULEXWLRQV IURP WKH DGKHVLYH� WKH ORQJLWXGLQDO GLVSODFH�
PHQWV FDQ EH JLYHQ E\�

൳U�DGKHU �  
߶DGKHU �൶൒DGKHU �
�ൊI�DGKHU �፱ ൎDGKHU �

ࢿ 
�൶ ࣘ

፱
ኺ ൥�൶�ൣ൶

ൊI�DGKHU �፱ ߶ኼDGKHU �േ
� ������

൳U�DGKHU � ࢿ 
߶DGKHU �൶൒DGKHU �
�ൊI�DGKHU �፱ ൎDGKHU �

ࢿ 
�൶ ࣘ

፱
ኺ ൥�൶�ൣ൶

ൊI�DGKHU �፱ ߶ኼDGKHU �േ
� ������

*LYLQJ WKH IDFW WKDW (T� ���� LV YDOLG� WKHVH WZR ORQJLWXGLQDO GLVSODFHPHQWV FDXVHG
E\ WKH UHDFWLRQ IRUFHV DUH LGHQWLFDO� %DVHG RQ WKH DQDO\VLV DERYH� QR VKHDULQJ FRXOG
EH LQYROYHG� ,W KDV EHHQ SURYHQ WKDW SXUH PRGH , LQ WKH '&% VSHFLPHQ ZLWK WZR
EHDPV RI GLIIHUHQW PDWHULDOV FRXOG EH REWDLQHG ZKHQ WKH GHVLJQ FULWHULRQ RI (T�
���� LV PHW�
7KH WZR EHDPV RI D '&% VSHFLPHQ ZLWK WKH PDWFKHG VWUDLQ GLVWULEXWLRQV GR QRW
QHFHVVDULO\ GHIOHFW V\PPHWULFDOO\ XQGHU D SDLU RI RSHQLQJ ORDG� ,Q RUGHU WR KDYH
V\PPHWULF GHIRUPDWLRQ RI WKH '&% EHDPV� WKH IOH[XUDO VWLIIQHVV RI WKH WZR EHDPV
VKRXOG EH HTXDO� WKHQ ൊI�DGKHU �፱ ߶ኽDGKHU �  ൊ

I�DGKHU �
፱ ߶ኽDGKHU � LV VDWLVILHG� +RZHYHU� WKLV

FRQILJXUDWLRQ LQYROYHV PRGH ,, IUDFWXUH EHKDYLRXU >�� �@�
,I '&% VSHFLPHQV DUH PDGH RI WKH VDPH PDWHULDO� SXUH PRGH , FDQ EH REWDLQHG LI WKH
WKLFNQHVV RI WKH WZR EHDPV LV WKH VDPH� EHFDXVH ൊI�DGKHU �፱ ߶ኼDGKHU �  ൊ

I�DGKHU �
፱ ߶ኼDGKHU �
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�� �� 3XUH PRGH , IUDFWXUH LQ EL�PDWHULDO DGKHVLYH MRLQWV

DQG ൊI�DGKHU �፱ ߶ኽDGKHU �  ൊI�DGKHU �፱ ߶ኽDGKHU � DUH HTXDOO\ PHW� +RZHYHU IRU EL�PDWHULDO
'&% VSHFLPHQV� WKHVH WZR FULWHULD FDQQRW EH PHW VLPXOWDQHRXVO\� ,Q WKLV FDVH� WKH
VWUDLQ�EDVHG FULWHULD LV WKH RQH WR EH FKRVHQ LI RQH DLPV IRU SXUH PRGH ,�

������ 'HVLJQ RI FRPSRVLWH DGKHUHQG

,Q WKH SUHFHGLQJ VXE�VHFWLRQV� WKH IOH[XUDO PRGXOXV RI WKH DGKHUHQG LV XVHG� )RULVRWURSLF PDWHULDOV� VXFK DV PHWDOV� WKH IOH[XUDO PRGXOXV LV HTXDO WR WKH PDWHULDO
<RXQJ
V PRGXOXV� +RZHYHU� IRU FRPSRVLWH ODPLQDWHV WKLV LV QRW WKH FDVH� +HUH� WKH
HIIHFWLYH IOH[XUDO PRGXOXV RI FRPSRVLWH ODPLQDWHV LV GHWHUPLQHG XVLQJ WKH &ODVVLF
/DPLQDWH 7KHRU\ �&/7��
$FFRUGLQJ WR WKH &/7� DQ $%'�PDWUL[ FDQ EH GHYHORSHG IRU D FRPSRVLWH ODPLQDWH
>��@� 7KH $%'�PDWUL[ FDQ EH XVHG WR FDOFXODWH WKH PLGSODQH VWUDLQV >࿷ኺ@ DQG FXU�
YDWXUHV >൩@ DV D UHVXOW RI DSSOLHG OLQH ORDGV >൓@ DQG PRPHQWV >൒@ DV IROORZLQJ�

ᗝ࿷
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൓
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DQG WKH ODPLQDWH VWUDLQV WKURXJKRXW WKLFNQHVV FDQ EH FDOFXODWHG DV�

ᗣ
࿷፱
࿷፳
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࿷ኺ፱
࿷ኺ፳
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൩፱
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൩፱፳
ᗤ � ������

ZKHUH ൷ LV LQ WKH GLUHFWLRQ RI WKLFNQHVV ZLWK LWV RULJLQ DW WKH PLGSODQH DQG ൶ DQG ൸
DUH ORQJLWXGLQDO DQG WUDQVYHUVH D[HV� UHVSHFWLYHO\� 7KH VWUDLQV DW WKH ID\LQJ VXUIDFH
RI WKH FRPSRVLWH DGKHUHQG QHHG WR EH GHWHUPLQHG� )RU WKLV� ൷  ߶DGKHU�� VKRXOG
EH VXEVWLWXWHG LQWR (T� ���� WR REWDLQ WKH FRUUHVSRQGLQJ VWUDLQV�
%DVHG RQ (T� ����� WKH UHODWLRQ EHWZHHQ WKH FXUYDWXUH ൩፱ DQG PRPHQW ൒፱ LV

൩፱  ൉ࣄኻኻ൒፱� ������

ZKHUH ൉ࣄኻኻ LV WKH HOHPHQW DW WKH ILUVW URZ DQG ILUVW FROXPQ RI >൉ࣄ@� 7KHUHIRUH� WKH
HIIHFWLYH IOH[XUDO PRGXOXV� ൊI፱� FDQ EH GHULYHG�

ൊI፱  
��൒፱
൩፱߶ኽ

 
��
߶ኽ൉ࣄኻኻ

� ������

7KH HIIHFWLYH IOH[XUDO PRGXOXV ൊI፱ LV RQO\ YDOLG IRU V\PPHWULF ODPLQDWHV� $QDOR�
JRXV WR WKH FDOFXODWLRQ RI WKH ORQJLWXGLQDO VWUDLQ WKURXJKRXW WKLFNQHVV IRU LVRWURSLF
PHWDOV� WKH ORQJLWXGLQDO VWUDLQ RI V\PPHWULF FRPSRVLWH ODPLQDWH FDQ WKHQ EH HDVLO\
GHWHUPLQHG E\�

࿷፱  
൒፱൷
ൊI፱ൎ

� ������

%DVHG RQ (T� ����� WKH SURSRVHG FULWHULRQ H[SUHVVHG DV (T� ���� FDQ EH XVHG WR
REWDLQ WKH GHVLUDEOH OD\XS RI FRPSRVLWH DGKHUHQG�
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�

��

)RU DQ DV\PPHWULF FRPSRVLWH ODPLQDWH� WKH ORQJLWXGLQDO VWUDLQ FDQQRW EH FDOFXODWHG
GLUHFWO\ XVLQJ (T� ����� 7KLV LV DWWULEXWHG WR WKH IDFW WKDW >࿷ኺ@ ऍ >�@� ,Q WKLV FDVH�
(T� ���� KDV WR EH XVHG WR REWDLQ WKH ORQJLWXGLQDO VWUDLQ RI DQ DV\PPHWULF ODPLQDWH�
VXFK WKDW WKH ORQJLWXGLQDO VWUDLQ DW WKH ID\LQJ VXUIDFH LV HTXDO WR WKH VWUDLQ DW WKH
ID\LQJ VXUIDFH RI WKH RSSRVLWH DGKHUHQG�

���� &DVH VWXG\

$WHVW SURJUDP ZDV FDUULHG RXW LQ RUGHU WR YDOLGDWH WKH SURSRVHG DSSURDFK RI
DFKLHYLQJ SXUH PRGH , LQ '&% VSHFLPHQV PDGH RI GLVVLPLODU PDWHULDOV� 7KH

'&% VSHFLPHQV ZHUH PDGH RXW RI VWHHO VWULSV ERQGHG WR JODVV ILEUH UHLQIRUFHG SRO\�
PHU �*)53� ODPLQDWHV� 7ZR '&% FRQILJXUDWLRQV ZHUH PDQXIDFWXUHG� RQH EDWFK
IROORZLQJ WKH VWUDLQ EDVHG GHVLJQ FULWHULRQ � ൊI�DGKHU �፱ ߶ኼDGKHU �  ൊ

I�DGKHU �
፱ ߶ኼDGKHU �� DQG

RQH EDWFK IROORZLQJ WKH IOH[XUDO EDVHG FULWHULRQ � ൊI�DGKHU �፱ ߶ኽDGKHU �  ൊ
I�DGKHU �
፱ ߶ኽDGKHU ��

%RWK VSHFLPHQV FRQILJXUDWLRQV ZHUH WHVWHG DQG QXPHULFDOO\ PRGHOOHG�
)XUWKHUPRUH� V\PPHWULF VWHHO�VWHHO '&% VSHFLPHQV ZHUH PDQXIDFWXUHG LQ RUGHU WR
KDYH D UHIHUHQFH WHVW� 7KH IUDFWXUH VXUIDFHV RI WKH EL�PDWHULDO VSHFLPHQV ZHUH
DQDO\VHG DQG FRPSDUHG ZLWK WKH UHIHUHQFH FDVH�

������ 0DWHULDOV DQG SUHSDUDWLRQ
0DWHULDOV XVHG

)LJ� ��� VKRZV WKH '&% WHVW VSHFLPHQ JHRPHWU\� ZKLFK LV FKDUDFWHULVHG E\ DG�
KHUHQGV KHLJKW ߶VWHHO DQG ߶FRPSRVLWH� DGKHUHQGV OHQJWK ൑ DQG ZLGWK േ� DQG DQ

LQLWLDO FUDFN RI OHQJWK ൠLQLW�
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Metallic spacer

)LJXUH ���� 6WHHO�FRPSRVLWH '&% WHVW VSHFLPHQ�
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�� �� 3XUH PRGH , IUDFWXUH LQ EL�PDWHULDO DGKHVLYH MRLQWV

7KH '&% VSHFLPHQV ZHUH PDQXIDFWXUHG E\ ERQGLQJ VWHHO 6��� DQG *)53 ODPLQDWHV
XVLQJ WKH VWUXFWXUDO HSR[\ DGKHVLYH $UDOGLWH ���� �+XQWVPDQn�� 7KH *)53 ODPL�
QDWHV ZHUH PDQXIDFWXUHG ZLWK TXDGUD[LDO (�JODVV �4(� IDEULF �QRPLQDO WKLFNQHVV RI
��� PP�� ZKLFK FRQVLVWV RI D VWDFNLQJ RI IRXU XQLGLUHFWLRQDO �8'� OD\HUV RI (�JODVV
ODPLQD ZLWK WKH RULHQWDWLRQV �p����p���p����p� $ UXEEHU PRGLILHG HSR[\ EDVHG
YLQ\O HVWHU UHVLQ ZDV XVHG WR LPSUHJQDWH WKH (�JODVV IDEULF VWDFNLQJ VHTXHQFH� 7KH
*)53 ODPLQDWH ZDV PDQXIDFWXUHG E\ YDFXXP LQIXVLRQ� $IWHU D SHULRG RI ��K DW
ODERUDWRU\ WHPSHUDWXUH �ࣵ ��p&�� WKH ODPLQDWH ZDV SRVW�FXUHG DW ��p& GXULQJ ��K
LQ DQ RYHQ� IROORZLQJ VXSSOLHU
V VSHFLILFDWLRQV� 7KH PHFKDQLFDO SURSHUWLHV RI 8'��p
ODPLQD� VWHHO DQG WKH HSR[\ DGKHVLYH DUH VXPPDUL]HG LQ 7DEOH ���� 7KH PHFKDQ�
LFDO SURSHUWLHV RI WKH 8'��p ODPLQD ZHUH H[SHULPHQWDOO\ GHWHUPLQHG DQG WKH VWHHO
SURSHUWLHV ZHUH WDNHQ IURP WKH VXSSOLHU
V WHFKQLFDO GDWD�VKHHW�

7DEOH ���� 0DWHULDOV PHFKDQLFDO SURSHUWLHV�

0DWHULDO ൊ፱፱ �03D� ൊ፳፳ �03D� ൌ፱፳ �03D� ࿿፱፳
8'��p ODPLQD ����� ����� ���� ����
6WHHO 6��� ������ � ���

(SR[\ DGKHVLYH >��@ ���� � ����
$[LV ൶� ORQJLWXGLQDO�ILEUHV GLUHFWLRQ� $[LV ൸� WUDQVYHUVH GLUHFWLRQ

$VVXPSWLRQ FRQFHUQLQJ V\PPHWU\ RI WKH EL�PDWHULDO VSHFLPHQ

$V DIRUHPHQWLRQHG� WZR '&% FRQILJXUDWLRQV ZHUH PDQXIDFWXUHG� RQH IROORZLQJ
WKH VWUDLQ EDVHG GHVLJQ FULWHULRQ DQG DQRWKHU IROORZLQJ WKH IOH[XUDO EDVHG GH�

VLJQ FULWHULRQ� ,Q RUGHU WR SURYLGH D EHWWHU FRPSDULVRQ RI WKH UHVXOWV RI WKH WZR
FRQILJXUDWLRQV� WKH VWHHO DGKHUHQG ZDV NHSW WKH VDPH IRU DOO WHVWHG FRQILJXUDWLRQ
DQG WKH *)53 DGKHUHQG ZDV GHVLJQHG WR PHHW WKH LQGLYLGXDO GHVLJQ FULWHULRQ E\
FKDQJLQJ WKH VWDFNLQJ VHTXHQFH RI WKH *)53 ODPLQDWHV�
7DEOH ��� VKRZV WKH OD\�XS DQG WKLFNQHVVHV RI WKH WZR FRQILJXUDWLRQV� 7KH VWHHO
WKLFNQHVV RI � PP ZDV VHOHFWHG WR DYRLG \LHOGLQJ GXULQJ TXDVL�VWDWLF IUDFWXUH WHVW�
LQJ �WKLV ZDV QXPHULFDOO\ YHULILHG�� )RU WKLV JLYHQ WKLFNQHVV RI VWHHO� WKH OD\�XS
RI WKH *)53 FRUUHVSRQGLQJ WR HDFK FULWHULRQ LV JLYHQ LQ 7DEOH ���� URZ QXPEHU ��
8QIRUWXQDWHO\� QHLWKHU FULWHULD FDQ EH SHUIHFWO\ VDWLVILHG GXH WR WKH IL[HG VWDFNLQJ
VHTXHQFH DQG WKLFNQHVV RI WKH TXDGUD[LDO (�JODVV IDEULF DQG DYDLODEOH VWHHO SODWH�
7KH ILQDO ODPLQDWH WKLFNQHVV DIWHU FXULQJ LV OLVWHG LQ 7DEOH ���� URZ QXPEHU � �WKH
ILQDO WKLFNQHVV LV VPDOOHU WKDQ WKH QRPLQDO RQH GXH WR WKH PDQXIDFWXULQJ SURFHVV
FRQVWUDLQWV�� )LQDOO\� WKH WKHRUHWLFDO WKLFNQHVV RI WKH VWHHO DGKHUHQG ZKLFK PDWFKHV
SHUIHFWO\ WR WKH UHDO ODPLQDWH FRQILJXUDWLRQ DQG WKH FRUUHVSRQGLQJ FULWHULRQ LV DOVR
SURYLGHG LQ 7DEOH ��� �WKHRUHWLFDO WKLFNQHVV��
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7DEOH ���� *)53 ODPLQDWHV� OD\�XS VWDFNLQJ IRU HDFK GHVLJQ FULWHULRQ �WKH OD\�XS LV GHILQHG IURP WKH
ERWWRP WR WKH WRS RI WKH ODPLQDWH��

&ULWHULRQ 6WUDLQ EDVHG )OH[XUDO EDVHG

/D\�XS >�p ���p ��p ���p@኿�>���p ��p ���p �p@኿ >�p ���p ��p ���p@ኾ�>���p ��p ���p �p@ኽ
53(*ࣄ߶ �PP� ���� ����
߶VWHHO �PP�

�WKHRUHWLFDO WKLFNQHVV�
����
������

����
������

ൊI፱ �03D� ����� �����

53(*ࣄ߶ � ILQDO WKLFNQHVV RI WKH ODPLQDWH DIWHU SRVW�FXUH F\FOH

ൊI፱  
ኻኼ

፡ኽ*)53ፉኾኾ
IRU QRQ�V\PPHWULF ODPLQDWH �PDWUL[ >൏@ LV HTXDO WR WKH LQYHUVH RI $%'�PDWUL[�

6XUIDFH SUHSDUDWLRQ DQG ERQGLQJ

7KH VXUIDFHV RI WKH VWHHO DGKHUHQGV ZHUH JULW EODVWHG XVLQJ DOXPLQLXP R[LGH
�&RUXEODVW 6XSHU =�(: QU� ����� %HIRUH DQG DIWHU WKH JULW EODVWLQJ� WKH VXUIDFHV

ZHUH FOHDQHG ZLWK D FOHDQ FORWK VRDNHG ZLWK DFHWRQH� $IWHUZDUGV� WKH VWHHO VXUIDFHV
ZHUH LPPHUVHG LQ D SRWDVVLXP K\GUR[LGH VROXWLRQ �DONDOLQH FOHDQHU�� ZKLFK ZDV
VWLUUHG DW ��� USP DQG KHDWHG WR ��p&� 7KH LPPHUVLRQ LQ WKH VROXWLRQ ODVWHG ��
PLQ� $V D ILQDO VWHS SULRU WR ERQGLQJ� WKH FOHDQHG VWHHO VXUIDFHV ZHUH LPPHUVHG LQ
D VLODQH ࿵�JO\FLGR[\SURS\OWULPHWKR[\VLODQH �࿵�*36� VROXWLRQ IRU �� VHFRQGV LQ RUGHU
WR VWUHQJWKHQ WKH DGKHVLRQ RI WKH DGKHVLYH DW WKH LQWHUIDFHV� 7KH VWHHO DGKHUHQGV
ZHUH WKHQ RYHQ FXUHG IRU � KRXU DW ���p&� 7KH VLODQH VROXWLRQ ZDV SUHSDUHG LQ WKUHH
VWHSV DFFRUGLQJ WR /L HW DO� >��@� )LUVWO\� WKH ࿵�*36 ZDV K\GURO\VHG LQ GLVWLOOHG ZDWHU
�':��PHWKDQRO PL[WXUH� 7KH YROXPH UDWLRV RI ࿵�*36�':�PHWKDQRO ZHUH ���������
UHVSHFWLYHO\� 6HFRQGO\� WKH S+ ZDV VHW WR ����� E\ DGGLQJ DFHWLF DFLG WR NHHS WKH
VROXWLRQ
V VWDELOLW\� )LQDOO\� WKH VROXWLRQ ZDV PDJQHWLFDOO\ VWLUUHG IRU ��K DW ��� USP
DW URRP WHPSHUDWXUH�
7KH VXUIDFHV RI WKH *)53 ODPLQDWH ZHUH PDQXDOO\ DEUDGHG ZLWK VDQGSDSHU �JULG
����� 'XULQJ WKLV SURFHVV� FDUH ZDV WDNHQ WR QRW DIIHFW WKH ILEUHV RI WKH ODPLQDWH�
%HIRUH DQG DIWHU WKH VDQGLQJ� WKH *)53 VXUIDFHV ZHUH FOHDQHG ZLWK D FOHDQ FORWK
VRDNHG ZLWK LVRSURSDQRO�
$ PDQXDO DSSOLFDWRU JXQ ZLWK D VWDWLF�PL[LQJ QR]]OH ZDV XVHG WR PL[ DQG DSSO\
WKH WZR FRPSRQHQW HSR[\ SDVWH DGKHVLYH� $UDOGLWHn ����� ,Q RUGHU WR KDYH D FRU�
UHFW PL[WXUH RI ERWK FRPSRQHQWV� D VPDOO TXDQWLW\ RI DGKHVLYH ZDV ILUVW GLVFDUGHG�
0HWDOOLF VSDFHUV RI DSSUR[LPDWHO\ ��� PP ZHUH XVHG WR REWDLQ DQ XQLIRUP DGKHVLYH
ERQG�OLQH� DV VKRZQ LQ )LJ� ���� 7ZR PHWDOOLF VWULSV DQG D VKDUS UD]RU EODGH ZHUH
XVHG WR EXLOG WKH VSDFHUV� 7KHVH FRPSRQHQWV ZHUH ERQGHG E\ D IDVW FXULQJ DGKH�
VLYH� :KLOH WKH PHWDOOLF VWULSV GHVLJQDWHG WKH OHQJWK RI LQLWLDOO\ XQERQGHG ]RQH DQG
WKH GLVWDQFH IURP WKH ORDG DSSOLFDWLRQ SRLQW � ൠኺ� WKH UD]RU EODGH SODFHG LQ EHWZHHQ
WKH PHWDOOLF VWULSV FUHDWHG DQ DGGLWLRQDO SUH�FUDFN RI OHQJWK ́ൠ DW WKH PLG WKLFNQHVV
RI WKH DGKHVLYH ERQG�OLQH� 7R IDFLOLWDWH SRVW�ERQGLQJ UHPRYDO� WKH VSDFHUV ZHUH
FRYHUHG ZLWK D UHOHDVH DJHQW� $IWHU WKH ERQGLQJ SURFHVV� FXULQJ WRRN SODFH DW ��p&
IRU � KRXU DFFRUGLQJ WR PDQXIDFWXUHU
V VSHFLILFDWLRQV� $Q HYHQ ERQG�OLQH WKLFNQHVV
ZDV REWDLQHG E\ PDNLQJ XVH RI ZHLJKWV WR XQLIRUPO\ FRPSUHVV WKH VSHFLPHQV� $IWHU
FXULQJ WKH VSHFLPHQV� WKH H[FHVV RI DGKHVLYH RQ WKH VLGHV ZDV UHPRYHG E\ DEUD�
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VLRQ� 7KH WRWDO WKLFNQHVV RI WKH VSHFLPHQV ZDV PHDVXUHG DW WKUHH ORFDWLRQV DORQJ
WKH VSHFLPHQ OHQJWK DQG WKH DYHUDJH ZDV FDOFXODWHG LQ DFFRUGDQFH ZLWK WKH $670
'������� >�@�
6WUDLQV JDXJHV ZHUH XVHG LQ RUGHU WR PHDVXUH WKH ORQJLWXGLQDO VWUDLQV DW WKH IUHH
VXUIDFHV RI WKH VSHFLPHQV� $ WRWDO RI HLJKW VWUDLQ JDXJHV ZHUH JOXHG RQ HDFK VSHF�
LPHQ �IRXU RQ WKH VWHHO DGKHUHQG �W\SH� .)*�������&������ DQG WKH DQRWKHU IRXU
RQ WKH *)53 DGKHUHQG �W\SH� .)*�������&������� 7KH\ ZHUH SODFHG LQ VSHFLILF
ORFDWLRQV DV VKRZHG LQ )LJ� ����
)LQDOO\� SULRU WR WHVWLQJ� D WKLQ OD\HU RI ZKLWH SDLQW ZDV DSSOLHG WR WKH VLGH RI WKH
VSHFLPHQV LQ RUGHU WR HQKDQFH YLVLELOLW\ RI WKH FUDFN� 9HUWLFDO OLQHV HYHU\ � PP
ZHUH PDUNHG RQ WKH VLGH LQ RUGHU WR SURYLGH D OHQJWK VFDOH IRU WKH FUDFN OHQJWK
PHDVXUHPHQWV�
6\PPHWULF VWHHO�VWHHO '&% VSHFLPHQV ZHUH DOVR PDQXIDFWXUHG LQ RUGHU WR REWDLQ
WKH IUDFWXUH PRUSKRORJ\ RI WKH DGKHVLYH XQGHU SXUH PRGH , ORDGLQJ� 7KH ERQGLQJ
SURFHVV GHVFULEHG SUHYLRXVO\ ZDV IROORZHG�

������ 7HVW VHW�XS

0HFKDQLFDO WHVWV RQ '&% VSHFLPHQV ZHUH FRQGXFWHG EDVHG RQ $670 VWDQGDUG
WHVW PHWKRG '������� >�@� 7KH TXDVL�VWDWLF WHVWV ZHUH SHUIRUPHG RQ D �� N1

�ORDG�FHOO SUHFLVLRQ RI ����� =ZLFN WHQVLOH WHVW PDFKLQH XQGHU GLVSODFHPHQW FRQWURO�
ZLWK D IL[HG GLVSODFHPHQW UDWH RI � PP�PLQ �WKH GLVSODFHPHQW ZDV PHDVXUHG E\ WKH
WHVWLQJ PDFKLQH LWVHOI DQG E\ WZR H[WHQVRPHWHUV SODFHG FORVHU WR WKH JULSV�� 7KH
WHVWV ZHUH FDUULHG RXW WR IDLOXUH DW ODERUDWRU\ FRQGLWLRQV �WHPSHUDWXUH RI ��p& DQG
UHODWLYH KXPLGLW\ RI ����� 7KH FUDFN OHQJWK ZDV PHDVXUHG E\ PHDQV RI D FDPHUD
SODFHG DW WKH VLGH RI WKH VSHFLPHQ� 3LFWXUHV ZHUH WDNHQ HYHU\ VHFRQG DIWHU WKH ORDG
DSSOLFDWLRQ�
7KH FUDFN OHQJWK ZDV GHILQHG DV WKH VWUDLJKW DQG KRUL]RQWDO OLQH GLVWDQFH EHWZHHQ
WKH ORDG OLQH DQG WKH FUDFN WLS� ZKHUH WKH ORDG OLQH LV DVVXPHG WR EH FRLQFLGHQW ZLWK
WKH FHQWUHOLQH RI WKH SLQV RI WKH JULSV� 7KH GLVSODFHPHQW XVHG LQ DOO FDOFXODWLRQV
LV WKH JULS�WR�JULS GLVSODFHPHQW PHDVXUHG E\ WKH H[WHQVRPHWHUV� ,W LV DVVXPHG
WKDW DQ\ GLVSODFHPHQW RFFXUULQJ LQ WKH ORDGLQJ EORFNV LV QHJOLJLEOH FRPSDUHG WR WKH
GHIRUPDWLRQ RI WKH DUPV RI WKH VSHFLPHQV�
)LJ� ��� VKRZV DQ RYHUYLHZ RI WKH H[SHULPHQWDO WHVW VHW�XS DQG D FORVH�XS YLHZ
RI WKH VSHFLPHQ XQGHU ORDGLQJ� ,W LV SRVVLEOH WR REVHUYH WKH H[WHQVRPHWHUV� WKH
ORDGLQJ EORFNV DQG WKH FUDFN OHQJWK DW WKDW PRPHQW RI WKH WHVW�

���� )LQLWH HOHPHQW PRGHOOLQJ �)(0�

�' PRGHOV ZHUH EXLOW LQ $EDTXVn WR PRGHO WKH IUDFWXUH EHKDYLRXU RI WKH WHVWHG
'&% MRLQWV� 7KH YLUWXDO FUDFN FORVXUH WHFKQLTXH �9&&7� ZDV XVHG IRU FDOFXODWLRQ

RI WKH IUDFWXUH SDUDPHWHUV DW WKH FUDFN WLS� 7KH FRQFHSW EHKLQG 9&&7 LV EDVHG RQ
WKH IROORZLQJ � VHH )LJ� ���� WKH VWUDLQ HQHUJ\ UHOHDVHG ZKHQ WKH FUDFN JURZV E\
WKH OHQJWK RI RQH HOHPHQW �́ൠHOH� LV DVVXPHG WR EH HTXDO WR WKH HQHUJ\ UHTXLUHG WR
FORVH WKH FUDFN E\ WKH VDPH OHQJWK� 7KLV HQHUJ\ LV IRXQG E\ FRQVLGHULQJ WKH ZRUN
GRQH E\ WKH IRUFHV DW WKH FUDFN WLS QRGH �QRGH ൧� ോ።� ZKHQ GLVSODFHG RYHU D GLVWDQFH
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FODULW\� >��@�

)RU D PRGHO ZLWK ��QRGHG �' VROLG HOHPHQWV DV VKRZQ LQ )LJ� ���� WKH IUDFWXUH
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ൌ,,  
�

�́ൠHOH�േHOH
>൝ፋ።�൳ፋ፥ ࢿ ൳ፋ፥ࣄ�@� ������

ൌ,,,  
�

�́ൠHOH�േHOH
>൞ፋ።�൴ፋ፥ ࢿ ൴ፋ፥ࣄ�@� ������

ZKHUH ൝ፋ።� ൞ፋ። DQG ൟፋ። DUH WKH QRGDO IRUFHV DW WKH QRGH ൑൧ DW WKH FUDFN WLS� DQG ൳ፋ፥�
൴ፋ፥� ൵ፋ፥�൳ࣄፋ፥� ൴ࣄፋ፥� ൵ࣄፋ፥ DUH WKH GLVSODFHPHQWV RI WKH WRS IDFH DQG ORZHU IDFH DGMDFHQW
QRGHV ൑൪ DQG ൑൪ࣄ� UHVSHFWLYHO\� ́ൠHOH LV WKH LQFUHPHQW RI WKH FUDFN ZKLFK LV HTXDO WR
WKH HOHPHQW VL]H DW WKH FUDFN WLS DQG േHOH LV WKH ZLGWK RI WKH HOHPHQWV >��ঀ��@�
9&&7 LV LPSOHPHQWHG DV D FUDFN SURSDJDWLRQ WRRO LQ $EDTXVn ZKLFK PHDQV WKDW
SURSDJDWLRQ RQO\ RFFXUV ZKHQ D FHUWDLQ FULWHULRQ� H�J� %HQ]HJJDJK�.HQDQH ODZ�
H[FHHGV D FHUWDLQ YDOXH� H�J� ���� ,Q WKLV VWXG\ WKH )( PRGHO LV XVHG WR REWDLQ
WKH IUDFWXUH FRPSRQHQWV DW WKH FUDFN WLS OLQH� )UDFWXUH HQHUJLHV YDOXHV DUH JLYHQ
DORQJ WKH ZLGWK RI WKH VSHFLPHQ DW WKH FUDFN WLS ORFDWLRQ IRU WKH WKUHH PRGHV� PRGH
,� ,, DQG ,,,� 7KH FUDFN SURSDJDWLRQ SUHGLFWLRQ LV QRW SDUW RI WKLV VWXG\� VLQFH WKH
DLP LV WR HYDOXDWH WKH FUDFN ORDGLQJ PRGH DQG QRW SUHGLFW WKH GDPDJH SURJUHVVLRQ�
+HQFH� YHU\ KLJK YDOXHV ZHUH HQWHUHG IRU WKH FULWLFDO IUDFWXUH FRPSRQHQWV� 7KLV
DVVXUHG WKDW WKH FUDFN JURZWK FULWHULRQ ZRXOG QRW UHDFK WKH YDOXH RI ���� $ VLPLODU
DSSURDFK ZDV XVHG E\ =DURXFKDV DQG $OGHUOLHVWHQ >��@ ZKHUH 9&&7 ZDV HPSOR\HG
WR VWXG\ KRZ WKH VL]H DQG WKH SRVLWLRQ RI D GHIHFW DOWHUV WKH PRGH�PL[ UDWLR ZKHQ
DQ DGKHVLYHO\ ERQGHG VWLIIHQHG SDQHO LV VXEMHFWHG WR FRPSUHVVLRQ ORDGLQJ�
)LJ� ����D� VKRZV D UHSUHVHQWDWLRQ RI WKH ERXQGDU\ FRQGLWLRQV DSSOLHG LQ WKH PRGHO�
,Q RUGHU WR VLPXODWH WKH UHDO FRQVWUDLQWV GXULQJ D '&% WHVW� WKH IROORZLQJ ERXQGDU\
FRQGLWLRQV DQG ORDGLQJ ZHUH DSSOLHG� WKH ULJKW HQG RI WKH XSSHU HGJH RI WKH ERWWRP
DGKHUHQG ZDV FRQVWUDLQHG IURP DOO GLVSODFHPHQWV� 5RWDWLRQV ZHUH QRW FRQVWUDLQHG�
$ ORDG ZDV DSSOLHG RQ WKH ULJKW HQG RI WKH XSSHU HGJH RI WKH WRS DGKHUHQG� HTXDO WR
WKH ORDG WDNHQ IURP WKH H[SHULPHQWDO WHVWV DW VSHFLILF FUDFN OHQJWK SRLQWV �/RDG።  
൥�ൠ።���
7KH VSHFLPHQV ZHUH PRGHOOHG XVLQJ � QRGH OLQHDU EULFN HOHPHQWV �&�'��� ,Q D �'
PRGHO� WKH $EDTXVn LQWHJUDWHG 9&&7 FDSDELOLW\ LV RQO\ FRPSDWLEOH ZLWK OLQHDU HOH�
PHQWV� 7KH DGKHVLYH OD\HU WKLFNQHVV ZDV QRW H[SOLFLWO\ PRGHOOHG GXH WR LWV QHJOLJLEOH
FRQWULEXWLRQ WR WKH RYHUDOO VSHFLPHQ
V VWLIIQHVV LQ FRPSDULVRQ ZLWK WKH DGKHUHQGV�
$OO PDWHULDOV ZHUH PRGHOOHG DV OLQHDU HODVWLF� XVLQJ WKH PDWHULDOV SURSHUWLHV JLYHQ
LQ 7DEOH ����
7KH QXPEHU RI HOHPHQWV LQ WKLFNQHVV GLUHFWLRQ RI WKH *)53 DGKHUHQGV ZDV GHILQHG
E\ RQH HOHPHQW SHU TXDGUD[LDO IDEULF� 7DNLQJ LQWR DFFRXQW HDFK OD\�XS RI WKH *)53
ODPLQDWHV� WKH IROORZLQJ ZDV GHILQHG� �� HOHPHQWV IRU WKH VWUDLQ EDVHG DSSURDFK�
DQG � HOHPHQWV IRU WKH IOH[XUDO EDVHG DSSURDFK� )RU WKH VWHHO DGKHUHQGV� � HOHPHQWV
ZHUH XVHG LQ WKLFNQHVV GLUHFWLRQ IRU ERWK FULWHULD� 7KH HOHPHQW VL]H LQ ZLGWK DQG
OHQJWK GLUHFWLRQV ZDV VHW WR �����േ �േ LV WKH VSHFLPHQ ZLGWK�� $ PHVK FRQYHUJHQFH
VWXG\ ZDV SHUIRUPHG WR JXDUDQWHH PHVK LQ�GHSHQGHQF\ RI WKH QXPHULFDO UHVXOWV�
$ �'�PHVK RYHUYLHZ LV VKRZQ LQ )LJ� ����E��
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�E� 7\SLFDO PHVK RI WKH QXPHULFDO PRGHO� LQFOXGLQJ D ]RRP RI WKH VSHFLPHQ WKLFNQHVV�

)LJXUH ���� '&% ILQLWH HOHPHQW PRGHO� ERXQGDU\ FRQGLWLRQV DQG PHVK RYHUYLHZ�

���� 5HVXOWV DQG GLVFXVVLRQ
������ ([SHULPHQWDO UHVXOWV DQG )(0 YDOLGDWLRQ

)LJ� ��� VKRZV WKH ORDG�GLVSODFHPHQW FXUYHV RI WKH IOH[XUDO EDVHG DQG VWUDLQ EDVHG
FULWHULD REWDLQHG GXULQJ H[SHULPHQWV� 7KH OLQHDU SDUW RI WKHVH FXUYHV LV FRPSDUHG

ZLWK WKH OLQHDU HODVWLF VWLIIQHVV REWDLQHG IURP WKH QXPHULFDO PRGHOV� 7KH )( PRGHO
IROORZHG D VLPLODU VWLIIQHVV DV LQ WKH H[SHULPHQWV�
7KHUH LV DQ DFFHSWDEOH VFDWWHU LQ WKH H[SHULPHQWDO ORDG�GLVSODFHPHQW FXUYHV IRU
ERWK FRQILJXUDWLRQV� 2QH FDQ DOVR VHH WKDW WKH PD[LPXP ORDG RI WKH VWUDLQ EDVHG
VSHFLPHQV LV KLJKHU WKDQ WKDW RI WKH IOH[XUDO EDVHG VSHFLPHQV� 7KLV GLIIHUHQFH ZDV
H[SHFWHG VLQFH WKH IOH[XUDO VWLIIQHVV RI WKH FRPSRVLWH DGKHUHQG LQ WKH VWUDLQ EDVHG
FULWHULRQ LV KLJKHU WKDQ WKDW LQ WKH IOH[XUDO EDVHG FULWHULRQ�
,Q RUGHU WR IXUWKHU YDOLGDWH WKH )( PRGHO� WKH ORQJLWXGLQDO VWUDLQ YDOXHV UHFRUGHG
E\ WKH VWUDLQ JDXJHV GXULQJ H[SHULPHQWV ZHUH FRPSDUHG WR WKH FRUUHVSRQGHQW QX�
PHULFDO YDOXHV REWDLQHG IURP WKH PRGHOV� 7KH UHVXOWV DUH SUHVHQWHG LQ )LJV� ���
DQG ���� IRU IOH[XUDO DQG VWUDLQ EDVHG VSHFLPHQV� UHVSHFWLYHO\� 7KUHH ORDGLQJ FDVHV
DQG FRUUHVSRQGHQW FUDFN OHQJWKV ZHUH FRQVLGHUHG IRU HDFK FULWHULRQ� 7KHVH DUH
UHSUHVHQWHG LQ )LJ� ��� E\ WKH SRLQWV ൕ።዆���� 7KH ൶�SRVLWLRQ LV GHILQHG IURP WKH



�

�� �� 3XUH PRGH , IUDFWXUH LQ EL�PDWHULDO DGKHVLYH MRLQWV

0 2 4 6 8 10

Displacement (mm)

0

50

100

150

200

250

300

350

L
o
ad

 (
N

)

Measurement
FEM

P1

P2

P3

a
init 

= 41.2 mmP1:

a
 
= 50.7 mmP2:

a
 
= 62.7 mmP3:

�D� )OH[XUDO EDVHG FRQILJXUDWLRQ�

0 2 4 6 8 10

Displacement (mm)

0

50

100

150

200

250

300

350

L
o
ad

 (
N

)

Measurement
FEM

P4

P5

P6

a
init 

= 41.6 mmP4:

a
 
= 50.6 mmP5:

a
 
= 67.5 mmP6:

�E� 6WUDLQ EDVHG FRQILJXUDWLRQ�

)LJXUH ���� )(0 YDOLGDWLRQ E\ XVLQJ WKH LQLWLDO OLQHDU SDUW RI WKH ORDG�GLVSODFHPHQW H[SHULPHQWDO FXUYHV
IRU ERWK FRQILJXUDWLRQV�

ORDG DSSOLFDWLRQ SRLQW� DV VKRZQ LQ WKH LQVHUW RI )LJ� ����D�� ,W FDQ EH REVHUYHG
WKDW WKHUH LV D JRRG PDWFKLQJ EHWZHHQ WKH QXPHULFDO DQG H[SHULPHQWDO ORQJLWXGLQDO
VWUDLQ UHVXOWV�
/RRNLQJ LQWR PRUH GHWDLO WR WKH UHVXOWV SUHVHQWHG LQ )LJV� ��� DQG ����� RQH FDQ
REVHUYH WZR VSHFLDO IHDWXUHV� )LUVWO\� WKH ORQJLWXGLQDO VWUDLQV RI ERWK DGKHUHQGV GLG
QRW EHFRPH ]HUR ULJKW LQ IURQW RI WKH FUDFN WLS� 7KLV VKRZV WKDW WKH WZR DGKHUHQGV
ZHUH QRW SHUIHFWO\ FDQWLOHYHUHG DW WKH FUDFN WLS� 7KH VWUDLQV EHFRPH ]HUR DERXW ��
PP DKHDG RI WKH FUDFN WLS� 0RVW OLNHO\ WKH DGKHVLYH KDV GHIRUPHG LQ WKLV UHJLRQ�
7KH VHFRQG IHDWXUH LV UHODWHG ZLWK WKH GLIIHUHQFHV LQ WKH VWUDLQ GLVWULEXWLRQV RI WKH
WZR FULWHULD� )RU WKH IOH[XUDO EDVHG VSHFLPHQV �)LJ� ����� D JUHDW GLVFUHSDQF\ LQ
WKH VWUDLQ GLVWULEXWLRQV EHWZHHQ WKH WZR DGKHUHQGV FDQ EH REVHUYHG� 0RUHRYHU�
LW LV DOVR VKRZQ WKDW WKHUH ZDV VWLOO VRPH GLVFUHSDQF\ LQ IURQW RI WKH FUDFN WLS�
JLYLQJ WKH LQGLFDWLRQ WKDW WKH DGKHVLYH LQ WKDW UHJLRQ ZDV ORDGHG XQGHU VKHDU PRGH�
$V H[SHFWHG� WKH VWUDLQ GLVWULEXWLRQV ZHUH TXLWH VLPLODU RQ ERWK DGKHUHQGV IRU WKH
SURSRVHG FULWHULRQ �RI PDWFKLQJ WKH ORQJLWXGLQDO VWUDLQV DW WKH ERQGHG VXUIDFHV� �
VHH )LJ� ����� 7KH VOLJKW GLIIHUHQFH VWLOO REVHUYHG LV DWWULEXWHG WR WKH WKLFNQHVV
PDQXIDFWXULQJ FRQVWUDLQWV LQKHUHQW WR ERWK DGKHUHQGV�
7KLV GLVFXVVLRQ LV IXUWKHU VXSSRUWHG ZLWK WKH IUDFWRJUDSK\ UHVXOWV RI WKH WZR WHVWHG
EL�PDWHULDO FRQILJXUDWLRQV� ZKLFK DUH GHVFULEHG LQ WKH QH[W VXEVHFWLRQ�



���� 5HVXOWV DQG GLVFXVVLRQ

�

��

0 30 60 90 120 150 180

 x-position (mm)

-4

-3

-2

-1

0

1

S
tr

ai
n

 (
-)

10 -3

GFRP FEM
GFRP Measurement
Steel FEM
Steel Measurement

x-position

a
init

�D� 3RLQW �� ፏ ዆ ������ 1� ፚLQLW ዆ ���� PP�

0 30 60 90 120 150 180

 x-position (mm)

-4

-3

-2

-1

0

1

S
tr

ai
n

 (
-)

10 -3

GFRP FEM
GFRP measurement
Steel FEM
Steel measurement

a

�E� 3RLQW �� ፏ ዆ ������ 1� ፚ ዆ ���� PP�

0 30 60 90 120 150 180

 x-position (mm)

-4

-3

-2

-1

0

1

S
tr

ai
n

 (
-)

10 -3

GFRP FEM
GFRP measurement
Steel FEM
Steel measurement

a

�F� 3RLQW �� ፏ ዆ ������ 1� ፚ ዆ ���� PP�

)LJXUH ���� )OH[XUDO EDVHG FULWHULRQ�
ORQJLWXGLQDO VWUDLQV DV D IXQFWLRQ RI WKH
፱�SRVLWLRQ IRU � GLIIHUHQW ORDGLQJ FDVHV�
QXPHULFDO YV� H[SHULPHQWDO UHVXOWV�

0 30 60 90 120 150 180

 x-position (mm)

-4

-3

-2

-1

0

1

S
tr

ai
n

 (
-)

10 -3

GFRP FEM
GFRP Measurement
Steel FEM
Steel Measurement

a
init

�D� 3RLQW �� ፏ ዆ ��� 1� ፚLQLW ዆ ���� PP�

0 30 60 90 120 150 180

 x-position (mm)

-4

-3

-2

-1

0

1
S

tr
ai

n
 (

-)
10 -3

GFRP FEM
GFRP Measurement
Steel FEM
Steel Measurement

a

�E� 3RLQW �� ፏ ዆ ������ 1� ፚ ዆ ���� PP�

0 30 60 90 120 150 180

 x-position (mm)

-4

-3

-2

-1

0

1

S
tr

ai
n

 (
-)

10 -3

GFRP FEM
GFRP Measurement
Steel FEM
Steel Measurement

a

�F� 3RLQW �� ፏ ዆ ������ 1� ፚ ዆ ���� PP�

)LJXUH ����� 6WUDLQ EDVHG FULWHULRQ�
ORQJLWXGLQDO VWUDLQV DV D IXQFWLRQ RI WKH
፱�SRVLWLRQ IRU � GLIIHUHQW ORDGLQJ FDVHV�
QXPHULFDO YV� H[SHULPHQWDO UHVXOWV�



�

�� �� 3XUH PRGH , IUDFWXUH LQ EL�PDWHULDO DGKHVLYH MRLQWV

������ $QDO\VLV RI WKH IUDFWXUH VXUIDFHV

Steel-steel Strain based Flexural based

)LJXUH ����� 5HSUHVHQWDWLYH PDFURVFRSLF YLHZ RI WKH IUDFWXUH VXUIDFHV�

$ IWHU WHVWLQJ� QR GHODPLQDWLRQ KDV EHHQ REVHUYHG LQ WKH FRPSRVLWH ODPLQDWH� 7KH
IUDFWXUH VXUIDFHV RI DOO WKUHH WHVWHG FRQILJXUDWLRQV ZHUH DQDO\VHG� $ PDFUR�

VFRSLF YLHZ RI WKH UHSUHVHQWDWLYH IUDFWXUH VXUIDFHV LV SURYLGHG LQ )LJ� ����� $V LW
FDQ EH VHHQ� DGKHVLYH UHVLGXHV DUH FOHDUO\ SUHVHQW RQ WKH SDLUV RI DGKHUHQGV RI DOO
WHVWHG FRQILJXUDWLRQV� SURYLQJ WKDW DOO WKH VSHFLPHQV H[SHULHQFHG FRKHVLYH IDLOXUH
GXULQJ WHVWLQJ�
7KH IUDFWXUH VXUIDFHV ZHUH DOVR FKDUDFWHUL]HG DW D PLFURVFRSLF OHYHO XVLQJ -(2/ -60�
����) ILHOG HPLVVLRQ VFDQQLQJ HOHFWURQ PLFURVFRSH �6(0� �-(2/� 7RN\R� -DSDQ��
7KLV IUDFWRJUDSKLF DQDO\VLV ZDV FRQGXFWHG WR GHWHUPLQH WKH IDLOXUH PRGHV LQ WKH
WHVWHG '&% VSHFLPHQV� 3ULRU WR WKH 6(0 FKDUDFWHUL]DWLRQ� WKH IUDFWXUH VXUIDFH ZDV
YLVXDOO\ REVHUYHG DQG DUHDV RI LQWHUHVW ZHUH VHOHFWHG XVLQJ RSWLFDO PLFURVFRS\�
7KHVH DUHDV ZHUH GLVVHFWHG IURP WKH DGKHUHQGV DQG LQVSHFWHG ZLWK 6(0� )LJ� ����
VKRZV W\SLFDO 6(0 PLFURVFRSLF IUDFWXUH VXUIDFHV RI DOO WHVWHG FRQILJXUDWLRQV ����
N9 DFFHOHUDWLRQ YROWDJH� ORZ DQJOH VHFRQGDU\ HOHFWURQ GHWHFWRU ঀ /(,�� VWHHO�VWHHO�
VWHHO�FRPSRVLWH VWUDLQ EDVHG DQG VWHHO�FRPSRVLWH IOH[XUDO EDVHG�
7KH IDLOXUH WRRN SODFH LQ WKH EXON\ DGKHVLYH OD\HU FRQWDLQLQJ WRXJKHQLQJ SDUWLFOHV�
PDNLQJ LQWHUSUHWDWLRQ RI WKH IUDFWXUH PRUSKRORJ\ PRUH FKDOOHQJLQJ >��@� 7KH IUDF�
WXUH PRUSKRORJ\ RI VXFK DQ DGKHVLYH V\VWHP XQGHU SXUH PRGH , ORDGLQJ LV H[WUDFWHG
IURP WKH VWHHO�VWHHO '&% VSHFLPHQ� DV VKRZQ LQ )LJ� �����D�� 7KLV IUDFWXUH VXUIDFH
LV SURYLGHG DV D UHIHUHQFH IRU SXUH PRGH , PRUSKRORJ\ IHDWXUHV� 7KH WRXJKHQLQJ
SDUWLFOHV ZHUH SXOOHG DSDUW GLUHFWO\ IURP WKH UHVLQ ZLWKRXW VPHDULQJ LW� &OHDU LP�
SUHVVLRQV RI WKH WRXJKHQLQJ SDUWLFOHV FDQ EH REVHUYHG DW WKH IUDFWXUH VXUIDFH VKRZQ
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Particles

Impressions

500X

�D� )UDFWXUH VXUIDFH RI VWHHO�VWHHO VSHFLPHQ� �E� )UDFWXUH VXUIDFH RI VWUDLQ EDVHG VSHFLPHQ�

�F� )UDFWXUH VXUIDFH RI IOH[XUDO EDVHG VSHFL�
PHQ�

)LJXUH ����� )UDFWRJUDSK\ DQDO\VLV� $OO SLFWXUHV ZHUH WDNHQ DW WKH PDJQLILFDWLRQ RI ���[�

LQ )LJ� �����D�� 7KHVH REVHUYDWLRQV DUH FOHDU HYLGHQFHV RI WKH RFFXUUHQFH RI SXUH
PRGH , IUDFWXUH >��@�

)LJ� �����E� VKRZV WKH W\SLFDO IUDFWXUH PRUSKRORJ\ RI WKH VWUDLQ EDVHG VSHFLPHQV
DQG )LJ� �����F� VKRZV WKH W\SLFDO IUDFWXUH PRUSKRORJ\ RI WKH IOH[XUDO EDVHG VSHFL�
PHQV� $V FDQ EH VHHQ� WKH IUDFWXUH VXUIDFH RI WKH VWUDLQ EDVHG VSHFLPHQ� VKRZQ LQ
)LJ� �����E�� LV TXLWH VLPLODU WR WKDW RI WKH VWHHO�VWHHO VSHFLPHQ� ZKHUHDV WKH IUDF�
WXUH PRUSKRORJ\ RI WKH IOH[XUDO EDVHG VSHFLPHQ H[KLELWV GLVWLQFWO\ GLIIHUHQW IHDWXUHV�
7LOWHG FUDFNV LQWR WKH IUDFWXUH VXUIDFH LQGLFDWHG ZLWK ZKLWH DUURZV LQ )LJ� �����F�
FDQ EH REVHUYHG� 7KH RFFXUUHQFH RI VXFK WLOWHG FUDFNV LQGLFDWHV WKDW PL[HG�PRGH
IDLOXUH WRRN SODFH LQ WKH IOH[XUDO EDVHG VSHFLPHQV� 7KH SHHOLQJ VWUHVV DQG VKHDU
VWUHVV UHVXOW LQ D SULQFLSOH WHQVLOH VWUHVV LQFOLQHG DW D FHUWDLQ DQJOH WR WKH JOREDO
IUDFWXUH VXUIDFH� OHDGLQJ WR WLOWHG FUDFN JURZWK LQWR WKH DGKHVLYH� 7KH RFFXUUHQFH
RI VKHDU VWUHVV FDQ EH H[SODLQHG ZLWK WKH GLIIHUHQFH LQ WKH VWUDLQ GLVWULEXWLRQV RI
WKH WZR DGKHUHQGV RI IOH[XUDO EDVHG VSHFLPHQV� 6XFK IHDWXUHV DUH KDUGO\ REVHUYHG
LQ )LJ� �����E�� GHPRQVWUDWLQJ WKH DEVHQFH RI PRGH ,, IUDFWXUH LQ WKH VWUDLQ EDVHG
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VSHFLPHQ�
7KH IUDFWRJUDSK\ DQDO\VLV VKRZV WKDW WKH IDLOXUH PRGHV LQ WKH VWUDLQ EDVHG VSHFLPHQ
FRPSULVH PRGH , ZKLOH LQ WKH IOH[XUDO EDVHG VSHFLPHQ FRPSULVH PRGH , DQG PRGH
,,� 7KLV DQDO\VLV RI WKH IDLOXUH PRGHV LQ WKH WZR FRQILJXUDWLRQV UHDFKHV WKH VDPH
FRQFOXVLRQ GLVFXVVHG LQ VXE�VHFWLRQ ������
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)LJXUH ����� 5HVLVWDQFH�FXUYH RI WKH VWUDLQ EDVHG VSHFLPHQV�

������ &ULWLFDO IUDFWXUH HQHUJ\ UHVXOWV

7KH PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH RI HDFK WHVWHG '&% FRQILJXUDWLRQ ZDV
GHWHUPLQHG ZLWK WKH PRGLILHG EHDP WKHRU\ �0%7�� DFFRUGLQJ WR $670 '�����

�� >�@� DQG LV JLYHQ E\�

ൌ,  
�ൕ�́

�േ�ൠ � _ൠFRUU_�
� ������
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ZKHUH _ൠFRUU_ LV DQ H[SHULPHQWDOO\ GHWHUPLQHG FUDFN OHQJWK� $FFRUGLQJ WR WKH 0%7�
_ൠFRUU_ GHQRWHV D SRUWLRQ RI FUDFN OHQJWK ZKLFK VKRXOG EH LQFOXGHG LQWR WKH DFWXDO
FUDFN OHQJWK ൠ ZKHQ SHUIRUPLQJ WKH FDOFXODWLRQ RI ൌ, >�@� ([SHULPHQWDOO\ GHWHU�
PLQHG� _ൠFRUU_ LV DURXQG �� PP �DW OHDVW �� SRLQWV ZHUH XVHG WR FDOFXODWH _ൠFRUU_
ZLWK DQ DYHUDJH ൗኼ RI ������ q ��������
)RU DOO WKH VSHFLPHQV� D 5HVLVWDQFH�FXUYH� DOVR FDOOHG 5�FXUYH� ZDV REWDLQHG� 7KLV
FXUYH SUHVHQWV ൌ, DV D IXQFWLRQ RI WKH FUDFN OHQJWK� 7KH H[SHULPHQWDO 5�FXUYHV DUH
SUHVHQWHG LQ )LJV� ���� DQG ���� IRU WKH IOH[XUDO EDVHG FULWHULRQ DQG IRU WKH VWUDLQ
EDVHG FULWHULRQ� UHVSHFWLYHO\� 7KH FULWLFDO IUDFWXUH HQHUJ\ ZDV WDNHQ IURP WKH SODWHDX
RQ WKH 5�FXUYH� 7KLV SODWHDX FRUUHVSRQG WR D VWDEOH FUDFN SURSDJDWLRQ� $V FDQ EH
VHHQ IURP )LJV� ���� DQG ����� WKH FULWLFDO IUDFWXUH HQHUJ\ IRU HDFK FRQILJXUDWLRQ
LV DURXQG ��� 1�PP� 'XH WR WKH H[SHULPHQWDO VFDWWHU� LW LV KDUG WR FRQFOXGH WKDW
WKHUH LV D ZHOO�PDUNHG GLIIHUHQFH LQ WKH YDOXHV RI FULWLFDO IUDFWXUH HQHUJ\ EHWZHHQ
WKH WZR FRQILJXUDWLRQV� +RZHYHU� LW LV XQGHUVWRRG VR IDU WKDW WKH IOH[XUDO EDVHG
VSHFLPHQV H[SHULHQFHG PL[HG�PRGH IUDFWXUH� DQG KHQFH LWV FULWLFDO IUDFWXUH HQHUJ\
SDUDPHWHUV VKRXOG QRW EH FDUHOHVVO\ FDOFXODWHG XVLQJ (T� �����
)LJ� ���� DQG ���� SUHVHQW WKH QXPHULFDOO\ FDOFXODWHG IUDFWXUH FRPSRQHQWV IRU ERWK
FULWHULD� IOH[XUDO EDVHG DQG VWUDLQ EDVHG UHVSHFWLYHO\� )RU ERWK FRQILJXUDWLRQV� PRGH
, LV GRPLQDQW� 2Q WKH RWKHU KDQG� PRGH ,, FRPSRQHQW LV OHVV SURQRXQFHG DQG FORVHU
WR � LQ WKH VWUDLQ EDVHG VSHFLPHQV ZKHQ FRPSDUHG WR WKH IOH[XUDO EDVHG VSHFLPHQV�
7KH QXPHULFDO UHVXOWV VKRZ WKDW WKH VWUDLQ EDVHG FULWHULRQ FDQ SURYLGH EHWWHU SXUH
PRGH , LQ EL�PDWHULDO '&% VSHFLPHQV�
'XH WR WKH PDWHULDO OLPLWDWLRQ� LW ZDV XQDFKLHYDEOH WR VDWLVI\ HLWKHU FULWHULRQ XVLQJ
WKH WHVWHG *)53 OD\�XS DQG VWHHO� +RZHYHU� HDFK FULWHULRQ FDQ EH H[DFWO\ PHW
ZLWK WKH WKHRUHWLFDO WKLFNQHVV RI VWHHO DGKHUHQG SURYLGHG LQ 7DEOH ���� $ QXPHULFDO
DQDO\VLV ZDV SHUIRUPHG LQ RUGHU WR H[DPLQH WKH GLVFUHSDQF\ LQ WKH ൌ,,�ൌ, UDWLRV IRU
ERWK FULWHULD ZKHQ FRQVLGHULQJ WKH H[SHULPHQWDO DGKHUHQGV
 WKLFNQHVVHV �L�H� ߶*)53
DQG ߶VWHHO� DQG WKH WKHRUHWLFDO RQHV �L�H� ߶*)53 DQG WKHRUHWLFDO ߶VWHHO�� $ ORDG RI
��� 1 ZDV DSSOLHG DQG D FUDFN RI ���� PP ZDV FRQVLGHUHG LQ ERWK FULWHULD� 7KH
UHVXOWV DUH SUHVHQWHG LQ )LJ� ����� 2QH FRXOG VHH WKDW E\ XVLQJ WKH WKHRUHWLFDO
WKLFNQHVVHV� WKHUH LV D UHGXFWLRQ RI PRGH ,, FRPSRQHQW� 7KH ൌ,,�ൌ, UDWLR GHFUHDVHG
IURP ���� WR ���� IRU WKH VWUDLQ EDVHG FULWHULRQ ZKHQ FRQVLGHULQJ WKH UHDO DQG
WKHRUHWLFDO WKLFNQHVVHV� UHVSHFWLYHO\� )RU WKH IOH[XUDO EDVHG FDVH� WKHVH UDWLRV DUH�
DV H[SHFWHG� KLJKHU �ൌ,,�ൌ, RI ����� IRU WKH UHDO WKLFNQHVVHV DQG ൌ,,�ൌ, RI �����
IRU WKH WKHRUHWLFDO RQHV�� ,W LV HYLGHQW WKDW WKH ൌ,,�ൌ, UDWLR LV GUDPDWLFDOO\ UHGXFHG�
E\ D URXJK IDFWRU RI �� ZKHQ WKH VWUDLQ EDVHG FULWHULRQ LV IROORZHG WR GHVLJQ WKH
*)53�VWHHO MRLQW�

���� $SSOLFDWLRQV DQG OLPLWDWLRQV RI WKH VWUDLQ EDVHG
FULWHULRQ

)URP WKH H[SHULPHQWDO DQG QXPHULFDO UHVXOWV� RQH FRXOG VHH WKDW� IRU WKH EL�
PDWHULDO DGKHVLYH MRLQW VWXGLHG� WKH PRGH ,, FRPSRQHQW LV VLJQLILFDQWO\ VXS�

SUHVVHG E\ DSSO\LQJ WKH VWUDLQ EDVHG FULWHULRQ� ,Q RUGHU WR IXUWKHU LQYHVWLJDWH WKH
DSSOLFDELOLW\ RI WKLV FULWHULRQ WR RWKHU EL�PDWHULDO MRLQWV� WKH DXWKRUV KDYH SHUIRUPHG
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)LJXUH ����� )OH[XUDO EDVHG FULWHULRQ� IUDF�
WXUH FRPSRQHQWV DV D IXQFWLRQ RI WKH VSHFLPHQ
ZLGWK IRU � GLIIHUHQW ORDGLQJ FDVHV�
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)LJXUH ����� 6WUDLQ EDVHG FULWHULRQ� IUDFWXUH
FRPSRQHQWV DV D IXQFWLRQ RI WKH VSHFLPHQ
ZLGWK IRU � GLIIHUHQW ORDGLQJ FDVHV�



���� $SSOLFDWLRQV DQG OLPLWDWLRQV RI WKH VWUDLQ EDVHG FULWHULRQ

�

��

0 5 10 15 20 25
Specimen width (mm)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

G
II

/G
I (-

)

Curvature based - Real
Curvature based - Theoretical
Strain based - Real
Strain based - Theoretical

)LJXUH ����� &RPSDULVRQ RI WKH ፆ,,�ፆ, UDWLR IRU ERWK FULWHULD FRQVLGHULQJ WKH UHDO DQG WKHRUHWLFDO
WKLFNQHVVHV RI WKH DGKHUHQGV�

D QXPHULFDO VWXG\ WR YHULI\ WKH LQIOXHQFH RI WKH DGKHUHQG PDWHULDO RQ WKH ൌ,,�ൌ,
UDWLR�
7KH VWXGLHG FDVHV DUH VXPPDUL]HG LQ 7DEOH ���� $OO FDVHV KDYH WKH VDPH VWHHO
DGKHUHQG �DGKHUHQG ��� 7KH RWKHU DGKHUHQG �DGKHUHQG �� YDULHV IURP LVRWURSLF
PHWDO WR DQLVRWURSLF FRPSRVLWH PDWHULDOV� $OO MRLQWV DUH GHVLJQHG IROORZLQJ WKH VWUDLQ
EDVHG FULWHULRQ� 7KH SULPDU\ PHFKDQLFDO SDUDPHWHUV DUH VXPPDUL]HG LQ 7DEOH ����
7KH ൌ,,�ൌ, UDWLRV RI WKH VWXGLHG FDVHV DUH SUHVHQWHG LQ )LJ� ����� ,W LV QRWHG WKDW
WKH ൌ,,�ൌ, UDWLR LV GHSHQGHQW RQ WKH PDWHULDO RI WKH DGKHUHQG �� &RPSDUHG WR WKH
DV\PPHWULF FRPSRVLWH DGKHUHQG� WKH V\PPHWULF XQLGLUHFWLRQDO FRPSRVLWH DGKHUHQG
SURYLGHV ORZHU ൌ,,�ൌ, UDWLR LQ WKH EL�PDWHULDO MRLQW� 7KLV PLJKW EH DWWULEXWHG WR WKH
HOLPLQDWLRQ RI WKH LQ�SODQH VKHDU GHIRUPDWLRQ� ,W LV DOVR REVHUYHG WKDW WKH ൌ,,�ൌ, UDWLR
LV ORZHU IRU MRLQWV ZKHUH WKH GLIIHUHQFH LQ WKH IOH[XUDO VWLIIQHVV RI WKH WZR DGKHUHQGV
LV VPDOOHU� DV IRU H[DPSOH IRU WKH VWHHO�DOXPLQLXP LQ FRPSDULVRQ ZLWK VWHHO�XQL �p
*)53� )RU WKH VWHHO�DOXPLQLXP MRLQW� WKH ൌ,,�ൌ, UDWLR LV DOPRVW ]HUR� 7KLV DOVR VKRZV
WKDW WKH FULWHULRQ LV QRW RQO\ IRU FRPSRVLWH�PHWDO� EXW DOVR PHWDO�PHWDO EL�PDWHULDO
DGKHVLYH MRLQWV�

7DEOH ���� $SSOLFDELOLW\ RI WKH VWUDLQ EDVHG FULWHULRQ� MRLQW W\SHV� PDWHULDOV� WKLFNQHVVHV DQG SURSHUWLHV
FRQVLGHUHG LQ WKH QXPHULFDO PRGHOV�

-RLQW W\SH %HQFKPDUN
$V\PPHWULF
�LVR��LVR��

$V\PPHWULF
�LVR��V\P� FRPSRVLWH�

$V\PPHWULF
�LVR��DV\P� FRPSRVLWH�

0DWHULDOV 6WHHO�VWHHO 6WHHO�DOXPLQLXP 6WHHO�XQL �p *)53 6WHHO�4( *)53

$GKHUHQG �
7KLFNQHVV ������� ������� ������� �������

3URSHUWLHV
ൊ  ��� *3D
࿿  ���

ൊ  ��� *3D
࿿  ���

ൊ  ��� *3D
࿿  ���

ൊ  ��� *3D
࿿  ���

$GKHUHQG �
7KLFNQHVV ������� ������� ������� �������

3URSHUWLHV
ൊ  ��� *3D
࿿  ����

ൊ  ���� *3D
࿿  ����

ൊI፱  ����� *3D
࿿ኻኼ  ����

ൊI፱  ������ *3D
࿿ኻኼ  ����

,VR�  ,VRWURSLF� 6\P�  6\PPHWULF� $V\P�  $V\PPHWULF
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)LJXUH ����� ፆ,,�ፆ, UDWLR RI GLIIHUHQW EL�PDWHULDO DGKHVLYH MRLQWV�

7KH DXWKRUV DUH DZDUH RI FHUWDLQ OLPLWDWLRQV RI WKH SURSRVHG VWUDLQ EDVHG GHVLJQ
FULWHULRQ� )LUVW RI DOO� WKH FULWHULRQ GRHV QRW DFFRXQW IRU WKH UHVLGXDO VWUHVVHV LQ
WKH DGKHVLYH LQWHUOD\HU GXH WR WKH WKHUPDO FRHIILFLHQWV PLVPDWFK RI ERQGHG EL�
PDWHULDO DGKHUHQGV ZKHUH WKH DGKHVLYH QHHGV WR EH FXUHG DW KLJKHU WHPSHUDWXUH�
7KH UHVLGXDO VWUHVVHV PD\ LQWURGXFH FHUWDLQ PRGH�PL[LW\� $QRWKHU OLPLWDWLRQ LV ZLWK
UHJDUGV WR WKH LQ�SODQH VKHDU GHIRUPDWLRQ LQGXFHG E\ WKH DV\PPHWULF OD\�XS RI D
FRPSRVLWH DGKHUHQG� ,W LV VXJJHVWHG WR XVH V\PPHWULF FRPSRVLWH OD\�XS IRU WHVWLQJ
EL�PDWHULDO MRLQWV� 2QH PRUH OLPLWDWLRQ LV WKDW QRQ�]HUR ൌ,, LV REWDLQHG LQ VSLWH RI
WKH IDFW WKDW WKH ൌ,,�ൌ, UDWLR LV DOPRVW ]HUR� 7KLV PLJKW EH DWWULEXWHG WR WKH LQKHUHQW
OLPLWDWLRQV RI WKH VLPSOH EHDP WKHRU\ HPSOR\HG LQ WKH GHULYDWLRQ RI WKH SURSRVHG
FULWHULRQ�
1HYHUWKHOHVV� WKH SURSRVHG VWUDLQ EDVHG FULWHULRQ LV YHU\ FRQFLVH� VLPSOH DQG SK\V�
LFDOO\ VRXQG ZKHQ GHVLJQLQJ EL�PDWHULDO DGKHVLYH MRLQWV IRU PRGH , IUDFWXUH WHVWLQJ�
,W LV HQYLVLRQHG WR EH DSSOLFDEOH IRU FRPSRVLWH�FRPSRVLWH� FRPSRVLWH�PHWDO DQG
PHWDO�PHWDO EL�PDWHULDO MRLQWV�

���� &RQFOXVLRQV

$QHZ GHVLJQ PHWKRG WR DFKLHYH PRGH , IUDFWXUH LV SURSRVHG DQG DQDO\VHG IRU '&%
DGKHVLYH MRLQWV ZLWK WZR GLVVLPLODU DGKHUHQGV� ,W LV LGHQWLILHG WKDW PDWFKLQJ WKH

ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQV RI WKH WZR GLVVLPLODU DGKHUHQGV DW WKH ERQG�OLQH
HOLPLQDWHV PRGH ,,� DQG WKXV LW SURYLGHV SXUH PRGH , LQ WKH VSHFLPHQ�
7KH FDVH VWXG\ SUHVHQWHG LQ WKLV FKDSWHU FRPSULVHV WZR '&% FRQILJXUDWLRQV� ,Q RQH
RI WKH FRQILJXUDWLRQV� WKH GLVVLPLODU DGKHUHQGV DUH GHVLJQHG WR SRVVHVV LGHQWLFDO
ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQV DW WKH VXUIDFHV ERQGHG ZLWK DGKHVLYH� 7KH RWKHU
FRQILJXUDWLRQ KDV WZR GLVVLPLODU DGKHUHQGV RI WKH VDPH IOH[XUDO VWLIIQHVV� 9&&7
WHFKQLTXH LV DSSOLHG WR PRGHO WKH IUDFWXUH EHKDYLRXU RI WKH WZR '&% FRQILJXUDWLRQV�
ZKLFK LV YDOLGDWHG ZLWK H[SHULPHQWDO GDWD� %RWK WKH H[SHULPHQWDO DQG PRGHOOLQJ UH�
VXOWV VKRZ WKDW DSSUR[LPDWHO\ SXUH PRGH , LV DFKLHYHG E\ PDWFKLQJ WKH ORQJLWXGLQDO



���� 'DWD DYDLODELOLW\

�

��

VWUDLQ GLVWULEXWLRQV� %\ FRQWUDVW� WKH '&% FRQILJXUDWLRQ ZLWK PDWFKHG IOH[XUDO VWLII�
QHVV SUHVHQWV PRGH ,, IUDFWXUH PRGH� 7KH ൌ,,�ൌ, UDWLR LV UHGXFHG E\ D IDFWRU RI �
ZKHQ XVLQJ WKH SURSRVHG ORQJLWXGLQDO VWUDLQ EDVHG FULWHULRQ LQ FRPSDULVRQ ZLWK WKH
IOH[XUDO VWLIIQHVV EDVHG FULWHULRQ�
7KH '&% FRQILJXUDWLRQ ZLWK LGHQWLFDO IOH[XUDO VWLIIQHVV RI WKH WZR DGKHUHQGV SURYLGHV
IDOVH FULWLFDO PRGH , IUDFWXUH HQHUJ\ YDOXHV� DV LQYROYHG PRGH ,, IUDFWXUH LV RYHU�
ORRNHG LQ FDOFXODWLQJ WKH FULWLFDO IUDFWXUH HQHUJ\ DFFRUGLQJ WR WKH $670 '�������
VWDQGDUG� 7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\ REWDLQHG FDQ EH� WKHUHIRUH� PLVOHDG�
LQJ� 0DWFKLQJ WKH ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQ LQ WKH '&% VSHFLPHQ ZLWK GLVVLPLODU
DGKHUHQGV LV D JHQHUDO DQG PRUH DFFXUDWH DSSURDFK WR DFKLHYH SXUH PRGH ,�
7R PLQLPL]H WKH PRGH ,, FRPSRQHQW LQ EL�PDWHULDO DGKHVLYH MRLQWV ZKHUH FRPSRV�
LWH DGKHUHQG LV XVHG� LW LV VXJJHVWHG WR DSSO\ V\PPHWULF OD\�XS DQG PLQLPL]H WKH
GLIIHUHQFH LQ WKH IOH[XUDO VWLIIQHVV RI WKH WZR DGKHUHQGV�

���� 'DWD DYDLODELOLW\
7KH GDWD UHTXLUHG WR UHSURGXFH WKHVH ILQGLQJV DUH DYDLODEOH DW�
KWWSV���GRL�RUJ���������88,'���&��'$���)'����(���������%����%�$��

5HIHUHQFHV
>�@ :� :DQJ� 5� /RSHV )HUQDQGHV� 6� 7HL[HLUD GH )UHLWDV� '� =DURXFKDV� DQG

5� %HQHGLFWXV� +RZ SXUH PRGH , FDQ EH REWDLQHG LQ EL�PDWHULDO ERQGHG '&%
MRLQWV� D ORQJLWXGLQDO VWUDLQ�EDVHG FULWHULRQ� &RPSRVLWHV 3DUW %� (QJLQHHULQJ
���� ��� �������

>�@ =� -LDQJ� 6� :DQ� DQG =� :X� &DOFXODWLRQ RI HQHUJ\ UHOHDVH UDWH IRU DGKHVLYH
FRPSRVLWH�PHWDO MRLQWV XQGHU PRGH�, ORDGLQJ FRQVLGHULQJ HIIHFW RI WKH QRQ�
XQLIRUPLW\� &RPSRVLWHV 3DUW %� (QJLQHHULQJ ��� ��� �������

>�@ 0� .KRVKUDYDQ DQG )� $VJDUL 0HKUDEDGL� )UDFWXUH DQDO\VLV LQ DGKHVLYH FRP�
SRVLWH PDWHULDO�DOXPLQXP MRLQWV XQGHU PRGH�, ORDGLQJ� H[SHULPHQWDO DQG QX�
PHULFDO DSSURDFKHV� ,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� �
�������

>�@ 5� *� %RHPDQ� '� (UGPDQ� /� .OHWW� DQG 5� /RPD[� $ SUDFWLFDO WHVW PHWKRG
IRU PRGH , IUDFWXUH WRXJKQHVV RI DGKHVLYH MRLQWV ZLWK GLVVLPLODU VXEVWUDWHV� LQ
6$03(�$&&(�'2( $GYDQFHG &RPSRVLWHV &RQIHUHQFH ������ SS� ���ঀ����

>�@ ;� -� *RQJ� )� +HUQDQGH]� DQG *� 9HUFKHU\� )UDFWXUH WRXJKQHVV RI DGKHVLYH
ERQGHG FRPSRVLWH MRLQWV XQGHU PL[HG PRGH ORDGLQJ� LQ ��WK ,QWHUQDWLRQDO
&RQIHUHQFH RQ &RPSRVLWHV �,&&0�� &RQIHUHQFH� �������

>�@ =� 2X\DQJ� *� -L� DQG *� /L� 2Q DSSUR[LPDWHO\ UHDOL]LQJ DQG FKDUDFWHUL]LQJ
SXUH PRGH�, LQWHUIDFH IUDFWXUH EHWZHHQ ERQGHG GLVVLPLODU PDWHULDOV� -RXUQDO
RI $SSOLHG 0HFKDQLFV ��� ������ �������



�

�� 5HIHUHQFHV

>�@ *� =DPEHOLV� 7� '� 6� %RWHOKR� 2� .OLQNRYD� ,� 7DZILT� DQG &� /DQRXHWWH� (YDO�
XDWLRQ RI WKH HQHUJ\ UHOHDVH UDWH LQ PRGH , RI DV\PPHWULFDO ERQGHG FRPSRV�
LWH�PHWDO DVVHPEO\� (QJLQHHULQJ )UDFWXUH 0HFKDQLFV ���� ��� �������

>�@ $670 ' ���� � 6WDQGDUG WHVW PHWKRG IRU PRGH , LQWHUODPLQDU IUDFWXUH WRXJK�
QHVV RI XQLGLUHFWLRQDO ILEHU�UHLQIRUFHG SRO\PHU PDWUL[ FRPSRVLWHV� �������

>�@ -� *� :LOOLDPV� 2Q WKH FDOFXODWLRQ RI HQHUJ\ UHOHDVH UDWHV IRU FUDFNHG ODPLQDWHV�
,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH ��� ��� �������

>��@ $� .� .DZ� 0HFKDQLFV RI FRPSRVLWH PDWHULDOV� �QG HG� �&5& 3UHVV� ������

>��@ 5� '� 6� *� &DPSLOKR� $� 0� *� 3LQWR� 0� '� %DQHD� 5� )� 6LOYD� DQG /� )� 0�
GD 6LOYD� 6WUHQJWK LPSURYHPHQW RI DGKHVLYHO\�ERQGHG MRLQWV XVLQJ D UHYHUVH�
EHQW JHRPHWU\� -RXUQDO RI $GKHVLRQ 6FLHQFH DQG 7HFKQRORJ\ ��� ���� �������

>��@ *� /L� ;� :DQJ� $� /L� :� :DQJ� DQG /� =KHQJ� )DEULFDWLRQ DQG DGKHVLYH
SURSHUWLHV RI WKLQ RUJDQRVLODQH ILOPV FRDWHG RQ ORZ FDUERQ VWHHO VXEVWUDWHV�
6XUIDFH DQG &RDWLQJV 7HFKQRORJ\ ���� ���� �������

>��@ -� $� 3DVFRH� 'HODPLQDWLRQ RI ERQGHG UHSDLUV� 0DVWHU WKHVLV� 'HOIW 8QLYHUVLW\
RI 7HFKQRORJ\ �������

>��@ <� =KDQJ� $� 3� 9DVVLORSRXORV� DQG 7� .HOOHU� 0RGH , DQG ,, IUDFWXUH EHKDYLRU RI
DGKHVLYHO\�ERQGHG SXOWUXGHG FRPSRVLWH MRLQWV� (QJLQHHULQJ )UDFWXUH 0HFKDQ�
LFV ��� ��� �������

>��@ 5� .UXHJHU� 9LUWXDO FUDFN FORVXUH WHFKQLTXH� KLVWRU\� DSSURDFK� DQG DSSOLFD�
WLRQV� $SSOLHG 0HFKDQLFV 5HYLHZV ��� ��� �������

>��@ 6� 0RVOHP� 3� 9� $QDVWDVLRV� DQG .� 7KRPDV� 0RGHOOLQJ HIIHFWV RI DV\PPHWU\
DQG ILEHU EULGJLQJ RQ PRGH , IUDFWXUH EHKDYLRU RI ERQGHG SXOWUXGHG FRPSRVLWH
MRLQWV� (QJLQHHULQJ )UDFWXUH 0HFKDQLFV ��� ��� �������

>��@ '� =DURXFKDV DQG 5� $OGHUOLHVWHQ� 7KH HIIHFW RI GLVERQGV RQ VWDELOLW\ DVSHFWV RI
DGKHVLYHO\ ERQGHG DOXPLQXP SDQHOV GXULQJ FRPSUHVVLRQ ORDGLQJ� 7KLQ�:DOOHG
6WUXFWXUHV ��� ��� �������

>��@ (� 6� *UHHQKDOJK� &KDSWHU � � 'HODPLQDWLRQ�GRPLQDWHG IDLOXUHV LQ SRO\PHU
FRPSRVLWHV� LQ )DLOXUH $QDO\VLV DQG )UDFWRJUDSK\ RI 3RO\PHU &RPSRVLWHV
�:RRGKHDG 3XEOLVKLQJ� ����� SS� ���ঀ����



�
)URP WKLQ WR ȇH[WUD�WKLFNȈ

DGKHVLYH ERQG�OLQHV

7KH ERQG�OLQH WKLFNQHVV SOD\V D UROH RQ WKH IUDFWXUH EHKDYLRXU RI DGKHVLYH
MRLQWV DV LW LV H[SODLQHG LQ &KDSWHU �� 7KH HIIHFW RI WKH DGKHVLYH ERQG�OLQH
WKLFNQHVV� YDU\LQJ IURP ��� WR ���� PP� RQ WKH PRGH , IUDFWXUH EHKDYLRXU
RI VWHHO�VWHHO MRLQWV ERQGHG ZLWK D VWUXFWXUDO HSR[\ DGKHVLYH LV LQYHVWLJDWHG
LQ WKLV FKDSWHU� $Q H[SHULPHQWDO WHVW FDPSDLJQ RI GRXEOH�FDQWLOHYHU EHDP
�'&%� VSHFLPHQV ZDV FDUULHG RXW LQ ODERUDWRU\ FRQGLWLRQV� )LYH ERQG�OLQH
WKLFNQHVVHV ZHUH VWXGLHG� ���� ���� ���� ��� DQG ���� PP� 7KH FULWLFDO PRGH
, 6(55� ൌ,F� SUHVHQWHG VLPLODU YDOXHV IRU WKH VSHFLPHQV ZLWK DGKHVLYH ERQG�
OLQH WKLFNQHVVHV RI ���� ��� DQG ��� PP �ൌ,F  ����� ����� ���� 1�PP� UH�
VSHFWLYHO\�� +RZHYHU� LW LQFUHDVHG E\ DSSUR[LPDWHO\ ��� IRU ��� PP �ൌ,F  
���� 1�PP� DQG GHFUHDVHG E\ DERXW ��� �LQ FRPSDULVRQ ZLWK ��� PP� IRU
WKH ���� PP �ൌ,F  ���� 1�PP�� 7KH WUHQG RI WKH ൌ,F LQ UHODWLRQ WR WKH ERQG�
OLQH WKLFNQHVV LV H[SODLQHG E\ WKH FRPELQDWLRQ RI WKUHH IDFWRUV� WKH FUDFN SDWK
ORFDWLRQ� WKH IDLOXUH VXUIDFHV IHDWXUHV DQG WKH VWUHVV ILHOG DKHDG RI WKH FUDFN
WLS�

3DUWV RI WKLV FKDSWHU KDYH EHHQ SXEOLVKHG LQ (QJLQHHULQJ )UDFWXUHV 0HFKDQLFV ���� ������ ������ >�@�

��



�

�� �� )URP WKLQ WR ȇH[WUD�WKLFNȈ DGKHVLYH ERQG�OLQHV

���� ,QWURGXFWLRQ

5HVHDUFK RQ WKH HIIHFW RI WKH DGKHVLYH ERQG�OLQH WKLFNQHVV RQ PRGH , IUDFWXUH
EHKDYLRXU KDV PDLQO\ IRFXVHG HLWKHU RQ MRLQWV ERQGHG ZLWK VWUXFWXUDO HSR[\

DGKHVLYHV ZLWK ERQG�OLQH WKLFNQHVVHV QRUPDOO\ UDQJLQJ EHWZHHQ ��� DQG � PP �
PRVWO\ DSSOLHG WR DHURVSDFH DQG DXWRPRWLYH DSSOLFDWLRQV >�ঀ��@� RU RQ MRLQWV ZLWK
IOH[LEOH DGKHVLYHV RIWHQ ZLWK WKLFNHU ERQG�OLQHV >�� ��ঀ��@� +RZHYHU� OLPLWHG VWXGLHV
ZHUH IRXQG RQ MRLQWV ZLWK ঈH[WUD�WKLFNউ ERQG�OLQHV ��� PP� RI HSR[\ DGKHVLYHV�
UHOHYDQW IRU FLYLO DQG VKLSEXLOGLQJ DSSOLFDWLRQV� 7KH UHVHDUFK GRQH LQ WKH SDVW KDV
SURYHG WKDW WKHUH LV D GHSHQGHQFH RI WKH FULWLFDO IUDFWXUH HQHUJ\ RI DGKHVLYH MRLQWV
RQ ERQGLQJ WKLFNQHVV� UHJDUGOHVV RI WKH QDWXUH RI WKH DGKHVLYHV� +RZHYHU� WKHUH LV
QR VLQJOH WUHQG IRU WKLV GHSHQGHQF\�
7KH VWXG\ SUHVHQWHG KHUHLQ IRFXVHV RQ WKH DGKHVLYH ERQG�OLQH WKLFNQHVV HIIHFW RQ
PRGH , IUDFWXUH EHKDYLRXU RI VWHHO�VWHHO MRLQWV ERQGHG ZLWK D VWUXFWXUDO HSR[\ DG�
KHVLYH E\ XVLQJ WKH GRXEOH�FDQWLOHYHU EHDP �'&%� WHVW� 7KH UDQJH RI DGKHVLYH
ERQG�OLQH WKLFNQHVV FRQVLGHUHG ZDV ��� PP WR �� PP� 6WDQGDUG �L�H� WKH VLPSOH
EHDP WKHRU\ �6%7�� WKH FRPSOLDQFH FDOLEUDWLRQ PHWKRG �&&0�� DQG QRQ�VWDQGDUG
�L�H� WKH 3HQDGR�.DQQLQHQ �3�.� PRGHO� UHGXFWLRQ PHWKRGV ZHUH DSSOLHG WR WKH H[�
SHULPHQWDO ORDG�GLVSODFHPHQW FXUYHV WR HYDOXDWH WKH PRGH , VWUDLQ HQHUJ\ UHOHDVH
UDWH �6(55�� 7KH VWUHVV ILHOG DKHDG RI WKH FUDFN WLS ZDV DVVHVVHG IRU WKH UDQJH
RI DGKHVLYH ERQG�OLQH WKLFNQHVVHV VWXGLHG� 7KH PRGH , 6(55�DGKHVLYH ERQG�OLQH
WKLFNQHVV UHODWLRQ ZDV H[SODLQHG E\ WKH FUDFN SDWK ORFDWLRQ DQG WKH IHDWXUHV IRXQG
RQ WKH IDLOXUH VXUIDFHV LQ FRQMXQFWLRQ ZLWK WKH VWUHVV ILHOG DKHDG RI WKH FUDFN WLS�

���� ([SHULPHQWDO
������ 0DWHULDOV DQG SUHSDUDWLRQ
0DWHULDOV XVHG

7KH '&% VSHFLPHQV �VHH )LJ� ���� ZHUH PDGH RI 6��� VWHHO DGKHUHQGV� ZLWK
D WKLFNQHVV RI ��� PP� ERQGHG ZLWK D VWUXFWXUDO WZR�FRPSRQHQW HSR[\ SDVWH

DGKHVLYH� $UDOGLWH ���� �+XQWVPDQn�� )LYH DGKHVLYH ERQG�OLQH WKLFNQHVVHV ZHUH
VWXGLHG� ���� ���� ���� ��� DQG ���� PP�
7KH PHFKDQLFDO SURSHUWLHV RI WKH VWHHO 6��� DQG WKH HSR[\ DGKHVLYH DUH JLYHQ LQ
7DEOH ���� 7KH VWHHO SURSHUWLHV ZHUH WDNHQ IURP WKH VXSSOLHU
V WHFKQLFDO GDWDVKHHW�
ZKLOH WKH DGKHVLYH
V PHFKDQLFDO SURSHUWLHV ZHUH H[SHULPHQWDOO\ PHDVXUHG IURP WHQ�
VLOH GRJ ERQH VSHFLPHQV ZLWK D WKLFNQHVV RI � PP LQ DFFRUGDQFH ZLWK ,62 ��� >��@�
7KH UHSUHVHQWDWLYH HQJLQHHULQJ VWUHVV�VWUHVV FXUYH RI WKH HSR[\ DGKHVLYH $UDOGLWH
���� LV VKRZQ LQ )LJ� ����

6XUIDFH SUHSDUDWLRQ DQG ERQGLQJ

7KH GHWDLOV RI VXUIDFH SUHSDUDWLRQ DQG ERQGLQJ DUH GHVFULEHG LQ &KDSWHU �� VXE�
VHFWLRQ ������ +HUH� D UHFDOO LV PDGH� 0HWDOOLF VSDFHUV RI � GLIIHUHQW WKLFNQHVVHV

�DSSUR[LPDWHO\� ���� ���� ���� ��� DQG ���� PP� ZHUH XVHG WR REWDLQ DQ XQLIRUP
DGKHVLYH ERQG�OLQH� DV VKRZQ LQ )LJ� ����
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�� �� )URP WKLQ WR ȇH[WUD�WKLFNȈ DGKHVLYH ERQG�OLQHV

������ 7HVW VHW�XS

7KH GHWDLOV RI WHVW VHW�XS DUH GHVFULEHG LQ &KDSWHU �� VXE�VHFWLRQ ������

������ $QDO\VLV RI IUDFWXUH VXUIDFHV

,Q RUGHU WR HYDOXDWH WKH FUDFN SDWK ORFDWLRQ DQG WR LQYHVWLJDWH WKH IHDWXUHV RI WKHIUDFWXUH VXUIDFHV� D WKUHH�GLPHQVLRQDO PHDVXULQJ PLFURVFRSH DQG D IULQJH SUR�
MHFWLRQ VFDQQHU �.H\HQFH 95������ -DSDQ� ZHUH XVHG� 7KH VFDQQHU LV FKDUDFWHUL]HG
E\ ���� QP RXW�RI�WKH SODQH UHVROXWLRQ ZLWK XS WR D ���[��� PPኼ PHDVXULQJ DUHD�

���� 'DWD UHGXFWLRQ PHWKRGV

8VLQJ WKH ,UZLQ�.LHV FRPSOLDQFH IRUPXOD� WKH PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH
�6(55�� L�H� WKH GULYLQJ IRUFH IRU VWHDG\�VWDWH FUDFN JURZWK� FDQ EH H[SUHVVHG

DV

ൌ,  
ൕኼ

�േ
ൣൈ
ൣൠ
� �����

ZKHUH ൕ LV WKH DSSOLHG ORDG� ൈ LV WKH VSHFLPHQ FRPSOLDQFH� േ LV WKH VSHFLPHQ
ZLGWK DQG ൣൠ LV WKH LQVWDQWDQHRXV FUDFN OHQJWK H[WHQVLRQ� $ VWUDLJKW FUDFN IURQW LV
DVVXPHG� 6WDQGDUG PHWKRGV IRU WKH PRGH , HQHUJ\ UHOHDVH FDOFXODWLRQ DUH EDVHG
RQ (T� ���� GLIIHULQJ RQO\ LQ WKH ZD\ LQ ZKLFK WKH GHULYDWLYH ൣൈ�ൣൠ LV REWDLQHG >��@�

������ 6WDQGDUG PHWKRGV

/LWHUDWXUH VXJJHVWV GLIIHUHQW PHWKRGV WR GHWHUPLQH WKH VSHFLPHQV
 FRPSOLDQFH� ൈ�
6RPH PHWKRGV DUH EDVHG RQ DQ DQDO\WLFDO FDOFXODWLRQ� VXFK DV WKH VLPSOH EHDP

WKHRU\ �6%7�� ZKLOH RWKHUV DUH EDVHG RQ GLUHFW FXUYH ILWWLQJ RI WKH PHDVXUHG FRP�
SOLDQFH WR WKH PHDVXUHG FUDFN OHQJWK� VXFK DV WKH FRPSOLDQFH FDOLEUDWLRQ PHWKRG
�&&0� >��@� 7KH DGKHVLYH OD\HU WKLFNQHVV HIIHFW RQ ൌ, LV LQGLUHFWO\ WDNHQ LQWR DF�
FRXQW LQ WKHVH PHWKRGV ZKHQ FRQVLGHULQJ WKH H[SHULPHQWDO VSHFLPHQV
 FRPSOLDQFH�
,QGHHG� WKH ILQLWH VWLIIQHVV RI WKH V\VWHP� LQFOXGLQJ WKH HIIHFWV RI WKH ERQG�OLQH� DUH
HIIHFWLYHO\ WDNHQ LQWR DFFRXQW ZKHQ H[SHULPHQWDO FRPSOLDQFH LV XVHG� DOWKRXJK WKH
DGKHVLYH ERQG�OLQH WKLFNQHVV GRHV QRW H[SOLFLWO\ DSSHDU LQ WKH H[SUHVVLRQ RI ൌ,�

7KH VLPSOH EHDP WKHRU\

7KH PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH EDVHG RQ WKH 6%7 LV JLYHQ E\�

ൌ,�6%7  
ൕኼൠኼ

േൊൎ
 

�ൕ
േ߶DGKHU

ኽᔄ�ൕ́
ኼ

േൊ
� �����

ZKHUH ൠ UHSUHVHQWV WKH FUDFN OHQJWK� ൊ LV WKH <RXQJ
V PRGXOXV RI DQ LVRWURSLF EHDP�
́ LV KDOI RI WKH WRWDO GLVSODFHPHQW DQG ൎ  

ፁ፡ኽDGKHU
ኻኼ

GHILQHV WKH VHFRQG PRPHQW RI
WKH EHDP FURVV�VHFWLRQ DUHD >��@�
$W IUDFWXUH� WKH GULYLQJ IRUFH HTXDOV WKH FULWLFDO IUDFWXUH HQHUJ\� ൌ,  ൌ,F� GHQRW�
LQJ WKH FUDFN RQVHW LQ WKH DGKHVLYH� 7KH LQLWLDO OLQHDU UHODWLRQ EHWZHHQ ORDG DQG



���� 'DWD UHGXFWLRQ PHWKRGV
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GLVSODFHPHQW WXUQV WR D QRQ�OLQHDU RQH GXULQJ FUDFN VWHDG\�VWDWH SURSDJDWLRQ� $V�
VXPLQJ WKDW ൌ,F LV FRQVWDQW GXULQJ SURSDJDWLRQ� ൕ DQG ́ VFDOH DV�

ൕ  
േ
�
ኾᔄ�ൊ߶

ኽ
DGKHU
�

ൌኽ�ኾ,F �́
ዅኻ�ኼ  ည�́ዅኻ�ኼ� �����

(T� ��� SURYLGHV D SRZHU�ODZ IRU WKH VWHDG\�VWDWH� VHOI�VLPLODU FUDFN JURZWK SURFHVV
>��@�

7KH FRPSOLDQFH FDOLEUDWLRQ PHWKRG

)URP DQ HPSLULFDO DQDO\VLV� LQ WKH FRPSOLDQFH FDOLEUDWLRQ PHWKRG �&&0�� WKH UH�
ODWLRQ EHWZHHQ ൕ� �́ DQG ൠ LV H[SUHVVHG DV >��@�

ൕ&&0  �ဉዅኻ�ൠዅ፧���́  ͕��́� �����

7KH PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH EDVHG RQ WKH &&0 LV H[SUHVVHG DV�

ൌ,�&&0  
൬ൕ́
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ZKHUH ൬ HTXDOV WKH VORSH RI WKH ORJ�ORJ SORW RI ͕ YHUVXV ൠ �L�H� ORJ͕ ࢿ  ORJဉ ࢿ
൬ ORJൠ�� $FFRUGLQJ WR WKH 6%7� ൬ VKRXOG EH HTXDO WR � >��@�
6LPLODUO\� DV H[SODLQHG LQ 6%7� DW FUDFN RQVHW DQG SRVW�SURSDJDWLRQ� WKH GULYLQJ IRUFH
HTXDOV WKH FULWLFDO IUDFWXUH HQHUJ\� ൌ,  ൌ,F� $VVXPLQJ WKDW ൌ,F LV FRQVWDQW GXULQJ
WKH FUDFN JURZWK SURFHVV� WKH ORDG� ൕ� DV D IXQFWLRQ RI ́ LV JLYHQ E\�
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������ 3HQDGR�.DQQLQHQ PRGHO� WKH (XOHU�%HUQRXOOL EHDP RQ
WKH :LQNOHU HODVWLF IRXQGDWLRQ

,Q WKH 6%7� WKH ERQGHG UHJLRQ LV FRQVLGHUHG LQILQLWHO\ VWLII� 7KH FUDFN WLS RSHQLQJGLVSODFHPHQW LV� WKXV� �� VR LW LV WKH URRW URWDWLRQ� DQG WKH SUHVHQFH RI WKH IUDFWXUH
SURFHVV ]RQH DKHDG RI WKH FUDFN WLS LV GLVUHJDUGHG� +RZHYHU� LQ UHDOLW\� WKH VFHQDULR
LV UDWKHU GLIIHUHQW� ,Q IDFW� WKH EHDPV DUH QRW IL[HG DW WKH FUDFN WLS GXH WR WKH
IOH[LELOLW\ RI WKH DGKHVLYH OD\HU� ,QGHHG� WKLV IOH[LELOLW\ PD\ OHDG WR VRPH YHUWLFDO
GLVSODFHPHQW RI WKH EHDPV ZLWKLQ WKH ERQGHG ]RQH� LQGXFLQJ URRW URWDWLRQ RI WKH
EHDPV QHDU WKH FUDFN WLS UHJLRQ� 7KH :LQNOHU HODVWLF IRXQGDWLRQ ZDV VHHPLQJO\ WKH
ILUVW DSSURDFK GHYHORSHG WR GHSLFW WKH URRW URWDWLRQ HIIHFW >��� ��@�
7KH :LQNOHU FRUUHFWLRQ IRU '&% VSHFLPHQV ZLWK VRIWHU DQG WKLFNHU LQWHUOD\HUV ZDV
VXEMHFW RI WKH VWXG\ RI VHYHUDO UHVHDUFKHUV >��ঀ��@� 3HQDGR >��@ GHYHORSHG D
PHWKRG WR GHWHUPLQH WKH FRPSOLDQFH DQG WKH HQHUJ\ UHOHDVH UDWH RI WKH '&% VSHF�
LPHQ ZLWK DQ DGKHVLYH OD\HU EDVHG RQ PRGLI\LQJ WKH .DQQLQHQ
V ঈDXJPHQWHG '&%
PRGHOউ >��@ IRU FUDFN SURSDJDWLRQ DQDO\VLV RI D KRPRJHQHRXV VSHFLPHQ� 7KH
3HQDGR�.DQQLQHQ �3�.� PRGHO LV REWDLQHG E\ FRQVLGHULQJ D ILQLWH OHQJWK EHDP� ZKLFK
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LV SDUWLDOO\ IUHH �UHSUHVHQWLQJ WKH XQERQGHG SDUW RI WKH VSHFLPHQ� DQG SDUWLDOO\ VXS�
SRUWHG E\ DQ HODVWLF IRXQGDWLRQ �UHSUHVHQWLQJ WKH ERQGHG UHJLRQ�� VHH )LJ� ���� 7KH
'&% VSHFLPHQ LV V\PPHWULF DERXW WKH ൶�D[LV DORQJ WKH FHQWUHOLQH RI WKH DGKHVLYH
OD\HU� 2QO\ KDOI RI WKH VSHFLPHQ LV UHSUHVHQWHG LQ )LJ� ��� �ERQG�OLQH RI WKLFN�
QHVV ൲D�� 7KH VLPSOHVW WKHRULHV DUH XVHG� WKH (XOHU�%HUQRXOOL EHDP WKHRU\ DQG WKH
:LQNOHU IRXQGDWLRQ IRU WKH IUHH DQG WKH ERQGHG UHJLRQV� UHVSHFWLYHO\ >��@�
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)LJXUH ���� '&% VSHFLPHQ PRGHOOHG DFFRUGLQJ WR .DQQLQHQ�3HQDGR PRGHO >��@�

7KH VROXWLRQ RI WKH GLVSODFHPHQW RI WKH 3HQDGR�.DQQLQHQ EHDP PRGHO LV JLYHQ E\�
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ZKHUH ࿽ LV WKH ZDYH QXPEHU� DQ LQYHUVH RI ZKLFK GHILQHV WKH HODVWLF SURFHVV ]RQH
OHQJWK� 7KH SURFHVV ]RQH OHQJWK� ࿽ዅኻ� LQ WKH FRQWH[W RI WKH HODVWLF IRXQGDWLRQ LV
LQWHUSUHWHG DV WKH GLVWDQFH �IURP WKH FUDFN WLS� RYHU ZKLFK WKH SRVLWLYH SHHO VWUHVV
LV GLVWULEXWHG� 7KH ࿽ዅኻ OHQJWK H[LWV EH\RQG WKH FUDFN WLS GXH WR WKH IOH[LELOLW\ RI WKH
DGKHVLYH� 7KH ࿽ LV GHILQHG DV�
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ZKHUH ൩  ൫T ᗛ
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൲
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ZKHUH ൊ LV WKH DGKHUHQGV
 HODVWLF PRGXOXV� ൊD LV WKH <RXQJ
V PRGXOXV RI WKH DGKH�
VLYH� ൲D LV KDOI RI WKH WKLFNQHVV RI WKH DGKHVLYH OD\HU� DQG േ LV WKH VSHFLPHQ ZLGWK�
0RUHRYHU� ൩ LV WKH IRXQGDWLRQ PRGXOXV GHVFULELQJ WKH VWLIIQHVV RI WKH VSULQJV DQG
GHSHQGV RQ WKH JHRPHWU\ DQG PDWHULDO SURSHUWLHV RI WKH DGKHVLYH� )LQDOO\� FRQVWDQW
൫T �T ���� DOORZV IRU WKH DUELWUDU\ IRUPXODWLRQ RI WKH VWUHVV VWDWH DW WKH FUDFN IURQW�
6SHFLILFDOO\� ൫T LV H[SUHVVHG DV�
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IRU SODQH VWUHVV FRQGLWLRQV LQ DOO GLUHFWLRQV ��' SODQH VWUHVV VWDWH� >��@�
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IRU LQ�SODQH VWUDLQ FRQGLWLRQV DQG SODQH VWUHVV FRQGLWLRQV LQ WKH WUDQVYHUVH GLUHFWLRQ
��' SODQH VWUDLQ VWDWH� >��@�
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IRU WKH SODQH VWUDLQ FRQGLWLRQV LQ DOO GLUHFWLRQV ��' SODQH VWUDLQ VWDWH� >��@� ࿿D LV WKH
3RLVVRQ
V UDWLR RI WKH DGKHVLYH� SUHVHQWLQJ HODVWLF RU HODVWR�SODVWLF EHKDYLRXU� ,Q WKH
FDVH RI DQ �LQFRPSUHVVLEOH� HODVWRPHULF DGKHVLYH� WKH IRXQGDWLRQ PRGXOXV VKRXOG
EH PRGHOOHG GLIIHUHQWO\ DQG� KHQFH� WKH LQWHUHVWHG UHDGHU LV UHIHUUHG WR >��� ��@ IRU
PRUH GHWDLOV�
7KH VWUDLQ HQHUJ\ UHOHDVH UDWH LV GHWHUPLQHG XVLQJ WKH FRPSOLDQFH PHWKRG� 7KH
EHDP GLVSODFHPHQW DW ൶  ൠ LV JLYHQ E\�
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7KH GLVSODFHPHQW JLYHQ E\ (T� ���� FRUUHVSRQGV WR KDOI RI WKH VSHFLPHQ� 7KHUHIRUH�
WKH ZKROH VSHFLPHQ GLVSODFHPHQW LV HTXDO WR �́� 7KH VWUDLQ HQHUJ\ UHOHDVH UDWH�
ൌ,� LV WKHQ JLYHQ E\�

ൌ,�3�.  
ൕኼ

�േ
ൣൈ
ൣൠ

 
ൕኼ

േൊൎ࿽ኼ
ᓊ࿽ኼൠኼ � �࿽ൠ � �ᓎ � ������

(T� ��� VHHPV RI IXQGDPHQWDO LPSRUWDQFH UHYHDOLQJ DQ LQKHUHQW HIIHFW RI WKH DG�
KHVLYH WKLFNQHVV RQ WKH HODVWLF SURFHVV ]RQH OHQJWK� ࿽ዅኻ� 7KH IRXQGDWLRQ PRGXOXV
൩ GHFUHDVHV DV WKH DGKHVLYH OD\HU WKLFNQHVV LQFUHDVHV� OHDGLQJ WR VPDOOHU YDOXHV RI
࿽� $V WKH HODVWLF SURFHVV ]RQH OHQJWK LV WKH LQYHUVH RI ࿽� LWV YDOXH LQFUHDVHV ZLWK LQ�
FUHDVLQJ DGKHVLYH OD\HU WKLFNQHVV� 7KH VWUDLQ HQHUJ\ UHOHDVH UDWH LV GLUHFWO\ DIIHFWHG
E\ WKH LQFUHDVH RI WKH DGKHVLYH OD\HU WKLFNQHVV�

������ 0RGH , 6(55� WKH UHODWLRQ EHWZHHQ WKH VLPSOH EHDP WKH�
RU\ DQG WKH 3HQDGR�.DQQLQHQ PRGHO

7KH PRGH , HQHUJ\ UHOHDVH UDWH ZDV SUHYLRXVO\ GHULYHG IURP WKH VLPSOH EHDP
WKHRU\ DQG WKH 3HQDGR�.DQQLQHQ PRGHO� DQG LV H[SUHVVHG DV�
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(T� ���� FDQ EH UH�ZULWWHQ DV�
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(T� ���� UHYHDOV WKDW WKH YDOXH RI ൌ,�3�. WHQGV WR WKH YDOXH RI ൌ,�6%7 ZKHQ ࿽ൠ ࠿ ࣋�
ZKLFK PHDQV WKDW WKH ERQGHG UHJLRQ ZRXOG EH LQILQLWHO\ VWLII DQG� FRQVHTXHQWO\� WKH
RSHQLQJ GLVSODFHPHQW� DV ZHOO DV WKH URRW URWDWLRQ DW WKH FUDFN WLS� ZRXOG EH QXOO�
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���� 5HVXOWV
������ /RDG�GLVSODFHPHQW FXUYHV

7KH WHVW UHVXOWV FRUUHVSRQGLQJ WR WKH UHSUHVHQWDWLYH VSHFLPHQV RI HDFK ERQG�OLQH
WKLFNQHVV DUH VKRZQ LQ )LJ� ���� 7KH H[SHULPHQWDO ORDG�GLVSODFHPHQW� ൕ ࢿ �́�

FXUYHV DUH FRQVLVWHQW IRU HDFK VSHFLPHQ ZLWKLQ WKH VDPH WHVW VHULHV� ,Q IDFW� WKH
LQLWLDO VWLIIQHVV DQG SHDN ORDG ZHUH VLPLODU LQ HDFK RI WKHP DV ZHOO DV WKH SRVW�
SHDN UHJLRQ� IURP WKH FUDFN RQVHW XS WR FRPSOHWH IDLOXUH� 7KH DYHUDJH SHDN ORDG LV
VXPPDUL]HG LQ 7DEOH ����
0RUHRYHU� LQ )LJ� ��� DUH DOVR SORWWHG DQDO\WLFDO SUHGLFWLRQV RI WKH H[SHULPHQWDO
FXUYHV� 7KH LQLWLDO OLQHDU SDUW RI WKH ൕ ࢿ �́ FXUYH LV SUHGLFWHG EDVHG RQ WKH 6%7
ᗕൕ  ኽ

ኼ
ൊൎ ኼጂ

ፚኽኺ
ᗖ DQG WKH 3�. PRGHO �IURP (T� ������ 7KH SURSDJDWLRQ UHJLRQ LV

SUHGLFWHG IURP WKH 6%7 DQG WKH &&0� )RU HDFK UHSUHVHQWDWLYH VSHFLPHQ� WKH DYHUDJH
YDOXHV RI ൌ, E\ DSSO\LQJ WKH 6%7 DQG WKH &&0 DUH GHWHUPLQHG DQG XVHG DV ൌ,F LQ
(TV� ��� DQG ���� UHVSHFWLYHO\� &RQFHUQLQJ WKH 6%7 SUHGLFWLRQ� SOHDVH QRWH WKDW

WKH HVWLPDWHG FUDFN OHQJWK ᗕൠ6%7  
ኽᔃኽ
ኼ
ൊൎ ኼጂ

ፏ
ᗖ LV XVHG WR FDOFXODWH ൌ, DV UHSRUWHG

E\ >��@ DQG >��@� )LQDOO\� WKH H[SHULPHQWDOO\ PHDVXUHG FUDFN OHQJWKV DUH SORWWHG
DV D IXQFWLRQ RI WKH GLVSODFHPHQW �WKH FUDFN OHQJWK UDQJH LV UHVWULFWHG E\ WKH DUHD
DQDO\VHG E\ WKH DFTXLVLWLRQ LPDJH V\VWHP�� 7KH SRLQWV KLJKOLJKWHG LQ )LJ� ��� DUH
XVHG LQ VHFWLRQ ��� IRU 3�. PRGHO YDOLGDWLRQ�

7DEOH ���� $YHUDJH SHDN ORDG DQG FRUUHVSRQGLQJ VWDQGDUG GHYLDWLRQ SHU ERQG�OLQH WKLFNQHVV�

�൲D ��� PP ��� PP ��� PP ��� PP ���� PP
3HDN /RDG ��� q ���� ��� q ���� ��� q ���� ��� q ��� ��� q ����

������ )DLOXUH VXUIDFHV

7KH IDLOXUH VXUIDFHV RI WKH UHSUHVHQWDWLYH VSHFLPHQ RI HDFK ERQG�OLQH WKLFNQHVV
DUH VKRZQ LQ )LJ� ���� ZKLFK H[KLELW FRKHVLYH IDLOXUH �L�H� WKH FUDFN SURSDJDWHG

ZLWKLQ WKH DGKHVLYH OD\HU�� ,Q RUGHU WR HYDOXDWH WKH FUDFN SDWK ORFDWLRQ DQG WR LQ�
YHVWLJDWH WKH IHDWXUHV RI WKHVH VXUIDFHV� D WKUHH�GLPHQVLRQDO PHDVXULQJ PLFURVFRSH
DQG D IULQJH SURMHFWLRQ VFDQQHU �.H\HQFH 95������ -DSDQ� ZHUH XVHG� 7KHVH PHD�
VXUHPHQWV DUH SUHVHQWHG LQ )LJ� ��� �RQO\ RQH RI WKH WZR IDLOXUH VXUIDFHV LV VKRZQ��
7KH FRORXU EDU UHIHUV WR WKH KHLJKW RI WKH DGKHVLYH UHPDLQLQJ RQ WKH DGKHUHQG
VXUIDFH� 7KH EDUH VWHHO UHJLRQV �GDUN EOXH� ZHUH GHILQHG DV WKH UHIHUHQFH VXU�
IDFH� 7KHUH LV VRPH YDULDWLRQ RQ WKH DYHUDJH ERQG�OLQH WKLFNQHVV ZLWKLQ HDFK VHW RI
VSHFLPHQV SHU ERQG�OLQH WKLFNQHVV� ZKLFK OHDGV LQ VRPH FDVHV WR DYHUDJH ERQG�OLQH
WKLFNQHVVHV KLJKHU WKDQ WKH DYHUDJH QRPLQDO WKLFNQHVV� +RZHYHU� XQLTXH IHDWXUHV
FDQ EH IRXQG RQ HDFK VHW RI WKH VWHHO�VWHHO '&% VSHFLPHQV� (YHQ LQVLGH HDFK VHW�
GLIIHUHQW ZDYLQHVV DQG FRUUHVSRQGLQJ URXJKQHVV SURILOHV FDQ EH QRWLFHG RQ WKH IDLO�
XUH VXUIDFHV� ZKLFK H[SODLQV WKH QRQ�VPRRWK EHKDYLRXU RI HDFK ൕ ࢿ �́ FXUYH� 7KH
DYHUDJH DUHDO URXJKQHVV� ൘D� DQG WKH URRW PHDQ VTXDUH GHYLDWLRQ� ൘T� RI WKH HQWLUH
IDLOXUH VXUIDFH �$UHD 7RWDO� DQG VRPH DUELWUDU\ UHJLRQV �$UHDV ��� LQ )LJ� ���� RI
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Experiment SBT propagation
SBT initiation CCM propagation
P-K initiation Visual a
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�H� ኼ፭D ዆ ���� PP�

)LJXUH ���� /RDG�GLVSODFHPHQW FXUYHV �H[SHULPHQW YV� SUHGLFWLRQV� DQG H[SHULPHQWDOO\ PHDVXUHG FUDFN
OHQJWKV� 7KH SRLQWV KLJKOLJKWHG DUH XVHG LQ VHFWLRQ ��� IRU 3�. PRGHO YDOLGDWLRQ�
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HDFK UHSUHVHQWDWLYH VSHFLPHQ DUH JLYHQ LQ 7DEOH ��� �D *DXVVLDQ ILOWHU LV DSSOLHG
DFFRUGLQJ WR ,62 ������������� ൘D LV WKH DULWKPHWLF DYHUDJH RI WKH DEVROXWH YDOXHV
RI WKH SURILOH KHLJKW GHYLDWLRQV IURP WKH PHDQ OLQH �GHILQHG E\ WKH ZDYLQHVV�� ൘T LV
WKH URRW PHDQ VTXDUH RI WKH SURILOH KHLJKW GHYLDWLRQV IURP WKH PHDQ OLQH��

7DEOH ���� 7KH DYHUDJH DUHDO URXJKQHVV� ፒD� DQG WKH URRW PHDQ VTXDUH GHYLDWLRQ� ፒT� RI WKH
UHSUHVHQWDWLYH VSHFLPHQ RI HDFK WHVW VHULHV� $UHD 7RWDO FRUUHVSRQGV WR WKH HQWLUH IUDFWXUH VXUIDFH�
H[FOXGLQJ WKH HGJHV� 7KH RWKHU DUHDV DUH UHSUHVHQWHG RQ HDFK UHSUHVHQWDWLYH VSHFLPHQ LQ )LJ� ����

a
init 

≈ 40 mm

Onset region

Area 1 & 2

Middle region

Area 3

End region

Area 4

$UHD 7RWDO $UHD � $UHD � $UHD � $UHD �
�൲D  ��� PP ൘D �࿾P� ����� ������ ����� ����� ������

൘T �࿾P� ������ ������ ����� ������ ������
�൲D  ��� PP ൘D �࿾P� ������ ������ � ������ ������

൘T �࿾P� ������ ������ � ������ ������
�൲D  ��� PP ൘D �࿾P� ������ ������ � ������ ������

൘T �࿾P� ������ ������ � ������ ������
�൲D  ��� PP ൘D �࿾P� ������ ������ � ������ ������

൘T �࿾P� ������ ������ � ������ ������
�൲D  ���� PP ൘D �࿾P� ������� ������ ������ ������ ������

൘T �࿾P� ������� ������ ������ ������ ������

)LJ� ��� SUHVHQWV WKH ORQJLWXGLQDO SURILOHV RI WKH IDLOXUH VXUIDFHV RI WKH UHSUHVHQ�
WDWLYH VSHFLPHQV DQG WKXV WKH RYHUDOO FUDFN SDWK SURILOH� 7KH KHLJKW SURILOH RI WKH
UHPDLQLQJ DGKHVLYH OD\HU RQ WKH IDLOXUH VXUIDFH LQ UHVSHFW WR WKH UHIHUHQFH VXUIDFHV
�GDUN EOXH UHJLRQV LQ )LJ� ���� LV SORWWHG DORQJ WKH VSHFLPHQV OHQJWK GLUHFWLRQ� PRUH
SUHFLVHO\ DW WKUHH VSHFLILF YDOXHV RI WKH VSHFLPHQ ZLGWK� QDPHO\ DW ൸
 �� ���� DQG
�� PP� ,Q IDFW� )LJ� ��� VKRZV WKDW WKH KHLJKW SURILOHV RI DOO VSHFLPHQV GR QRW
FRLQFLGH DORQJ WKH VSHFLPHQ
V ZLGWK� EHLQJ WKH PRUH XQLIRUP WKH UHSUHVHQWDWLYH
VSHFLPHQ ZLWK WKH WKLFNHVW ERQG�OLQH RI ���� PP� 7KLV PHDQV WKDW WKH IDLOXUH VXU�
IDFHV DUH QRW V\PPHWULF DORQJ WKH ZLGWK DQG� WKHUHIRUH� WKH FUDFN IURQW GLG QRW
SURSDJDWH XQLIRUPO\ DORQJ WKH ZLGWK GLUHFWLRQ�
,Q WKH UHSUHVHQWDWLYH VSHFLPHQ ZLWK WKH WKLQQHVW ERQG�OLQH �L�H� DSSUR[LPDWHO\ RI
��� PP�� WKH IDLOXUH VXUIDFH LV� LQ WKH LQLWLDO SDUW �IURP WKH LQLWLDO FUDFN OHQJWK XS
WR �� PP�� FKDUDFWHUL]HG E\ VRPH SHDNV� DV LV KLJKOLJKWHG LQ )LJ� ����D�� 7KLV
UHJLRQ LV IROORZHG E\ D VPRRWKHU RQH� ZKHUH WKH FUDFN VHHPV WR SURSDJDWH LQ WKH
PLG�WKLFNQHVV RI WKH ERQG�OLQH �L�H� SHUIHFWO\ FRKHVLYH SURSDJDWLRQ�� 7KLV IHDWXUH
FDQ DOVR EH REVHUYHG LQ )LJ� ����D�� 0RUH KHDY\ SHDNV DSSHDU DIWHUZDUGV� IRU FUDFN
OHQJWKV ODUJHU WKDQ ��� PP� 7KH ൘D DQG ൘T ZHUH GHWHUPLQHG LQ VRPH DUELWUDU\
UHJLRQV DQG WKH UHVXOWV FRUURERUDWH WKH GHVFULSWLRQ SUHVHQWHG SUHYLRXVO\� VHH 7DEOH
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�D� ኼ፭D ዆ ��� PP�

�E� ኼ፭D ዆ ��� PP�

�F� ኼ፭D ዆ ��� PP�

�G� ኼ፭D ዆ ��� PP�

�H� ኼ፭D ዆ ���� PP�

)LJXUH ���� )DLOXUH VXUIDFHV RI WKH UHSUHVHQWDWLYH VSHFLPHQV SHU ERQG�OLQH WKLFNQHVV � RSWLFDO YLHZ�
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���� %\ LQFUHDVLQJ WKH DGKHVLYH ERQG�OLQH WKLFNQHVV XS WR ��� PP� WKH FUDFN NHSW
SURSDJDWLQJ LQVLGH WKH DGKHVLYH OD\HU� KRZHYHU LQ D SODQH PRUH UHPRWH IURP WKH
PLG�ERQG�OLQH WKLFNQHVV SODQH� $OWKRXJK WKH FUDFN SDWK DSSURDFKHG UHJLRQV UHDOO\
FORVH WR WKH HSR[\�VWHHO LQWHUIDFH� LW VKRXOG EH QRWLFHG WKDW LQWHUIDFLDO IDLOXUH GLG QRW
WDNH SODFH �D WKLQ OD\HU RI DGKHVLYH LV IRXQG RQ WKH FRPSOHPHQWDU\ IDLOXUH VXUIDFH��
$V FDQ EH VHHQ LQ )LJV� ����E� DQG ����E�� IRU FUDFN OHQJWKV ODUJHU WKDQ �� PP�
WZR GLIIHUHQW UHJLRQV FDQ EH REVHUYHG DQG WKH IDLOXUH VXUIDFH DV\PPHWU\ DORQJ WKH
ZLGWK GLUHFWLRQ EHFRPHV PRUH SURQRXQFHG�
,Q WKH UHSUHVHQWDWLYH VSHFLPHQV ZLWK ERQG�OLQHV RI ��� DQG ��� PP� WKH FUDFN
VWDUWHG SURSDJDWLQJ LQ WKH PLG�WKLFNQHVV RI WKH DGKHVLYH OD\HU� DV VKRZQ LQ )LJV�
����F� DQG ����G�� UHVSHFWLYHO\� +RZHYHU� LWV ORFXV GLUHFWLRQ FKDQJHG WRZDUGV UH�
JLRQV FORVH WR RQH RI WKH HSR[\�VWHHO LQWHUIDFHV� DIWHUZDUGV� $V SUHYLRXVO\ FRP�
PHQWHG� LQWHUIDFLDO IDLOXUH QHYHU WRRN SODFH� ,Q WKH ILQDO UHJLRQ RI WKH IDLOXUH VXUIDFH
RI WKH ��� PP WKLFN ERQG�OLQH VSHFLPHQ� WKH FUDFN SURSDJDWHG LQ D PRUH FHQWUDO
SODQH �L�H� QHDU WKH PLG�WKLFNQHVV RI WKH DGKHVLYH OD\HU�� 7KH DYHUDJH DUHDO URXJK�
QHVV DQG FRUUHVSRQGLQJ VWDQGDUG GHYLDWLRQ ZHUH GHWHUPLQHG LQ DUELWUDU\ UHJLRQV
�)LJV� ����F� DQG ����G�� WR VKRZ WKH FKDQJHV RQ WKH ORFDO DYHUDJH URXJKQHVV DQG
WKH UHVXOWV DUH SUHVHQWHG LQ 7DEOH ���� )LQDOO\� LQ WKH WKLFNHVW VSHFLPHQV� ZLWK D
ERQG�OLQH WKLFNQHVV RI ���� PP� WKH FUDFN RQVHW PRYHG WRZDUGV WKH VWHHO�HSR[\ LQ�
WHUIDFH GXH WR JHRPHWU\ VLQJXODULW\ �)LJV� ����H� DQG ����H�� >��� ��@� 7KLV FKDQJH
RQ WKH FUDFN LQLWLDWLRQ ORFDWLRQ OHG WR SURSDJDWLRQ DORQJ RQH RI WKH VWHHO LQWHUIDFHV�
7KH SUHVHQFH RI D WKLQ OD\HU RI DGKHVLYH RQ WKHVH UHJLRQV RI WKH IDLOXUH VXUIDFHV LV
LQGLFDWLYH RI WKH QRQ�RFFXUUHQFH RI DGKHVLYH IDLOXUH� 'XULQJ WKH FUDFN JURZWK� WKH
FUDFN SURSDJDWHG WKURXJK WKH ZHDNHVW UHJLRQV WKURXJKRXW WKH WKLFNQHVV DQG ORQJL�
WXGLQDO GLUHFWLRQV RI WKH ERQGHG DUHD� OHDGLQJ WR D FKDQJH RQ WKH FUDFN SURSDJDWLRQ
SODQH� )RU LQVWDQFH� LQ )LJ� ����H� LV VKRZQ WKDW WKH FUDFN SURSDJDWHG IURP D UHJLRQ
FORVH WR RQH LQWHUIDFH WR D UHJLRQ FORVH WR WKH VHFRQG LQWHUIDFH LQ WKH FUDFN OHQJWK
UDQJH RI �� WR ��� PP�
7KH IDFW WKDW WKH DYHUDJH DUHDO URXJKQHVV� ൘D� GRHV QRW SURYLGH DQ\ LQIRUPDWLRQ RQ
WKH VKDSH� VL]H RU IUHTXHQF\ RI VXUIDFH IHDWXUHV LV ZRUWK\ RI FRPPHQW� 7KH FULWLFDO
IUDFWXUH HQHUJ\ RI DQ DGKHVLYH MRLQW LV GHSHQGHQW RQ WKH SDUDPHWHUV PHQWLRQHG
LQ WKH ODVW VHQWHQFH� )RU H[DPSOH� WKH DYHUDJH DUHDO URXJKQHVV RI $UHD � RI WKH
UHSUHVHQWDWLYH VSHFLPHQV ZLWK D ERQG�OLQH WKLFNQHVV RI ��� DQG ��� PP LV ������
DQG ������ ࿾P� UHVSHFWLYHO\� ,Q WKH IRUPHU VSHFLPHQ� WKLV DUHD LV FKDUDFWHUL]HG E\
VHYHUDO SHDNV� ZKHUHDV LQ ODWHU VSHFLPHQ D VPRRWKHU DUHD LV IRXQG� 7KH VXUIDFH
ZLWK WKH KLJKHU IUHTXHQF\ RI SHDNV LV H[SHFWHG WR OHDG WR KLJKHU FULWLFDO IUDFWXUH
HQHUJ\ DV WKH WRWDO VXUIDFH DUHD LV ODUJHU DQG WKXV PRUH H[WHUQDO ZRUN LV QHHGHG
IRU FUDFN JURZWK�

������ 5HVLVWDQFH�FXUYHV

7KH 5HVLVWDQFH�FXUYHV� DOVR FDOOHG DV 5�FXUYHV� RI WKH UHSUHVHQWDWLYH VSHFLPHQV
RI WZR DGKHVLYH ERQG�OLQH WKLFNQHVVHV DUH SUHVHQWHG LQ )LJ� ���� 7KUHH FXUYHV

DUH VKRZQ� ZKLFK DUH GHWHUPLQHG EDVHG RQ� WKH 6%7 �(T� ����� WKH &&0 �(T�
���� DQG WKH 3HQDGR�.DQQLQHQ PRGHO �(T� ������ ,W LV LPSRUWDQW WR FDOO DWWHQWLRQ
WR WKH IDFW WKDW WKH H[SHULPHQWDOO\ PHDVXUHG FUDFN OHQJWKV DUH SORWWHG LQ )LJ� ����
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Max=0.6 Crack growth direction 
Area 1 Area 2 Area 3 Area 4 

Peaks

-

�D� ኼ፭D ዆ ��� PP�

Area 4 Area 3 Area 1 
Max=1.4 

-

�E� ኼ፭D ዆ ��� PP�

Area 4 Area 3 
Max=2.7 

Area 1

-

�F� ኼ፭D ዆ ��� PP�

Area 4 Area 3 Area 1 
Max=4.2 

-

�G� ኼ፭D ዆ ��� PP�

Area 4 Area 3 Area 2 Area 1 
Max=10.2 

x’

z’

-

�H� ኼ፭D ዆ ���� PP�

)LJXUH ���� )DLOXUH VXUIDFHV RI WKH UHSUHVHQWDWLYH VSHFLPHQV SHU ERQG�OLQH WKLFNQHVV � KHLJKW YLHZ� 7KH
FRORXU EDU UHIHUV WR WKH KHLJKW RI WKH DGKHVLYH UHPDLQLQJ RQ WKH DGKHUHQG VXUIDFH� 7KH EDUH VWHHO

UHJLRQV �GDUN EOXH� ZHUH GHILQHG DV WKH UHIHUHQFH VXUIDFH�
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)LJXUH ���� +HLJKW SURILOH RI WKH UHPDLQLQJ DGKHVLYH OD\HU RQ WKH IDLOXUH VXUIDFH LQ UHVSHFW WR WKH
UHIHUHQFH VXUIDFHV �GDUN EOXH UHJLRQV LQ )LJ� ���� DORQJ WKH VSHFLPHQ
V OHQJWK GLUHFWLRQ RI WKH

UHSUHVHQWDWLYH VSHFLPHQV� D� ERQG�OLQH WKLFNQHVV �ኼ፭D� RI ��� PP� E� ኼ፭D ዆ ��� PP� F� ኼ፭D ዆ ��� PP�
G� ኼ፭D ዆ ��� PP� H� ኼ፭D ዆ ���� PP� 7KH KHLJKW SURILOH LV SORWWHG DW ፳
 �� ���� DQG �� PP�
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)LJXUH ���� 5HVLVWDQFH�FXUYHV RI WKH UHSUHVHQWDWLYH VSHFLPHQV RI WZR ERQG�OLQH WKLFNQHVVHV�

DOORZLQJ WKH FRUUHODWLRQ EHWZHHQ WKH 5�FXUYHV DQG WKH FRUUHVSRQGLQJ ൕ́�ࢿ FXUYHV�
0RUHRYHU� WKH HIIHFW RI WKH VWUHVV VWDWH DW WKH FUDFN WLS RQ ൌ, LV DOVR HYDOXDWHG E\
XVLQJ WKUHH GLIIHUHQW ൫T FRHIILFLHQWV WR FDOFXODWH ൌ,�3�.� 5HJDUGOHVV RI WKH ERQG�OLQH
WKLFNQHVV� WKH WKUHH FXUYHV �L�H� 3�. SODQH VWUHVV� 3�. SODQH VWUDLQ �'� DQG 3�.
SODQH VWUDLQ �'� SUHVHQW DOPRVW LGHQWLFDO UHVXOWV� 7DEOH ��� VXPPDUL]HV WKH HIIHFW
RI WKH VWUHVV VWDWH DW WKH FUDFN WLS� RI WKH 3RLVVRQ
V UDWLR ࿿D DQG RI WKH DGKHVLYH
ERQG�OLQH WKLFNQHVV� �൲D� RQ WKH IRXQGDWLRQ PRGXOXV DQG WKH ZDYH QXPEHU� ൩ DQG
࿽� UHVSHFWLYHO\� 7KH FRUUHFWLRQ PDGH LQ RUGHU WR DOORZ IRU SODQH VWUDLQ FRQGLWLRQV DW
WKH FUDFN WLS LV QRW QHJOLJLEOH IRU DGKHVLYHV ZLWK KLJK 3RLVVRQ
V UDWLR �IRU H[DPSOH�
࿿D  ����� ,QGHHG� IRU VXFK DGKHVLYH� WKH YDOXH RI ൩ E\ FRQVLGHULQJ �' SODQH VWUDLQ
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FRQGLWLRQV LV DOPRVW WZLFH WKH YDOXH RI ൩ JLYHQ E\ WKH �' SODQH VWUHVV FRQGLWLRQV�
UHJDUGOHVV RI WKH ERQG�OLQH WKLFNQHVV� +RZHYHU� DV WKH VWXGLHG DGKHVLYH� $UDOGLWH
����� KDV D 3RLVVRQ
V UDWLR RI ����� WKH FRUUHFWLRQ IRU WKH SODQH VWUDLQ FRQGLWLRQV LV
QRW QHFHVVDU\�

7DEOH ���� 3HQDGR�.DQQLQHQ PRGHO� WKH HIIHFW RI WKH VWUHVV VWDWH DW WKH FUDFN WLS� RI WKH DGKHVLYH
V
3RLVVRQ
V UDWLR ᎚D DQG RI WKH ERQG�OLQH WKLFNQHVV RQ WKH FRHIILFLHQW ፦T� WKH IRXQGDWLRQ PRGXOXV ፤ DQG

WKH ZDYH QXPEHU ᎘�

�൲D ��� PP ���� PP
࿿D
���

൫T
���

൩
�*3D�

࿽
�PPዅኻ�

൩
�*3D�

࿽
�PPዅኻ�

���� Pኻ  ���� ��� ���� �� ����
Pኼ  ���� ��� ���� �� ����
Pኽ  ���� ��� ���� �� ����

��� Pኻ  ���� ��� ���� �� ����
Pኼ  ���� ��� ���� �� ����
Pኽ  ���� ��� ���� �� ����

ൊD  � *3D� ൊ  ��� *3D� േ  �� PP� ߶VWHHO  � PP

7KH ൌ,�3�. JLYHV KLJKHU YDOXHV WKDQ WKH ൌ,�6%7� ZKLFK LV H[SHFWHG DFFRUGLQJ WR (T�
����� DQG WKH GLIIHUHQFH EHWZHHQ WKH 6%7 DQG WKH 3�. FXUYHV JHWV ODUJHU DV WKH
DGKHVLYH ERQG�OLQH LQFUHDVHV� 7KH WKLFNHU WKH ERQG�OLQH� WKH KLJKHU WKH DPRXQW RI
HQHUJ\ GLVVLSDWHG E\ SODVWLF GHIRUPDWLRQ LQ WKH DGKHVLYH OD\HU LQ WKH UHJLRQ DKHDG
RI WKH FUDFN WLS GXH WR ODUJHU SODVWLF GHIRUPDWLRQ ]RQHV� ,Q IDFW� WKH IRXQGDWLRQ
PRGXOXV YDULHV LQYHUVHO\ ZLWK WKH ERQG�OLQH WKLFNQHVV� DQG� FRQVHTXHQWO\� DQ LQ�
FUHDVH LQ WKH ERQG�OLQH WKLFNQHVV OHDGV WR D VPDOOHU ൩ DQG D VPDOOHU YDOXH RI ࿽ �IURP
(T� ���� � VHH 7DEOH ���� 7KHUHIRUH� DV ࿽ DSSHDUV DV D GHQRPLQDWRU LQ WKH WHUPV
LQVLGH WKH SDUHQWKHVHV LQ (T� ����� WKH IDFWRU� E\ ZKLFK ൌ,�6%7 LV PXOWLSOLHG WR REWDLQ
ൌ,�3�.� LQFUHDVHV OHDGLQJ WR D KLJKHU RIIVHW EHWZHHQ WKH 5�FXUYHV RI ERWK PHWKRGV�
5HJDUGOHVV RI WKH DGKHVLYH ERQG�OLQH WKLFNQHVV �DQG WKH PHWKRGRORJ\ HPSOR\HG��
WKH 5�FXUYHV DUH FKDUDFWHUL]HG E\ D SHDNHG RU ঈVDZ�WRRWKউ DSSHDUDQFH� ZKLFK
VKRZV WKDW QR VWHDG\�VWDWH� VHOI�VLPLODU UHJLPH ZDV UHDFKHG �L�H� ൌ, LV QRW FRQ�
VWDQW LQ WKH SURSDJDWLRQ UHJLRQ�� ,QGHHG� LQ VXE�VHFWLRQ ����� ZDV GHPRQVWUDWHG
WKDW WKH FUDFN GLG QRW DOZD\V SURSDJDWH DORQJ WKH VDPH SODQH �L�H� DORQJ WKH VDPH
DGKHVLYH OD\HU KHLJKW�� 7KHVH FKDQJHV RQ WKH FUDFN SDWK SRVLWLRQ DORQJ WKH DG�
KHVLYH OD\HU WKLFNQHVV DUH DOVR UHIOHFWHG LQ WKH H[SHULPHQWDO ൕ ࢿ �́ FXUYHV E\ WKH
QRQ�VPRRWK EHKDYLRXU �VHH )LJ� ����� /RRNLQJ DW WKH FUDFN ORFXV� WKLV PHDQV WKDW
LWV GLUHFWLRQ KDV VHYHUDO WLPHV FKDQJHG GXULQJ WKH FUDFN JURZWK SURFHVV DQG� FRQ�
VHTXHQWO\� LW KDV DIIHFWHG WKH SODVWLF ]RQH VL]H DQG VKDSH� $V HQHUJ\ GLVVLSDWLRQ
PDLQO\ RFFXUV LQ WKH SODVWLF GHIRUPDWLRQ ]RQH� WKH QRQ VHOI�VLPLODU UHJLPH LQ WKH
5�FXUYHV LV WKHQ DWWULEXWHG WR WKH DOWHUDWLRQ RI WKH VL]H RI WKLV ]RQH� 0RUH GHWDLOV
DERXW WKH YDULDWLRQ RI ൌ, RQ HDFK ERQG�OLQH WKLFNQHVV DUH JLYHQ LQ VHFWLRQ ����
+HUHLQDIWHU� RQO\ WKH UHVXOWV FRQVLGHULQJ ൫ኽ DUH UHSRUWHG EHFDXVH WKH PRGH , VWUDLQ
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HQHUJ\ UHOHDVH UDWH UHVXOWV NHSW LQGHSHQGHQW RI WKH VWUHVV VWDWH FRQVLGHUHG� VHH )LJ�
����

������ $QDO\WLFDO ORDG�GLVSODFHPHQW FXUYHV

$VDIRUHPHQWLRQHG� DQDO\WLFDO SUHGLFWLRQV RI WKH LQLWLDO OLQHDU SDUW DQG FUDFN JURZWK
UHJLRQ DUH VKRZQ LQ )LJ� ���� %\ FRQVLGHULQJ D ൌ,  ൌ,F  ൢ൭൬൱൲� GXULQJ WKH

SURSDJDWLRQ SURFHVV� DQ DQDO\WLFDO ൕ ࢿ �́ FXUYH FDQ EH REWDLQHG IURP WKH 6%7 DQG
WKH &&0� )RU HDFK UHSUHVHQWDWLYH VSHFLPHQ� WKH DYHUDJH YDOXHV RI ൌ, E\ DSSO\LQJ
WKH 6%7 DQG WKH &&0 DUH GHWHUPLQHG DQG XVHG DV ൌ,F LQ (TV� ��� DQG ���� UHVSHF�
WLYHO\� &RQFHUQLQJ WKH 6%7 SUHGLFWLRQ� SOHDVH QRWH WKDW WKH HVWLPDWHG FUDFN OHQJWK

ᗕൠ6%7  
ኽᔃኽፄፈኼጂ

ኼፏ
ᗖ LV XVHG WR FDOFXODWH ൌ, DV UHSRUWHG E\ >��@ DQG >��@� 7ZR H[DP�

SOHV RI WKH ORJ͕�ORJൠ UHODWLRQ DUH VKRZQ LQ )LJ� ��� DQG WKH DYHUDJH YDOXH RI WKH
H[SRQHQW ൬ GHWHUPLQHG IRU HDFK UHSUHVHQWDWLYH VSHFLPHQ LV SUHVHQWHG LQ 7DEOH ����
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)LJXUH ���� ORJ጖�ORJፚ UHODWLRQ �H[SHULPHQW YV� SUHGLFWLRQ��

7DEOH ���� $YHUDJH YDOXH RI WKH H[SRQHQW ፧ RI HDFK UHSUHVHQWDWLYH VSHFLPHQ SHU ERQG�OLQH WKLFNQHVV�

�൲D ��� PP ��� PP ��� PP ��� PP ���� PP
൬ ������ ������ ������ ������ ������

7KH LQLWLDO OLQHDU SDUW RI WKH H[SHULPHQWDO ൕ ࢿ �́ FXUYHV �VHH )LJ� ���� LV HVWLPDWHG
IURP WKH 6%7 �ൕ  ኽፄፈኼጂ

ኼፚኽኺ
� DQG WKH 3�. PRGHO �IURP (T� ������ 7KH 6%7 SUHGLFWLRQ

PDWFKHV ZHOO WKH '&% VSHFLPHQV ZLWK WKLQ DGKHVLYH ERQG�OLQHV �L�H� �൲D  �������
PP�� %\ LQFUHDVLQJ �൲D� WKH OHYHO RI DJUHHPHQW EHWZHHQ WKH DQDO\WLFDO DQG H[SHUL�
PHQWDO FXUYHV JHWV ORZHU� 2Q WKH RWKHU KDQG� WKH 3�. PRGHO SUHGLFWV WKH EHKDYLRXU
UDWKHU ZHOO LQ WKH UDQJH RI ERQG�OLQH WKLFNQHVVHV RI ���ࢿ��� PP� )RU WKLFNHU ERQG�
OLQHV �L�H� RI ��� DQG ���� PP WKLFN�� WKH SUHGLFWHG FRPSOLDQFH E\ WKH 3�. PRGHO
LV KLJKHU WKDQ WKH H[SHULPHQWDO DV WKH FUDFN KDV SURSDJDWHG DV\PPHWULFDOO\ FORVH
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WR RQH RI WKH WZR LQWHUIDFHV IRU ERWK FDVHV� 7KHVH UHVXOWV ZHUH H[SHFWHG EHFDXVH
WKH 6%7 GRHV QRW DOORZ IRU IOH[LELOLW\ RI WKH DGKHVLYH MRLQW QHDU WKH FUDFN IURQW �WKH
EHDPV DUH DVVXPHG WR EH IL[HG DW WKH FUDFN IURQW�� OHDGLQJ WR DQ RYHUHVWLPDWLRQ RI
WKH H[SHULPHQWDO VWLIIQHVV� 7KLV IOH[LELOLW\ HIIHFW EHFRPHV PRUH PHDQLQJIXO DV WKH
ERQG�OLQH WKLFNQHVV JHWV WKLFNHU DQG WKLFNHU�
,Q WKH SURSDJDWLRQ UHJLRQ �VHH )LJ� ����� WKH 6%7 JLYHV EHWWHU SUHGLFWLRQV WKDQ WKH
&&0� *RRG DJUHHPHQW EHWZHHQ H[SHULPHQWDO GDWD DQG WKH WKHRUHWLFDO 6%7 UHODWLRQ
ZDV DOVR VKRZQ E\ %XG]LN HW DO� >��@ DQG 6DOHP HW DO� >��@� (T� ��� SURYLGHV D
SRZHU�ODZ IRU VWHDG\�VWDWH� VHOI�VLPLODU FUDFN JURZWK� +RZHYHU� WKH H[SHULPHQWDO
UHVXOWV GLVSOD\ QRQ�VPRRWK EHKDYLRXU DQG� DV VKRZQ SUHYLRXVO\ LQ WKH 5�FXUYHV
RI HDFK UHSUHVHQWDWLYH VSHFLPHQ� D VWHDG\�VWDWH FRQGLWLRQ ZDV QRW UHDFKHG GXULQJ
WKH H[SHULPHQWV� 7KLV IDFW H[SODLQV WKH GLIIHUHQFHV EHWZHHQ WKH DQDO\WLFDO DQG
H[SHULPHQWDO ൕ ࢿ �́ FXUYHV� )LQDOO\� WKH DFFXUDF\ RI WKH &&0 SUHGLFWLRQV GHSHQGV
RQ WKH HYDOXDWLRQ RI WKH SDUDPHWHUV ൬ DQG ဉ� ZKLFK JHWV PRUH SUHFLVH IRU D ODUJHU
QXPEHU RI GDWD �L�H� ZKHQ WKH UDQJH RI FUDFN OHQJWKV H[SHULPHQWDOO\ PHDVXUHG LV
ODUJHU� WKHUH ZLOO EH D EHWWHU ILWWLQJ RI WKH HQWLUH SURSDJDWLRQ UHJLRQ�� )RU D EHWWHU
DJUHHPHQW RI WKH &&0 SUHGLFWLRQV� ൬ DQG ဉ VKRXOG EH XSGDWHG IRU HYHU\ LQFUHPHQW
RI ൠ� +RZHYHU� E\ XVLQJ WKH DYHUDJH YDOXHV RI WKHVH WZR SDUDPHWHUV �L�H� ൬ DQG ဉ��
JRRG SUHGLFWLRQV DUH REWDLQHG LQ WKH UDQJH RI WKH H[SHULPHQWDOO\ PHDVXUHG FUDFN
OHQJWKV� $OWHUQDWLYHO\� WKH FULWLFDO IUDFWXUH HQHUJ\ RU WKH ည �IURP (T� ���� FRXOG EH
XSGDWHG IRU WKH 6%7 PRGHO� ZKLFK ZRXOG DOORZ FRQVLGHULQJ WKH PRUH ORFDO FKDUDFWHU
RI ൌ,F�

���� $GKHVLYH ERQG�OLQH WKLFNQHVV HIIHFW RQ FULWLFDO
IUDFWXUH HQHUJ\

)LJ� ���� VKRZV WKH WUHQG RI ൌ, EDVHG RQ WKH 3�. PRGHO� (T� ����� FRQVLGHULQJ
൫ኽ � �' SODQH VWUDLQ �QRWH WKDW RQO\ WKHVH UHVXOWV DUH SORWWHG EHFDXVH ൌ, UHVXOWV

NHSW LQGHSHQGHQW RI WKH VWUHVV VWDWH FRQVLGHUHG� VHH )LJ� ���� DV D IXQFWLRQ RI
WKH DGKHVLYH ERQG�OLQH WKLFNQHVV� 7KH PD[LPXP �ঈબউ V\PERO� DQG PLQLPXP �ঈࢴউ
V\PERO� YDOXHV RI ൌ, RI HDFK VLQJOH VSHFLPHQ DUH UHSUHVHQWHG DQG SORWWHG DJDLQVW
WKH DYHUDJH WKLFNQHVV RI WKH FRUUHVSRQGLQJ ERQG�OLQH �WKH ERQG�OLQH ZDV PHDVXUHG
WKUHH WLPHV DORQJ WKH VSHFLPHQ OHQJWK DQG WKH DYHUDJH ZDV FDOFXODWHG�� 7ZR HUURU
EDUV DUH DOVR SORWWHG� JLYLQJ WKH UDQJH RI VFDWWHU RQ WKH WKLFNQHVV DQG ൌ, UHVXOWV RI
HDFK ERQG�OLQH WKLFNQHVV� 7KH DYHUDJH YDOXH RI ൌ,� ൌ,F� ZKLFK LV UHSUHVHQWHG E\ D
EXOOHW SRLQW� ঈމউ� FRUUHVSRQGV WR WKH PHDQ RI DOO SRLQWV �PD[LPXP DQG PLQLPXP�
SORWWHG IRU HDFK ERQG�OLQH WKLFNQHVV� 7KH GHIRUPDWLRQ ]RQH OHQJWK DKHDG RI WKH
FUDFN WLS RI HDFK ERQG�OLQH WKLFNQHVV LV DOVR SORWWHG� L�H� �൰S � ࿽ዅኻ፣�H[S ZKHUH ൨  
���� ���� ���� ���� ���� PP DQG ࿽ዅኻ፣�H[S FRUUHVSRQGV WR WKH YDOXH RI WKH H[SHULPHQWDO
࿽ዅኻ RI WKLFNQHVV RI ൨ PP �PRUH GHWDLOV DERXW WKH FDOFXODWLRQ RI �൰S DQG ࿽ዅኻ፣�H[S DUH
VKRZQ ODWHU LQ WKLV VHFWLRQ�� )RU FODULW\� WKH GHIRUPDWLRQ ]RQH OHQJWK FRPSULVHV
ERWK WKH SODVWLF ]RQH OHQJWK DQG WKH HODVWLF IUDFWXUH SURFHVV OHQJWK� ࿽ዅኻ፣�H[S� 7KH
HQHUJ\ GLVVLSDWLRQ PDLQO\ RFFXUV LQ WKH SODVWLF GHIRUPDWLRQ ]RQH� +RZHYHU� WKH
HODVWLF SURFHVV OHQJWK DOVR FRQWULEXWHV WR WKH ZRUN GRQH E\ WKH H[WHUQDO DSSOLHG
GLVSODFHPHQW�
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2YHUDOO� D JRRG DJUHHPHQW EHWZHHQ WKH PLQLPXP DQG PD[LPXP YDOXHV RI ൌ, ZDV
IRXQG �L�H� WKH PLQLPXP DQG PD[LPXP YDOXHV RI ൌ, IRUP WZR GLVWLQFW JURXSV�� DV
FDQ EH VHHQ LQ )LJ� ����� 7KH UHVXOWV RI WKH VSHFLPHQV ZLWK D ERQG�OLQH WKLFNQHVV
RI ��� PP ZHUH WKH H[FHSWLRQ� ZKLFK LV MXVWLILHG E\ WKH GLIIHUHQW ZDYLQHVV DQG
FRUUHVSRQGLQJ URXJKQHVV SURILOHV IRXQG RXW LQ WKH IDLOXUH VXUIDFHV RI HDFK VSHFLPHQ�
7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\� ൌ,F� SUHVHQWHG VLPLODU YDOXHV IRU WKH VSHFLPHQV
ZLWK DGKHVLYH ERQG�OLQH WKLFNQHVVHV RI ���� ��� DQG ��� PP �ൌ,F  ����� �����
���� 1�PP� UHVSHFWLYHO\�� +RZHYHU� LW LQFUHDVHG E\ DSSUR[LPDWHO\ ��� IRU ��� PP
�ൌ,F  ���� 1�PP�� DQG LW GHFUHDVHG E\ DERXW ��� �LQ FRPSDULVRQ ZLWK ��� PP�
IRU WKH ���� PP �ൌ,F  ���� 1�PP��
,Q D EXON DGKHVLYH VSHFLPHQ� WKH SODVWLF GHIRUPDWLRQ ]RQH IRU D JURZLQJ FUDFN
DVVXPHV D URXQGHG VKDSH RI GLDPHWHU HTXDO WR �൰S� ZKLFK LV JLYHQ E\ >�@�

�൰S  
�
ဂ
ൊD�ൌ,F�D
စኼ\

IRU LQ�SODQH VWUHVV FRQGLWLRQV� ������

�൰S  
�
�ဂ
ൊD�ൌ,F�D
စኼ\

�
�� ࢿ ࿿ኼD �

IRU LQ�SODQH VWUDLQ FRQGLWLRQV� ������

ZKHUH ࿿D LV WKH DGKHVLYH 3RLVVRQ
V UDWLR� ൌ,F�D LV WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\
RI WKH EXON DGKHVLYH� DQG စ\ LV WKH \LHOG VWUHQJWK RI WKH DGKHVLYH� 7KH VWUHVV VWDWH
QHDU WKH FUDFN WLS YDULHV IURP SODQH VWUHVV LQ WKH HGJH UHJLRQV WR SODQH VWUDLQ LQ
WKH FHQWUDO UHJLRQV RI WKH DGKHVLYH MRLQWV� 7KH WHQVLOH VWUHVV QHFHVVDU\ IRU \LHOGLQJ
LV KLJKHU XQGHU WKH LQIOXHQFH RI SODQH VWUDLQ FRQGLWLRQV� OHDGLQJ WR D VPDOOHU SODVWLF
]RQH� DV FDQ EH GHGXFWHG IURP (TV� ���� DQG �����
7KH OHQJWK �൰S IRU WKH HSR[\ DGKHVLYH KHUH VWXGLHG LV SUHVHQWHG LQ 7DEOH ���� 7KH
SODQH VWUHVV DQG SODQH VWUDLQ FRQGLWLRQV DUH FRQVLGHUHG� 0RUHRYHU� WKH SODQH VWUDLQ
SODVWLF ]RQH OHQJWK� �൰S� LV UHSUHVHQWHG E\ PHDQV RI D GDVKHG UHG OLQH LQ )LJ� �����
)RU GHWHUPLQLQJ �൰S LQ (TV� ���� DQG ����� D စ\ RI ���� 03D LV XVHG �IURP 7DEOH �����
7KH DYHUDJH YDOXH RI ൌ,�3�. RI ��� PP WKLFN ERQG�OLQH LV FRQVLGHUHG DV WKH FULWLFDO
PRGH , IUDFWXUH HQHUJ\ RI WKH EXON DGKHVLYH� ൌ,F�D� &RQVLGHULQJ WKH VFHQDULR WKDW WKH
PD[LPXP FULWLFDO PRGH , IUDFWXUH HQHUJ\ IRU WKH VSHFLPHQ JHRPHWU\ DQG PDWHULDOV
XVHG LQ WKH SUHVHQW VWXG\ LV DWWDLQHG IRU D ERQG�OLQH WKLFNQHVV RI ��� PP WKLFN
ERQG�OLQH� WKH EXON DGKHVLYH PRGH , HQHUJ\ ZRXOG EH VPDOOHU DV VKRZQ E\ >�� �@�
&RQVHTXHQWO\� E\ FRQVLGHULQJ ൌ,�3�. RI ��� PP WKLFN ERQG�OLQH DV WKH FULWLFDO PRGH
, IUDFWXUH HQHUJ\ RI WKH EXON DGKHVLYH� ൌ,F�D� WKH SUHGLFWLRQ RI �൰S LV RYHUHVWLPDWHG�
+RZHYHU� IRU WKH SXUSRVH RI WKH GLVFXVVLRQ RI WKH UHVXOWV� WKH WHQGHQF\ EHWZHHQ
WKH OHQJWK RI WKH DQDO\WLFDO SODVWLF ]RQH DQG WKH WKHRUHWLFDOO\ RQH ZRXOG UHPDLQ WKH
VDPH� DV LW LV GHVFULEHG LQ VXE�VHFWLRQ ������

7DEOH ���� ኼ፫S � 7KH SODVWLF SURFHVV ]RQH OHQJWK� (TV� ���� DQG �����

3ODQH VWUHVV 3ODQH VWUDLQ
�൰S �PP� ���� ����
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)LJXUH ����� $GKHVLYH ERQG�OLQH WKLFNQHVV HIIHFW RQ ፆ,� 3�. PRGHO UHVXOWV� FRQVLGHULQJ �' SODQH VWUDLQ
FRQGLWLRQV� 7KH PD[LPXP �ঈબউ� DQG PLQLPXP �ঈࢴউ� YDOXHV RI ፆ, RI HDFK VSHFLPHQ DUH SORWWHG DJDLQVW
WKH DYHUDJH WKLFNQHVV RI WKH FRUUHVSRQGLQJ ERQG�OLQH� 7ZR HUURU EDUV DUH DOVR SORWWHG� JLYLQJ WKH UDQJH
RI VFDWWHU RQ WKH WKLFNQHVV DQG ፆ, UHVXOWV RI HDFK ERQG�OLQH WKLFNQHVV� 7KH DYHUDJH YDOXH RI ፆ, �L�H� ঈމউ
V\PERO� FRUUHVSRQGV WR WKH PHDQ RI DOO SRLQWV �PD[LPXP DQG PLQLPXP� SORWWHG IRU HDFK ERQG�OLQH
WKLFNQHVV� 7KH UHG GDVKHG OLQH JLYHV WKH OLPLW RI ኼ፫S FRQVLGHULQJ SODQH VWUDLQ FRQGLWLRQV� 7KH EODFN

GDVKHG OLQHV JLYH WKH OLPLW RI ኼ፫S ዄ ᎘ዅኻ፣�H[S� ZKHUH ፣ ዆ ���� ���� ���� ���� ���� PP�

������ 'LVSODFHPHQW 	 VWUHVV ILHOG DKHDG WKH FUDFN WLS

)LJV� �����D�� �����F�� �����H�� �����D� DQG �����F� SUHVHQW WKH SUHGLFWLRQ RI WKH
WUDQVYHUVH GLVSODFHPHQW LQ WKH ERQGHG UHJLRQ� ൵ERQ� IRU DOO VWXGLHG ERQG�OLQH

WKLFNQHVVHV EDVHG RQ WKH 3�. PRGHO� 7KH FUDFN WLS LV ORFDWHG DW ൶  �� 7KH SRLQWV
XVHG IRU PRGHO YDOLGDWLRQ DUH UHSUHVHQWHG LQ )LJ� ���� 7KHVH SRLQWV ZHUH VHOHFWHG
IURP WKH SURSDJDWLRQ UHJLRQ �DIWHU ൕPD[�� 7KH SHHO VWUHVVHV SURILOH� စ፲፲� LQ WKH
DGKHVLYH OD\HU LV VKRZQ LQ )LJV� �����E�� �����G�� �����I�� �����E� DQG �����G��
7KH FDOFXODWLRQV DUH EDVHG RQ WKH GLVSODFHPHQW ILHOG� ൵�൶�� GHWHUPLQHG E\ WKH 3�.
PRGHO� (T� ����

စ፲፲  
ൊD�൵።�൶�
൲D

࣋ࢿ ౥ ൶ ౥ �� ������

ZKHUH ൧  ���� DQG UHSUHVHQWV WKH SRLQWV FKRVHQ LQ WKH SURSDJDWLRQ UHJLRQ RI
WKH UHSUHVHQWDWLYH VSHFLPHQV� $Q XSSHU OLPLW IURP WKH \LHOG VWUHQJWK RI WKH EXON
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DGKHVLYH� IURP 7DEOH ���� LV DOVR SORWWHG LQ )LJV� �����E�� �����G�� �����I�� �����E�
DQG �����G� WR GHILQH WKH OHQJWK RI ࿽ዅኻ� ZKLFK LV WKH GLVWDQFH RYHU ZKLFK WKH SRVLWLYH
HODVWLF SHHO VWUHVV LV GLVWULEXWHG XS WR WKH \LHOG VWUHQJWK� စ\� ,Q DGGLWLRQ� ERWK
WKH SODQH VWUDLQ DQG SODQH VWUHVV SODVWLF ]RQH OHQJWK DUH SORWWHG LQ )LJV� �����E��
�����G�� �����I�� �����E� DQG �����G�� 7KH UHJLRQ XQGHU SHHO VWUHVVHV� စ፲፲� KLJKHU
WKDQ WKH DGKHVLYH
V \LHOG VWUHQJWK� စ\� LV WKH VR�FDOOHG SODVWLF ]RQH�

7DEOH ���� ኼ፰XQERQ�፱ ዆ ፚ�� ([SHULPHQWDO YV� DQDO\WLFDO UHVXOWV� FRQVLGHULQJ ፦�� 7KH UHDGHU LV UHIHUUHG
WR )LJ� ��� WR LGHQWLI\ WKH ORFDWLRQ RI WKH 3RLQW ። RQ WKH FRUUHVSRQGLQJ ፏ ዅ ኼጂ FXUYH�

�൲D 3RLQW ൧ ൕ። ൠ። �́።
�൵XQERQ
�൶  ൠ።�

� (UURU

��� �PP�
� ������ ����� ���� ���� ���
� ������ ����� ���� ���� ��

��� �PP�
� ������ ����� ���� ���� ��
� ������ ����� ���� ���� ��

��� �PP�
� ������ ����� ���� ���� ���
� ������ ����� ���� ���� ��

��� �PP�
� ������ ����� ���� ���� ��
� ������ ����� ���� ���� ��

���� �PP�
� ������ ����� ���� ���� �
�� ������ ����� ���� ���� ��

7KH YDOXHV RI �൵XQERQ�።�൶  ൠ።� ZHUH FRPSDUHG ZLWK WKH H[SHULPHQWDO RQHV� �́።�
7KH UHVXOWV XVLQJ ൫� � �' SODQH VWUDLQ DUH VXPPDUL]HG LQ 7DEOH ���� 5HDVRQDEOH
DJUHHPHQW LV IRXQG EHWZHHQ WKH DQDO\WLFDO DQG WKH H[SHULPHQWDO GLVSODFHPHQWV
UHJDUGOHVV RI WKH DGKHVLYH ERQG�OLQH WKLFNQHVV� DV VKRZQ LQ 7DEOH ���� +RZHYHU�
WKH GHYLDWLRQV IURP WKH H[SHULPHQWDO UHVXOWV DUH KLJKHU LQ WKH WKLFNHU VSHFLPHQV�
QDPHO\ WKH RQHV ZLWK D ERQG�OLQH WKLFNQHVV RI ��� DQG ���� PP� DV LV VKRZQ LQ
7DEOH ���� ,Q WKHVH VSHFLPHQV� WKH FKDQJH RI WKH FUDFN SDWK ORFDWLRQ DORQJ WKH
DGKHVLYH OD\HU WKLFNQHVV DIIHFWV WKH WRWDO GLVSODFHPHQW� �́� ZKLFK LV QRW WDNHQ LQWR
DFFRXQW LQ WKH 3�. PRGHO� 7KH 3�. PRGHO DVVXPHV WKDW WKH FUDFN LV ORFDWHG DW WKH
PLG�WKLFNQHVV RI WKH DGKHVLYH OD\HU� 0RUHRYHU� LQ WKH GHULYDWLRQ RI WKH 3�. PRGHO LV
DVVXPHG WKDW WKH VWLIIQHVV RI WKH DGKHVLYH OD\HU FDQ EH QHJOHFWHG LQ WKH XQERQGHG
UHJLRQ RI WKH VSHFLPHQ ZKHQ ፄD

ፄ
ऑ ���� DQG WKH DGKHVLYH OD\HU LV WKLQ� :KHQ WKDW

LV QRW WKH FDVH� LQ RUGHU WR KDYH PRUH DFFXUDWH SUHGLFWLRQV� DQ HIIHFWLYH DGKHUHQG
KHLJKW� ZKLFK WDNHV WKH DGKHVLYH
V VWLIIQHVV LQ FRQVLGHUDWLRQ� VKRXOG EH LPSOHPHQWHG
>��� ��@�
7KH HODVWLF IUDFWXUH SURFHVV ]RQH OHQJWK� ࿽ዅኻH[S� ZDV GHWHUPLQHG IURP WKH H[SHULPHQ�
WDO UHVXOWV �L�H� IURP WKH ൵XQERQ ࢿ ൠ FXUYH FRPSXWHG XVLQJ WKH H[SHULPHQWDO GDWD
ൕ።� ൠ።�� $V DIRUHPHQWLRQHG� ࿽ዅኻH[S LV GHILQHG DV WKH GLVWDQFH RYHU ZKLFK WKH SRVLWLYH
SHHO VWUHVV LV GLVWULEXWHG XS WR WKH \LHOG VWUHQJWK RI WKH EXON DGKHVLYH� VHH )LJV�
�����E�� �����G�� �����I�� �����E� DQG �����G�� 7KH YDOXHV RI ࿽ዅኻH[S DUH VXPPDUL]HG
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LQ 7DEOH ���� $V H[SHFWHG� WKH HODVWLF IUDFWXUH SURFHVV ]RQH OHQJWK LQFUHDVHV ZLWK
WKH DGKHVLYH ERQG�OLQH WKLFNQHVV� &RQFHUQLQJ WKH UHJLRQ RI စ፲፲ LQ WKH SODVWLF GR�
PDLQ� LWV OHQJWK LV RYHUHVWLPDWHG E\ WKH SODQH VWUHVV SODVWLF ]RQH OHQJWK �WKH OLJKW
JUH\ VKDGHG UHJLRQ OHQJWK XS WR ൶  � LQ )LJV� �����E�� �����G�� �����I�� �����E�
DQG �����G��� ZKLFK LV H[SHFWHG DV WKH SODQH VWUHVV FRQGLWLRQV DUH UHSUHVHQWDWLYH RI
WKH HGJH UHJLRQV� 7KHUH LV D EHWWHU DJUHHPHQW EHWZHHQ WKH WKHRUHWLFDO �7DEOH ����
DQG WKH H[SHULPHQWDO SUHGLFWLRQV RI WKH OHQJWK RI WKH SODVWLF UHJLRQ ZKHQ FRQVLG�
HULQJ SODQH VWUDLQ FRQGLWLRQV �WKH OLJKW EOXH VKDGHG UHJLRQ OHQJWK LQ )LJV� �����E��
�����G�� �����I�� �����E� DQG �����G��� ,QGHHG� WKH VWUHVV VWDWH QHDU WKH FUDFN WLS
LQ WKH FHQWUDO UHJLRQV RI WKH DGKHVLYH MRLQWV DUH EHWWHU UHSUHVHQWHG E\ WKH SODQH
VWUDLQ FRQGLWLRQV�

7DEOH ���� ᎘ዅኻH[S� ([SHULPHQWDO UHVXOWV� FRQVLGHULQJ ፦ኽ�

�൲D �PP� ��� ��� ��� ��� ����
࿽ዅኻH[S ���� ���� ���� ���� ����

������ 'LVFXVVLRQ

$FFRUGLQJ WR .LQORFK DQG 6KDZ ILQGLQJV >�@� WKH VSHFLPHQV ZLWK D ERQG�OLQH WKLFN�
QHVV RI ��� PP ZRXOG EH WKH WRXJKHU RQHV DV �൲D ࣵ �൰S �SODQH VWUDLQ FRQGLWLRQV�

� VHH 7DEOH ���� $OWKRXJK WKLV LV QRW WKH FDVH IRU WKH DGKHVLYH LQYHVWLJDWHG LQ WKLV
VWXG\� WKHLU WKHRU\ FDQ VWLOO VXSSRUW WKH RYHUDOO WUHQG RI ൌ, DV D IXQFWLRQ RI WKH
ERQG�OLQH WKLFNQHVV� 0RUHRYHU� ,UZLQ >��@ VKRZHG WKDW LQ D WHQVLOH ORDGHG SDQHO�
WKH SODVWLF GHIRUPDWLRQ ]RQH KDV D FLUFXODU VKDSH RI GLDPHWHU HTXDO WR �൰S� ,Q DQ
DGKHVLYH MRLQW� WKH SK\VLFDO FRQVWUDLQWV RI WKH DGKHUHQGV DIIHFW WKH VKDSH DQG VL]H
RI WKH SODVWLF GHIRUPDWLRQ ]RQH DQG� FRQVHTXHQWO\� WKH FULWLFDO IUDFWXUH HQHUJ\ RI
WKH MRLQW� 7KH LQIOXHQFH RI WKH DGKHUHQGV RQ WKH JHRPHWU\ RI WKLV UHJLRQ YDULHV ZLWK
WKH ERQG�OLQH WKLFNQHVV DQG LV GLVFXVVHG KHUHDIWHU�
,Q WKH VSHFLPHQV ZLWK WKLQ ERQG�OLQHV RI ��� PP� WKH HIIHFW RI WKH DGKHUHQGV FRQ�
VWUDLQW LV PRUH SURQRXQFHG� OHDGLQJ WR KLJKHU FRQILQHPHQW RI WKH FUDFN WLS DQG
KLJKHU ORFDO SHHO VWUHVVHV� DV VKRZQ LQ )LJ� �����E�� 7KH DGKHUHQGV
 FRQVWUDLQW
HIIHFW VHHPV WR H[SDQG WKH SODVWLF GHIRUPDWLRQ ]RQH DV WKH OHQJWK RI WKLV UHJLRQ
LV KLJKHU WKDQ �൰S �SODQH VWUDLQ FRQGLWLRQV�� UHVXOWLQJ LQ D PRUH HORQJDWHG GHIRU�
PDWLRQ ]RQH ZLWK DQ HOOLSWLFDO VKDSH� DV UHSRUWHG E\ .LQORFK DQG 6KDZ >�@ DQG
:DQJ HW DO� >��@� %\ LQFUHDVLQJ WKH ERQG�OLQH WKLFNQHVV XS WR ��� PP� WKH DG�
KHUHQGV
 FRQVWUDLQW HIIHFW JHWV VPDOOHU� DQG� FRQVHTXHQWO\� WKH SODVWLF GHIRUPDWLRQ
]RQH OHQJWK GHFUHDVHV DQG LW VHHPV WR FRQYHUJH WR WKH OHQJWK RI WKH SODQH VWUDLQ
�൰S� DV FDQ EH VHHQ LQ )LJ� �����I�� ,Q WKH UDQJH RI ERQG�OLQH WKLFNQHVVHV RI ���
WR ��� PP� LW ZRXOG EH H[SHFWHG DQ LQFUHDVH RQ WKH DYHUDJH YDOXH RI ൌ, DV WKH
SK\VLFDO FRQVWUDLQW EHFRPHV OHVV SURQRXQFHG IRU WKLFNHU ERQG�OLQHV DQG� QDWXUDOO\�
WKH GHIRUPDWLRQ ]RQH EHFRPHV ODUJHU LQ YROXPH� +RZHYHU� WKH H[SHULPHQWDO UHVXOWV
VKRZ D GLIIHUHQW WUHQG� 6LPLODU DYHUDJH ൌ, YDOXHV DUH REWDLQHG LQ WKH UDQJH RI ���
WR ��� PP WKLFN DGKHVLYH OD\HU� 7KH KLJK GHYLDWLRQV IURP WKH DYHUDJH ൌ, RQ HDFK
RI WKHVH ERQG�OLQHV DIIHFW WKH ILQDO UHVXOW� ,QGHHG� DV VKRZQ LQ VXE�VHFWLRQV �����
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DQG ������ WKH MRLQW VWUHQJWK VOLJKWO\ GHFUHDVHG LQ WKH VSHFLPHQV ZLWK D ERQG�OLQH
RI ��� DQG ��� PP LQ FRPSDULVRQ ZLWK WKH WKLQQHVW RQHV ZLWK D ERQG�OLQH WKLFNQHVV
RI ��� PP� )XUWKHUPRUH� WKH IDLOXUH VXUIDFHV DQG FUDFN SDWKV SUHVHQW VRPH GLIIHU�
HQFHV� ,Q WKH WKLQQHVW VSHFLPHQV� WKH VXUIDFHV DUH FKDUDFWHUL]HG E\ VHYHUDO SHDNV
�)LJ� ����D��� )RU WKH WKLFNHU VSHFLPHQV RI D ERQG�OLQH RI ��� DQG ��� PP� WKH
IDLOXUH VXUIDFHV DSSHDU VPRRWKHU DQG WKH FKDQJHV RQ WKH FUDFN SDWK SODQH ORFDWLRQ
PLJKW KDYH SUHYHQWHG WKH IXOO GHYHORSPHQW RI WKH GHIRUPDWLRQ ]RQH� OHDGLQJ LQ WKH
HQG WR VLPLODU UHVXOWV RI ൌ,� 7DEOH ��� VKRZV WKDW ࿽ዅኻH[S LQFUHDVHV ZLWK WKH ERQG�OLQH
WKLFNQHVV� +RZHYHU� LW GLG QRW VHHP WR DIIHFW WKH DYHUDJH YDOXH RI ൌ, LQ WKH ERQG�
OLQH WKLFNQHVVHV UDQJH RI ������� PP� ZKLFK VKRZV WKDW HQHUJ\ GLVVLSDWLRQ PDLQO\
RFFXUV LQ WKH SODVWLF GHIRUPDWLRQ ]RQH�

,Q WKH VSHFLPHQV ZLWK D ERQG�OLQH RI ��� PP� WKH DGKHUHQGV
 FRQVWUDLQLQJ HIIHFW LV
VXSSRVHG WR EH HYHQ ORZHU GXH WR WKH WRWDO WKLFNQHVV RI WKH ERQG�OLQH� 7KHUHIRUH�
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WKH GHIRUPDWLRQ ]RQH VKRXOG EH IXOO\ GHYHORSHG� OHDGLQJ WR KLJKHU HQHUJ\ GLVVLSDWLRQ
EHIRUH FUDFN SURSDJDWLRQ� DQG FRQVHTXHQWO\� WR KLJKHU ൌ, YDOXHV� ,Q IDFW� WKHUH ZDV
D ULVH RI DSSUR[LPDWHO\ ��� LQ WKH DYHUDJH YDOXH RI ൌ, IURP D ERQG�OLQH RI ��� PP
WR D ERQG�OLQH RI ��� PP� 7KH MRLQW VWUHQJWK ZDV WKH KLJKHVW DPRQJVW WKH VWXGLHG
ERQG�OLQH WKLFNQHVVHV� DV LV VKRZQ LQ )LJ� ����G�� $FFRUGLQJ WR .LQORFK DQG 6KDZ
>�@� WKH SODVWLF GHIRUPDWLRQ ]RQH IRU WKLV ERQG�OLQH WKLFNQHVV VKRXOG KDYH KHLJKW
HTXDO WR �൰S DQG OHQJWK ORQJHU WKDQ �൰S� 7KH UHVXOWV LQ )LJ� �����E� DJUHH ZLWK
.LQORFK DQG 6KDZ WKHRU\ UHJDUGLQJ WKH LQFUHDVH LQ WKH OHQJWK RI WKH GHIRUPDWLRQ
]RQH� 1HYHUWKHOHVV� WKH 3�. PRGHO DVVXPHV SHUIHFWO\ FRKHVLYH FUDFN SURSDJDWLRQ
�L�H� DW WKH PLG�WKLFNQHVV RI WKH ERQG�OLQH�� ZKLFK LV QRW UHSUHVHQWDWLYH RI WKH
UHDO FUDFN SDWK SURILOH RI WKH ��� PP WKLFN DGKHVLYH ERQG�OLQH VSHFLPHQV �VHH )LJ�
����G��� ,Q IDFW� WKH FKDQJH RQ WKH FUDFN SODQH PLJKW KDYH DIIHFWHG WKH VKDSH�
VL]H DQG GLUHFWLRQ RI WKH GHIRUPDWLRQ ]RQH� QDPHO\ LQ WKH UHJLRQV ZKHUH WKH FUDFN
SURSDJDWHG FORVH WR RQH RI WKH LQWHUIDFHV� &RQVHTXHQWO\� WKH UHDO GHIRUPDWLRQ ]RQH
OHQJWK PLJKW EH VOLJKWO\ GLIIHUHQW IURP WKH HVWLPDWHG E\ WKH 3�. PRGHO� +RZHYHU�
GHVSLWH WKH UHDO FUDFN SDWK� LW VHHPV WKDW WKH GHIRUPDWLRQ ]RQH FRXOG GHYHORS PRUH
LQ WKH VSHFLPHQV ZLWK D ERQG�OLQH WKLFNQHVV RI ��� PP WKDQ LQ WKH RQHV ZLWK ���
PP WKLFN DGKHVLYH ERQG�OLQH DV LW LV VKRZQ E\ WKH KLJKHU DYHUDJH ൌ, YDOXH REWDLQHG�
)LQDOO\� LQ WKH VSHFLPHQV ZLWK D ERQG�OLQH RI ���� PP� WKH FUDFN JUHZ DOWHUQDWLQJ
EHWZHHQ WKH WZR LQWHUIDFHV �EXW DOZD\V ZLWKLQ WKH DGKHVLYH OD\HU�� &RQVHTXHQWO\�
WKH SURSDJDWLRQ RFFXUUHG PRVW OLNHO\ XQGHU PL[HG PRGH FRQGLWLRQV� EHFDXVH QR
JHRPHWULFDO DQG PDWHULDO V\PPHWULHV ZHUH REVHUYHG GXULQJ FUDFN SURSDJDWLRQ� $V
D FRQVHTXHQFH RI WKH FUDFN SDWK ORFDWLRQ� WKH GHIRUPDWLRQ ]RQH ZDV SK\VLFDOO\
FRQVWUDLQHG MXVW LQ RQH VLGH �E\ WKH DGKHUHQG�� ZKLFK PLJKW KDYH UHGXFHG LWV VL]H�
DQG� VXEVHTXHQWO\� WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\� 7KH HVWLPDWLRQ RI ࿽ዅኻH[S DQG
WKH SODVWLF GHIRUPDWLRQ ]RQH IURP )LJ� �����G� PLJKW QRW EH UHSUHVHQWDWLYH RI WKH
H[SHULPHQW GXH WR WKH FUDFN SODQH ORFDWLRQ� $V DIRUHPHQWLRQHG� LQ WKH 3�. PRGHO
LV DVVXPHG WKDW WKH FUDFN LV ORFDWHG DW WKH PLG�WKLFNQHVV RI WKH ERQG�OLQH� 7KH
GHHSHU XQGHUVWDQGLQJ RI SRVVLEOH UHDVRQV EHKLQG DOWHUQDWLQJ FUDFN SDWK DUH GLVWLQFW
IURP WKH FRUH REMHFWLYH RI WKLV FKDSWHU� DQG KHQFH WKH LQWHUHVWHG UHDGHU LV UHIHUUHG
WR >��ঀ��@ IRU PRUH GHWDLOV�
$OWKRXJK WKH VDPH DGKHVLYH ZDV XVHG LQ WKH SUHVHQW VWXG\ DQG RQ WKH VWXG\ RI
0DORQH\ >�@� WZR GLIIHUHQW WUHQGV RI WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\ DV D IXQF�
WLRQ RI WKH DGKHVLYH ERQG�OLQH WKLFNQHVV ZHUH REWDLQHG� 0DORQH\
V UHVXOWV VKRZ DQ
LQFUHDVH RQ WKH FULWLFDO IUDFWXUH HQHUJ\ IURP D ERQG�OLQH WKLFNQHVV RI ��� PP XS WR
��� PP �ൌ,F  ���� DQG ൌ,F  ���� q ���� 1�PP� UHVSHFWLYHO\�� $W WKLV WKLFNQHVV�
D PD[LPXP RQ WKH FULWLFDO IUDFWXUH HQHUJ\ LV REVHUYHG� )RU WKLFNQHVVHV KLJKHU WKDQ
WKH RSWLPXP� WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\ WHQGV WR WKH EXON DGKHVLYH FULWLFDO
IUDFWXUH HQHUJ\� ൌ,F  ���� q ���� 1�PP� 7KH UHDGHU VKRXOG QRWH WKDW 0DORQH\
V
VSHFLPHQV ZHUH FXUHG �� KRXUV DW ��p&� ZKLOH WKH VSHFLPHQV PDQXIDFWXUHG IRU
WKH SUHVHQW VWXG\ ZHUH FXUHG � KRXU DW ��p&� %\ FRPSDULVRQ RI WKH H[SHULPHQWDO
VWUHVV�VWUDLQ FXUYHV RI ERWK FXUHG V\VWHPV� D PRUH IOH[LEOH EHKDYLRXU LV IRXQG RQ
WKH V\VWHP FXUHG DW ��p& ZLWK DQ DYHUDJH IDLOXUH VWUDLQ RI DERXW ��� ZKLOH WKH
V\VWHP FXUHG DW ��p& SUHVHQWV D IDLOXUH VWUDLQ RI DERXW ���
7KH UHVHDUFK GRQH LQ WKH SDVW KDV SURYHG WKDW WKHUH LV D GHSHQGHQFH RI WKH FULWLFDO
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IUDFWXUH HQHUJ\ RI DGKHVLYH MRLQWV RQ ERQGLQJ WKLFNQHVV� UHJDUGOHVV RI WKH QDWXUH
RI WKH DGKHVLYHV� +RZHYHU� WKHUH LV QR VLQJOH WUHQG IRU WKLV GHSHQGHQF\� 6RPH
VWXGLHV >�� �� �� �@ DIILUP WKDW WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\ LV GLUHFWO\ UHODWHG
WR WKH VL]H RI WKH SURFHVV ]RQH IRUPLQJ LQ WKH DGKHVLYH PDWHULDO DKHDG RI WKH FUDFN
WLS DQG LWV YDULDWLRQ ZLWK DGKHVLYH OD\HU WKLFNQHVV LV GHWHUPLQHG E\ WKH FRQVWUDLQW
HIIHFW IURP WKH DGKHUHQGV� ,Q WKH SUHVHQW VWXG\� WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\�
ൌ,F� SUHVHQWHG VLPLODU YDOXHV IRU WKH VSHFLPHQV ZLWK DGKHVLYH ERQG�OLQH WKLFNQHVVHV
LQ WKH UDQJH RI ��� PP WR ��� PP� DQG LW LQFUHDVHG E\ DSSUR[LPDWHO\ ��� IRU WKH
MRLQWV RI ��� PP WKLFN ERQG�OLQH� )XUWKHU LQFUHDVH LQ WKH WKLFNQHVV RI WKH DGKHVLYH
OD\HU OHG WR D GHFUHDVH RI DERXW ��� LQ ൌ,F �LQ FRPSDULVRQ ZLWK ��� PP WKLFN ERQG
OD\HU�� 7KHVH UHVXOWV VKRZ WKDW WKH LQFUHDVH LQ ERQG WKLFNQHVV GRHV QRW DOZD\V OHDG
WR DQ LQFUHDVH LQ WKH FULWLFDO IUDFWXUH HQHUJ\� 7KH UHDVRQV IRU WKH WUHQG RI WKHVH
UHVXOWV DUH DWWULEXWHG WR� �D� WKH FUDFN SDWK� ZKLFK LQIOXHQFHV WKH VWUHVV ILHOG DKHDG
RI WKH FUDFN WLS DQG� FRQVHTXHQWO\� WKH VL]H RI WKH GHIRUPDWLRQ ]RQH� DQG �E� WKH
GLIIHUHQFHV LQ WKH IUDFWXUH VXUIDFHV
PRUSKRORJ\�

���� &RQFOXVLRQV

7KH HIIHFW RI WKH DGKHVLYH ERQG�OLQH WKLFNQHVV� YDU\LQJ IURP ��� WR ���� PP� RQ
WKH PRGH , IUDFWXUH EHKDYLRXU RI VWHHO WR VWHHO MRLQWV ERQGHG ZLWK D VWUXFWXUDO

HSR[\ DGKHVLYH ZDV LQYHVWLJDWHG� 7KLV UDQJH RI ERQG�OLQH WKLFNQHVVHV LV UHOHYDQW IRU
PDULWLPH DSSOLFDWLRQV� ZKHUH WKH HIILFLHQW SURGXFWLRQ RI WKH VXSHUVWUXFWXUHV OHDGV
WR UHTXLUHG WKLFNHU ERQGV WKDQ IRU DHURVSDFH DSSOLFDWLRQV� $Q H[SHULPHQWDO WHVW
FDPSDLJQ RI GRXEOH�FDQWLOHYHU EHDP �'&%� VSHFLPHQV ZDV FDUULHG RXW LQ ODERUDWRU\
FRQGLWLRQV� )LYH ERQG�OLQH WKLFNQHVVHV ZHUH VWXGLHG� ���� ���� ���� ��� DQG ����
PP�
$QDO\WLFDO SUHGLFWLRQV RI WKH H[SHULPHQWDO ORDG�GLVSODFHPHQW FXUYHV ZHUH SHUIRUPHG
EDVHG RQ WKH 6LPSOH %HDP 7KHRU\ �6%7�� WKH &RPSOLDQFH &DOLEUDWLRQ 0HWKRG �&&0�
DQG WKH 3HQDGR�.DQQLQHQ �3�.� PRGHO� 7KH 3�. PRGHO ZDV XVHG WR GHWHUPLQH WKH
PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH �6(55�� 7KH FULWLFDO PRGH , 6(55� ൌ,F� SUHVHQWHG
VLPLODU YDOXHV IRU WKH VSHFLPHQV ZLWK DGKHVLYH ERQG�OLQH WKLFNQHVVHV RI ���� ���
DQG ��� PP �ൌ,F  ����� ����� ���� 1�PP� UHVSHFWLYHO\�� +RZHYHU� LW LQFUHDVHG E\
DSSUR[LPDWHO\ ��� IRU ��� PP �ൌ,F  ���� 1�PP�� DQG GHFUHDVHG DERXW ��� �LQ
FRPSDULVRQ ZLWK ��� PP� IRU WKH ���� PP �ൌ,F  ���� 1�PP�� 7KH WUHQG RI WKH
ൌ,F LQ UHODWLRQ WR WKH ERQG�OLQH WKLFNQHVV LV H[SODLQHG E\ WKH FRPELQDWLRQ RI WKUHH
IDFWRUV� WKH FUDFN SDWK ORFDWLRQ� WKH IDLOXUH VXUIDFHV IHDWXUHV DQG WKH VWUHVV ILHOG
DKHDG RI WKH FUDFN WLS�
,Q DOO WHVWHG VSHFLPHQV� WKH FUDFN KDV SURSDJDWHG FRKHVLYHO\ �UHJDUGOHVV RI WKH
ERQG�OLQH WKLFNQHVV�� +RZHYHU� WKH FUDFN VKRZHG D WHQGHQF\ WR SURSDJDWH ZLWK DQ
DOWHUQDWLQJ WUDMHFWRU\ �L�H� WKH FUDFN JUHZ DORQJ DQ DOWHUQDWLQJ SDWK DORQJ WKH ERQG�
OLQH WKLFNQHVV�� 7KLV EHKDYLRXU DIIHFWV WKH VWUHVV ILHOG DKHDG RI WKH FUDFN WLS DQG�
FRQVHTXHQWO\� WKH H[WHQW RI WKH GHIRUPDWLRQ ]RQH DKHDG RI LW �L�H� FUDFN SURSDJDWLRQ
LQ WKH PLG�WKLFNQHVV RI WKH DGKHVLYH OD\HU DOORZV WKH IXOO GHYHORSPHQW RI WKH SUR�
FHVV ]RQH� ZKLOH SURSDJDWLRQ LQ D SODQH PRUH UHPRWH IURP WKH VSHFLPHQ PLG�SODQH
UHVWULFWV WKH GHYHORSPHQW RI WKLV ]RQH�� $PRQJ DOO WHVWHG ERQG�OLQH WKLFNQHVVHV� LW
VHHPV WKDW WKH DOWHUQDWLQJ FUDFN SDWK SDWWHUQ DIIHFWHG WKH OHDVW WKH WKLQQHVW ERQG�
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OLQH RI ��� PP� OHDGLQJ WR VLPLODU YDOXHV RI WKH DYHUDJH ൌ, LQ WKH UDQJH RI ��� WR ���
PP� 0RUHRYHU� WKH DYHUDJH MRLQW VWUHQJWK ZDV KLJKHU DQG WKH IDLOXUH VXUIDFHV ZHUH
URXJKHU LQ WKH ERQG�OLQH RI ��� PP WKDQ LQ WKH VSHFLPHQV ZLWK ERQG�OLQHV RI ���
DQG ��� PP� $OWKRXJK WKH DOWHUQDWLQJ �ZDY\� SDWWHUQ RQ WKH FUDFN SDWK ZDV DOVR
SUHVHQW LQ WKH VSHFLPHQV ZLWK DQ DGKHVLYH OD\HU WKLFNQHVV RI ��� PP� LW LV WKRXJKW
WKDW WKH GHIRUPDWLRQ ]RQH FRXOG GHYHORS IXUWKHU WKDQ LQ WKH ERQG�OLQH WKLFNQHVV
RI ��� PP� ZKLFK LV FRUURERUDWHG E\ WKH KLJKHU ൌ,F YDOXH REWDLQHG� )LQDOO\� LQ WKH
WKLFNHVW VSHFLPHQV ��� PP�� WKH FUDFN RQVHW PRYHG WRZDUGV WKH VWHHO�HSR[\ LQ�
WHUIDFH GXH WR JHRPHWU\ VLQJXODULW\� 7KH FUDFN JUHZ DOWHUQDWLQJ EHWZHHQ WKH WZR
LQWHUIDFHV� $V D FRQVHTXHQFH RI WKH FUDFN SDWK ORFDWLRQ� WKH GHIRUPDWLRQ ]RQH ZDV
SK\VLFDOO\ FRQVWUDLQHG MXVW RQ RQH VLGH� ZKLFK PLJKW KDYH GHFUHDVHG LWV VL]H� DQG�
VXEVHTXHQWO\� WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\�
7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\�ERQG�OLQH WKLFNQHVV WUHQG SUHVHQWHG LQ WKLV VWXG\
VKRZV WKDW WKH LQFUHDVH LQ ERQG WKLFNQHVV GRHV QRW DOZD\V OHDG WR D ULVH LQ WKH FULWLFDO
IUDFWXUH HQHUJ\� 7KH UHDVRQV IRU WKLV WUHQG DUH DWWULEXWHG WR� �D� WKH FUDFN SDWK�
ZKLFK LQIOXHQFHV WKH VWUHVV ILHOG DKHDG RI WKH FUDFN WLS DQG� FRQVHTXHQWO\� WKH VL]H RI
WKH GHIRUPDWLRQ ]RQH� DQG �E� WKH GLIIHUHQFHV LQ WKH IUDFWXUH VXUIDFHV
PRUSKRORJ\�

���� 'DWD DYDLODELOLW\
7KH GDWD UHTXLUHG WR UHSURGXFH WKHVH ILQGLQJV DUH DYDLODEOH DW�
KWWSV���GRL�RUJ���������XXLG�E�IH���E��������D��EFG��GH��F����FD�

5HIHUHQFHV
>�@ 5� /RSHV )HUQDQGHV� 6� 7HL[HLUD GH )UHLWDV� 0� .� %XG]LN� -� $� 3RXOLV� DQG

5� %HQHGLFWXV� )URP WKLQ WR H[WUD�WKLFN DGKHVLYH OD\HU WKLFNQHVVHV � IUDFWXUH
RI ERQGHG MRLQWV XQGHU PRGH , ORDGLQJ FRQGLWLRQV� (QJLQHHULQJ )UDFWXUH 0H�
FKDQLFV ��� ������� ��������M�HQJIUDFPHFK�������������

>�@ '� /� +XQVWRQ� $� -� .LQORFK� DQG 6� 6� :DQJ� 0LFURPHFKDQLFV RI IUDFWXUH LQ
VWUXFWXUDO DGKHVLYH ERQGV� 7KH -RXUQDO RI $GKHVLRQ ��� ��� �������

>�@ 0� %� 2XH]GRX DQG $� &KXGQRYVN\� 6WUHVV DQG HQHUJ\ DQDO\VLV RI WRXJKQHVV
PHDVXUHPHQW IRU DGKHVLYH ERQGV� (QJLQHHULQJ )UDFWXUH 0HFKDQLFV ��� ���
�������

>�@ :� '� %DVFRP� 5� /� &RWWLQJWRQ� 5� /� -RQHV� DQG 3� 3H\VHU� 7KH IUDFWXUH
RI HSR[\� DQG HODVWRPHU�PRGLILHG HSR[\ SRO\PHUV LQ EXON DQG DV DGKHVLYHV�
-RXUQDO RI $SSOLHG 3RO\PHU 6FLHQFH ��� ���� �������

>�@ .� -� 0DORQH\� 0LFUR�DUFKLWHFWHG DGKHVLYH MRLQWV� 3K�'� WKHVLV� 8QLYHUVLW\ RI
&DPEULGJH �������

>�@ 6� 0DU]L� $� %LHO� DQG 8� 6WLJK� 2Q H[SHULPHQWDO PHWKRGV WR LQYHVWLJDWH WKH
HIIHFW RI OD\HU WKLFNQHVV RQ WKH IUDFWXUH EHKDYLRU RI DGKHVLYHO\ ERQGHG MRLQWV�
,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������
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�� 5HIHUHQFHV

>�@ $� -� .LQORFK DQG 6� -� 6KDZ� 7KH IUDFWXUH UHVLVWDQFH RI D WRXJKHQHG HSR[\
DGKHVLYH� 7KH -RXUQDO RI $GKHVLRQ ��� �� �������

>�@ 7� &DUOEHUJHU DQG 8� 6WLJK� ,QIOXHQFH RI OD\HU WKLFNQHVV RQ FRKHVLYH SURSHUWLHV
RI DQ HSR[\�EDVHG DGKHVLYH � DQ H[SHULPHQWDO VWXG\� -RXUQDO RI $GKHVLRQ ���
��� �������

>�@ '��%� /HH� 7� ,NHGD� 1� 0L\D]DNL� DQG 1��6� &KRL� (IIHFW RI ERQG WKLFNQHVV RQ
WKH IUDFWXUH WRXJKQHVV RI DGKHVLYH MRLQWV� -RXUQDO RI (QJLQHHULQJ 0DWHULDOV DQG
7HFKQRORJ\ ���� �� �������

>��@ 6� 5� 5DQDGH� <� *XDQ� '� &� 2KDQHKL� -� *� 'LOODUG� 5� &� %DWUD� DQG '� $�
'LOODUG� $ WDSHUHG ERQGOLQH WKLFNQHVV GRXEOH FDQWLOHYHU EHDP �'&%� VSHFLPHQ
JHRPHWU\ IRU FRPELQDWRULDO IUDFWXUH VWXGLHV RI DGKHVLYH ERQGV� ,QWHUQDWLRQDO
-RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������

>��@ 9� &RRSHU� $� ,YDQNRYLF� $� .DUDF� '� 0F$XOLIIH� DQG 1� 0XUSK\� (IIHFWV RI
ERQG JDS WKLFNQHVV RQ WKH IUDFWXUH RI QDQR�WRXJKHQHG HSR[\ DGKHVLYH MRLQWV�
3RO\PHU ��� ���� �������

>��@ 7� 3DUGRHQ� 7� )HUUDFLQ� &� 0� /DQGLV� DQG )� 'HODQQD\� &RQVWUDLQW HIIHFWV LQ
DGKHVLYH MRLQW IUDFWXUH� -RXUQDO RI WKH 0HFKDQLFV DQG 3K\VLFV RI 6ROLGV ���
���� �������

>��@ +� 5� 'DJK\DQL� /� <H� DQG <� :� 0DL� 0RGH�, IUDFWXUH EHKDYLRXU RI DGKH�
VLYH MRLQWV� 3DUW ,,� 6WUHVV DQDO\VLV DQG FRQVWUDLQW SDUDPHWHUV� 7KH -RXUQDO RI
$GKHVLRQ ��� ��� �������

>��@ +� 5� 'DJK\DQL� /� <H� DQG <� :� 0DL� 0RGH�, IUDFWXUH EHKDYLRXU RI DGKHVLYH
MRLQWV� 3DUW ,� 5HODWLRQVKLS EHWZHHQ IUDFWXUH HQHUJ\ DQG ERQG WKLFNQHVV� 7KH
-RXUQDO RI $GKHVLRQ ��� ��� �������

>��@ 0� '� %DQHD� /� )� 'D 6LOYD� DQG 5� '� &DPSLOKR� 7KH HIIHFW RI DGKHVLYH
WKLFNQHVV RQ WKH PHFKDQLFDO EHKDYLRU RI D VWUXFWXUDO SRO\XUHWKDQH DGKHVLYH�
-RXUQDO RI $GKHVLRQ ��� ��� �������

>��@ 0� &DEHOOR� -� =XUELWX� -� 5HQDUW� $� 7XURQ� DQG )� 0DUW­QH]� $ JHQHUDO DQDO\WLFDO
PRGHO EDVHG RQ HODVWLF IRXQGDWLRQ EHDP WKHRU\ IRU DGKHVLYHO\ ERQGHG '&%
MRLQWV HLWKHU ZLWK IOH[LEOH RU ULJLG DGKHVLYHV� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG
6WUXFWXUHV ������ �� �������

>��@ $� %LHO DQG 8� 6WLJK� &RKHVLYH ]RQH PRGHOOLQJ RI QXFOHDWLRQ� JURZWK DQG FRD�
OHVFH RI FDYLWLHV� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH ���� ��� �������

>��@ ,62 ���� 3ODVWLFV � 'HWHUPLQDWLRQ RI WHQVLOH SURSHUWLHV� �������

>��@ 0� )� 6� )� GH 0RXUD� 5� '� 6� *� &DPSLOKR� DQG -� 3� 0� *RQ§DOYHV� &UDFN
HTXLYDOHQW FRQFHSW DSSOLHG WR WKH IUDFWXUH FKDUDFWHUL]DWLRQ RI ERQGHG MRLQWV
XQGHU SXUH PRGH , ORDGLQJ� &RPSRVLWHV 6FLHQFH DQG 7HFKQRORJ\ ��� ����
�������
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>��@ $670 ' ���� � 6WDQGDUG WHVW PHWKRG IRU PRGH , LQWHUODPLQDU IUDFWXUH WRXJK�
QHVV RI XQLGLUHFWLRQDO ILEHU�UHLQIRUFHG SRO\PHU PDWUL[ FRPSRVLWHV� �������

>��@ 6� +HLGH�-¸UJHQVHQ DQG 0� .� %XG]LN� &UDFN JURZWK DORQJ KHWHURJHQHRXV LQ�
WHUIDFH GXULQJ WKH '&% H[SHULPHQW� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG 6WUXF�
WXUHV ���� ���� �������

>��@ -� 3� %HUU\� 'HWHUPLQDWLRQ RI IUDFWXUH HQHUJLHV E\ WKH FOHDYDJH WHFKQLTXH�
-RXUQDO RI $SSOLHG 3K\VLFV ��� �� �������

>��@ 0� %XG]LN� -� -XPHO� DQG 0� (� 5� 6KDQDKDQ� $GKHVLYH FRPSOLDQFH HIIHFW LQ
PRGH , VHSDUDWLRQ� SURILORPHWU\ DSSURDFK� ,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ
DQG $GKHVLYHV ��� ��� �������

>��@ 0� %XG]LN� -� -XPHO� .� ,� ,PLHOLĄVND� DQG 0� (� 5� 6KDQDKDQ� (IIHFW RI DGKHVLYH
FRPSOLDQFH LQ WKH DVVHVVPHQW RI VRIW DGKHVLYHV ZLWK WKH ZHGJH WHVW� -RXUQDO
RI $GKHVLRQ 6FLHQFH DQG 7HFKQRORJ\ ��� ��� �������

>��@ 0� )� .DQQLQHQ� $Q DXJPHQWHG GRXEOH FDQWLOHYHU EHDP PRGHO IRU VWXG\LQJ
FUDFN SURSDJDWLRQ DQG DUUHVW� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH �� �� �������

>��@ '� 5� /HIHEYUH� '� $� 'LOODUG� DQG +� )� %ULQVRQ� 7KH GHYHORSPHQW RI D PRGLILHG
GRXEOH�FDQWLOHYHU�EHDP VSHFLPHQ IRU PHDVXULQJ WKH IUDFWXUH HQHUJ\ RI UXEEHU
WR PHWDO ERQGV� ([SHULPHQWDO 0HFKDQLFV ��� �� �������

>��@ 0� %� 2XH]GRX� $� &KXGQRYVN\� DQG $� 0RHW� 5H�HYDOXDWLRQ RI DGKHVLYH IUDF�
WXUH HQHUJ\� 7KH -RXUQDO RI $GKHVLRQ ��� ��� �������

>��@ )� (� 3HQDGR� $ FORVHG IRUP VROXWLRQ IRU WKH HQHUJ\ UHOHDVH UDWH RI WKH VRX�
EOH FDQWLOHYHU EHDP VSHFLPHQ ZLWK DQ DGKHVLYH OD\HU� -RXUQDO RI &RPSRVLWH
0DWHULDOV ��� ��� �������

>��@ &� /� &KRZ� &� :� :RR� DQG -� /� 6\NHV� 2Q WKH GHWHUPLQDWLRQ DQG DSSOLFDWLRQ
RI FRG WR HSR[\�ERQGHG DOXPLQLXP MRLQWV� -RXUQDO RI 6WUDLQ $QDO\VLV ��� ��
�������

>��@ 6� .UHQN� (QHUJ\ UHOHDVH UDWH RI V\PPHWULF DGKHVLYH MRLQWV� (QJLQHHULQJ )UDF�
WXUH 0HFKDQLFV ��� ��� �������

>��@ -� -XPHO� 0� .� %XG]LN� DQG 0� (� 5� 6KDQDKDQ� %HDP RQ HODVWLF IRXQGDWLRQ
ZLWK DQWLFODVWLF FXUYDWXUH� DSSOLFDWLRQ WR DQDO\VLV RI PRGH , IUDFWXUH WHVWV�
(QJLQHHULQJ )UDFWXUH 0HFKDQLFV ��� ���� �������
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ILHOG LQ '&% DGKHVLYH IUDFWXUH VSHFLPHQV� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH
��� �� �������

>��@ /� %DQNV�6LOOV DQG '� $VKNHQD]L� $ QRWH RQ IUDFWXUH FULWHULD IRU LQWHUIDFH IUDF�
WXUH� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH ���� ��� �������

>��@ 1� $� )OHFN� -� :� +XWFKLQVRQ� DQG =� 6XR� &UDFN SDWK VHOHFWLRQ LQ D EULWWOH
DGKHVLYH OD\HU� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG 6WUXFWXUHV ��� ���� �������

>��@ %� &KHQ DQG '� $� 'LOODUG� 1XPHULFDO DQDO\VLV RI GLUHFWLRQDOO\ XQVWDEOH FUDFN
SURSDJDWLRQ LQ DGKHVLYHO\ ERQGHG MRLQWV� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG
6WUXFWXUHV ��� ���� �������
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5ROH RI DGKHUHQG PDWHULDO RQ
WKH IUDFWXUH RI DGKHVLYH MRLQWV

$IWHU DGGUHVVLQJ WKH ERQG�OLQH WKLFNQHVV HIIHFW RQ WKH PRGH , IUDFWXUH EH�
KDYLRXU RI DGKHVLYH MRLQWV LQ &KDSWHU �� WKH QH[W ORJLFDO VWHS LV WR LQYHVWLJDWH
WKH HIIHFW RI WKH PDWHULDO RI WKH DGKHUHQGV DV LW LQIOXHQFHV WKH FRQVWUDLQW OHYHO
RI WKH DGKHVLYH PDWHULDO� %RWK VLQJOH�PDWHULDO �L�H� VWHHO�VWHHO DQG FRPSRVLWH�
FRPSRVLWH� DQG EL�PDWHULDO �L�H� VWHHO�FRPSRVLWH� MRLQWV ERQGHG ZLWK D VWUXF�
WXUDO HSR[\ DGKHVLYH DUH VWXGLHG LQ WKLV FKDSWHU� $GGLWLRQDOO\� WZR GLIIHUHQW
DGKHVLYH ERQG�OLQH WKLFNQHVVHV DUH FRQVLGHUHG� ��� PP �WKLQ ERQG�OLQH� DQG
���� PP �WKLFN ERQG�OLQH�� 7KH UHVXOWV VKRZ WKDW WKH FULWLFDO PRGH , IUDFWXUH
HQHUJ\� ൌ,F� LV LQGHSHQGHQW RI WKH DGKHUHQG W\SH DQG MRLQW FRQILJXUDWLRQ �L�H�
VLQJOH RU EL�PDWHULDO� IRU HDFK ERQG�OLQH WKLFNQHVV� )RU WKH MRLQWV ZLWK WKH WKLQ
DGKHVLYH OD\HU� ൌ,F VKRZV DYHUDJH YDOXHV EHWZHHQ ��������� 1�PP� ZKLOH
IRU WKH MRLQWV ZLWK WKH WKLFN DGKHVLYH OD\HU DYHUDJH YDOXHV EHWZHHQ ���������
1�PP DUH GHWHUPLQHG� ,Q WKH MRLQWV ZLWK D WKLQ DGKHVLYH OD\HU� WKH IDLOXUH LV
FRKHVLYH DQG WKH VLPLODU GHJUHH RI FRQVWUDLQW WKDW LV LPSRVHG WR WKH DGKHVLYH
E\ WKH KLJK�PRGXOXV �L�H� VWHHO� DQG�RU UHODWLYHO\ WKLFN �L�H� FRPSRVLWH� DG�
KHUHQGV UHVXOWV LQ VLPLODU YDOXHV RI ൌ,F IRU ERWK VLQJOH� DQG EL�PDWHULDO MRLQW
W\SHV� ,Q DOO MRLQWV ZLWK D WKLFN DGKHVLYH OD\HU� WKH FUDFN JURZV FORVHU WR RQH RI
WKH DGKHVLYH�DGKHUHQG LQWHUIDFHV� EXW VWLOO ZLWKLQ WKH DGKHVLYH� 7KH UHVXOWV
RI WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\ VKRZ WKDW WKH DGKHVLYH FRXOG GHIRUP
VLPLODUO\� DOWKRXJK WKH FUDFN KDV EHHQ FRQVWUDLQHG LQ RQH VLGH E\ GLIIHUHQW
W\SHV RI DGKHUHQGV �L�H� HLWKHU E\ D VWHHO� RU FRPSRVLWH�DGKHUHQG��

3DUWV RI WKLV FKDSWHU KDYH EHHQ SXEOLVKHG LQ &RPSRVLWH 6WUXFWXUHV ���� ������ ������ >�@�

��
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���� ,QWURGXFWLRQ

7KH UHVHDUFK FDUULHG RQ XS WR QRZ DGGUHVVHG WKH HIIHFW RI WKH PDWHULDO RI WKH
DGKHUHQGV RQ WKH FULWLFDO IUDFWXUH HQHUJ\ RI DGKHVLYH MRLQWV E\ VROHO\ FRQVLGHU�

LQJ VLQJOH�PDWHULDO DGKHVLYH MRLQWV ZLWK GLIIHUHQW DGKHUHQG WKLFNQHVVHV� %HVLGHV�
WKH VWXGLHV DYDLODEOH DUH EDVHG LQ VWDQGDUG UHGXFWLRQ VFKHPHV� VXFK DV FRUUHFWHG
EHDP WKHRU\ RU FRPSOLDQFH FDOLEUDWLRQ PHWKRG� ZKLFK GR QRW WDNH HQWLUHO\ LQWR DF�
FRXQW WKH JHRPHWULF DQG PDWHULDO SURSHUWLHV RI WKH DGKHVLYH MRLQWV� OLNH DGKHVLYH
ERQG�OLQH WKLFNQHVV DQG RXW�RI�SODQH VWLIIQHVV RI WKH DGKHUHQGV� 0RUHRYHU� WR WKH
DXWKRU
V EHVW NQRZOHGJH� QR VWXGLHV LQYHVWLJDWLQJ WKH SRVVLEOH FKDQJHV RQ WKH FULW�
LFDO IUDFWXUH HQHUJ\ RI EL�PDWHULDO DGKHVLYH MRLQWV DUH IRXQG LQ RSHQ OLWHUDWXUH�
7KHUHIRUH� WKH SULPDU\ REMHFWLYH RI WKLV FKDSWHU LV WR LQYHVWLJDWH WKH HIIHFW RI WKH
PDWHULDO RI WKH DGKHUHQGV RQ WKH PRGH , IUDFWXUH EHKDYLRXU RI DGKHVLYHO\ ERQGHG
MRLQWV E\ WHVWLQJ VLQJOH�PDWHULDO �L�H� VWHHO�VWHHO DQG *)53�*)53� DQG EL�PDWHULDO
�L�H� VWHHO�*)53� MRLQWV ERQGHG ZLWK D VWUXFWXUDO HSR[\ DGKHVLYH XQGHU '&% IUDF�
WXUH WHVW FRQGLWLRQV� 0RUHRYHU� WZR DGKHVLYH ERQG�OLQH WKLFNQHVVHV DUH FRQVLGHUHG�
��� PP �WKLQ ERQG�OLQH� DQG ���� PP �WKLFN ERQG�OLQH�� 6RPH VSHFLPHQV DUH LQ�
VWUXPHQWHG ZLWK VWUDLQ JDXJHV WR DVVHVV WKH FUDFN JURZWK SURFHVV� 7KH 3HQDGR�
.DQQLQHQ �3.� UHGXFWLRQ VFKHPH LV RXWOLQHG DQG DSSOLHG WR HYDOXDWH WKH PRGH ,
VWUDLQ HQHUJ\ UHOHDVH UDWH� ൌ,� 7KH PRUSKRORJ\ RI WKH IUDFWXUH VXUIDFHV LV H[DPLQHG
E\ DQ RSWLFDO SURILOHU DQG WKHLU FKHPLFDO FRPSRVLWLRQ LV DQDO\VHG E\ D VSHFWURPHWHU�
7KH UHVXOWV DUH GLVFXVVHG DQG FRQFOXVLRQV DUH GUDZQ�

���� ([SHULPHQWDO
������ 0DWHULDOV DQG SUHSDUDWLRQ
0DWHULDOV XVHG

)LJ� ��� VKRZV WKH WKUHH '&% FRQILJXUDWLRQV WHVWHG� 7KH VSHFLPHQV ZHUH PDGH RI
HLWKHU 6��� VWHHO DGKHUHQGV� ZLWK D WKLFNQHVV RI ��� PP� RU JODVV ILEUH UHLQIRUFHG

SRO\PHU �*)53� ODPLQDWH DGKHUHQGV� ZLWK D WKLFNQHVV RI ��� PP� ERQGHG ZLWK D
VWUXFWXUDO WZR�FRPSRQHQW HSR[\ SDVWH DGKHVLYH� $UDOGLWH ���� �+XQWVPDQn�� 7ZR
DGKHVLYH ERQG�OLQH WKLFNQHVVHV ZHUH VWXGLHG� ��� PP �WKLQ DGKHVLYH OD\HU� DQG
���� PP �WKLFN DGKHVLYH OD\HU��
7KH PHFKDQLFDO SURSHUWLHV RI WKH 8'��p ODPLQD ZHUH H[SHULPHQWDOO\ GHWHUPLQHG DQG
DUH JLYHQ LQ 7DEOH ���� 7KH PHFKDQLFDO SURSHUWLHV RI WKH VWHHO 6��� DQG WKH HSR[\
DGKHVLYH DUH OLVWHG LQ 7DEOH ���� 7KH VWHHO SURSHUWLHV ZHUH WDNHQ IURP WKH VXS�
SOLHU
V WHFKQLFDO GDWDVKHHW� ZKLOH WKH DGKHVLYH
V PHFKDQLFDO SURSHUWLHV ZHUH HYDOX�
DWHG IURP WHQVLOH GRJ ERQH VSHFLPHQV ZLWK D WKLFNQHVV RI � PP LQ DFFRUGDQFH ZLWK
,62 ��� >�@�

$VVXPSWLRQ FRQFHUQLQJ V\PPHWU\ RI WKH EL�PDWHULDO VSHFLPHQ

7KH EL�PDWHULDO VWHHO�*)53 '&% VSHFLPHQV ZHUH PDQXIDFWXUHG E\ IROORZLQJ WKH
ORQJLWXGLQDO VWUDLQ EDVHG GHVLJQ FULWHULRQ GHYHORSHG LQ &KDSWHU � WR JXDUDQWHH

SXUH PRGH , ORDGLQJ DW WKH FUDFN WLS� 7KH VWUDLQ EDVHG FULWHULRQ LV JLYHQ E\�

ൊI�DGKHU �፱ ߶ኼDGKHU �  ൊ
I�DGKHU �
፱ ߶ኼDGKHU �� �����
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ZKHUH ൊI�DGKHU ���፱ LV WKH IOH[XUDO PRGXOXV RI DGKHUHQG � DQG �� UHVSHFWLYHO\� +HUH�
VWHHO DQG *)53 DGKHUHQGV DUH XVHG� 7KHUHIRUH� IRU WKH VWHHO DGKHUHQG� ൊI�VWHHO፱ LV
HTXDO WR WKH <RXQJ
V PRGXOXV �VHH 7DEOH ����� 7KH HIIHFWLYH IOH[XUDO PRGXOXV RI
WKH *)53 ODPLQDWH� ൊI�*)53፱ � LV FDOFXODWHG E\ DSSO\LQJ WKH FODVVLFDO ODPLQDWLRQ WKHRU\
�&/7� >�@� ,Q WKH FDVH RI D QRQ�V\PPHWULF OD\�XS� ൊI�*)53፱ LV HTXDO WR�

ൊI�*)53፱  
��

߶ኽ*)53൏ኾኾ
� �����

ZKHUH ൏ኾኾ FRPSRQHQW LV REWDLQHG IURP PDWUL[ >൏@�

ᓂ൏ᓆ  ᗝ െ േ
േ ൉ ᗞ

ዅኻ

� �����

7KH >െ@� >േ@� DQG >൉@ DUH WKH H[WHQVLRQDO� FRXSOLQJ DQG IOH[XUDO PDWULFHV RI WKH
*)53 ODPLQDWH� UHVSHFWLYHO\ >�@�
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)LJXUH ���� '&% VSHFLPHQ� WKH WKUHH WHVWHG FRQILJXUDWLRQV�

%\ FRQVLGHULQJ WKH VWHHO DGKHUHQG WKLFNQHVV� ߶VWHHO� HTXDO WR � PP� WKH *)53 DG�
KHUHQG LV GHVLJQHG WR PHHW WKH ORQJLWXGLQDO VWUDLQ EDVHG FULWHULRQ� 7KH OD\�XS RI
WKH *)53 ODPLQDWH LV JLYHQ LQ 7DEOH ��� DV ZHOO DV ൊI�*)53፱ DQG WKH ILQDO WKLFNQHVV
RI WKH ODPLQDWH DIWHU SRVW�FXULQJ� )RU PRUH GHWDLOV DERXW WKH ORQJLWXGLQDO VWUDLQ
EDVHG FULWHULRQ DQG ODPLQDWH VWDFNLQJ GHILQLWLRQ� WKH LQWHUHVWHG UHDGHU LV UHIHUUHG WR
&KDSWHU ��
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7DEOH ���� 0HFKDQLFDO SURSHUWLHV RI WKH 8'��p ODPLQD�
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ൊ፱፱ �03D� ൊ፳፳ �03D� ൌ፱፳ �03D� ൌ፱፲ �03D� ൌ፳፲ �03D� ࿿፱፳
����� ����� ���� ���� ���� �����

7DEOH ���� 0HFKDQLFDO SURSHUWLHV RI VWHHO 6��� DQG HSR[\ DGKHVLYH $UDOGLWH �����

0DWHULDO ൊ �03D� ࿿ စࣄࣄࣄ\ �03D� စXOWLPDWH �03D�
6WHHO 6��� ������ ���� ��� ���
(SR[\ DGKHVLYHࣄ ���� q ��� ࣄࣄ���� ���� q ��� ���� q ���
ࣄ H[SHULPHQWDOO\ PHDVXUHG IURP GRJ ERQH VSHFLPHQV FXUHG � KRXU DW ��p&
ࣄࣄ VXSSOLHU
V WHFKQLFDO GDWD�VKHHW
ࣄࣄࣄ 6WHHO� \LHOG VWUHQJWK ���� RIIVHW� $GKHVLYH� \LHOG VWUHQJWK ���� RIIVHW

7DEOH ���� *)53 ODPLQDWH� OD\�XS EDVHG RQ WKH VWUDLQ EDVHG FULWHULRQ �WKH OD\�XS LV GHILQHG IURP WKH
ERWWRP WR WKH WRS RI WKH ODPLQDWH��

/D\�XS 53(*ࣄ߶ �PP� ൊI�*)53፱ �03D�
>�p ���p ��p ���p@኿�>���p ��p ���p �p@኿ ���� �����

53(*ࣄ߶ � ILQDO WKLFNQHVV RI WKH ODPLQDWH DIWHU SRVW�FXUH F\FOH

6XUIDFH SUHSDUDWLRQ DQG ERQGLQJ

7KH GHWDLOV RI VXUIDFH SUHSDUDWLRQ DQG ERQGLQJ DUH GHVFULEHG LQ &KDSWHU �� VXE�
VHFWLRQ ������ +HUH� D UHFDOO LV PDGH� 6PDOO PHWDOOLF VSDFHUV RI � GLIIHUHQW

WKLFNQHVVHV �DSSUR[LPDWHO\� ��� DQG ���� PP� ZHUH XVHG WR REWDLQ DQ XQLIRUP
DGKHVLYH ERQG�OLQH� DV VKRZQ LQ )LJ� ����

������ 7HVW VHW�XS

7KH GHWDLOV RI WHVW VHW�XS DUH GHVFULEHG LQ &KDSWHU �� VXE�VHFWLRQ ������ +HUH�
D UHFDOO LV PDGH� )RXU *)53�*)53 DQG IRXU VWHHO�*)53 '&% DGKHVLYH MRLQWV ZLWK

WKLQ DGKHVLYH OD\HU ZHUH LQVWUXPHQWHG ZLWK VWUDLQ JDXJHV �.\RZDPLFUR�PHDVXUHPHQWV
UHIHUHQFH .)*�������&���� DQG .)*�������&���� ZLWK ���͕ QRPLQDO UHVLVWDQFH IRU
VWHHO DQG *)53 DGKHUHQGV� UHVSHFWLYHO\� WR PHDVXUH WKH DGKHUHQGV EDFNIDFH ORQ�
JLWXGLQDO VWUDLQ� 7KH VWUDLQ JDXJHV ZHUH ERQGHG DORQJ WKH PLG�OLQH RI WKH RXWHU
IDFH RI WKH DGKHUHQGV� ,Q HDFK VSHFLPHQ� WKH VWUDLQ JDXJHV ZHUH ERQGHG DW WKH
VDPH SRVLWLRQV DORQJ WKH OHQJWK GLUHFWLRQ LQ ERWK DGKHUHQGV LQ RUGHU WR DVVHVV WKH
V\PPHWU\ RI WKH WHVW� 7KH GLVWDQFH EHWZHHQ VWUDLQ JDXJHV IURP WKH DSSOLHG IRUFH
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��

LV� �� *)53�*)53 MRLQWV  ^��� ��� ��� ���� ��� PP`� �� VWHHO�*)53 MRLQWV  
^��� ��� ��� ��� PP`� )LJ� ��� VKRZV DQ LQVWUXPHQWHG *)53�*)53 VSHFLPHQ EH�
LQJ WHVWHG� 3OHDVH QRWH WKDW VROHO\ WKH *)53�*)53 DQG VWHHO�*)53 DGKHVLYH MRLQWV
ZHUH LQVWUXPHQWHG ZLWK VWUDLQ JDXJHV EHFDXVH RI WKHLU KLJK FRPSOH[LW\ GXH WR HLWKHU
WKH DQLVRWURS\ RI WKH *)53 DGKHUHQGV RU WKH DV\PPHWU\ RI WKH EL�PDWHULDO MRLQW�
UHVSHFWLYHO\�

Strain gauges

Crack front

)LJXUH ���� &ORVH�XS YLHZ RI D *)53�*)53 VSHFLPHQ LQVWUXPHQWHG ZLWK VWUDLQ JDXJHV�

������ $QDO\VLV RI WKH IUDFWXUH VXUIDFHV E\ D VFDQQLQJ PLFUR�
VFRSH

$OO IUDFWXUH VXUIDFHV RI WKH '&% MRLQWV ZHUH H[DPLQHG LQ D .H\HQFH 95�����
�' RSWLFDO SURILOHU� 7KLV GHYLFH LV FRPSRVHG RI D WKUHH�GLPHQVLRQDO PHDVXULQJ

PLFURVFRSH DQG D IULQJH SURMHFWLRQ VFDQQHU� 7KH VFDQQHU LV FKDUDFWHUL]HG E\ ����
QP RXW�RI�WKH SODQH UHVROXWLRQ ZLWK XS WR D ���[��� PPኼ PHDVXULQJ DUHD�

������ $WWHQXDWHG WRWDO UHIOHFWDQFH�)RXULHU WUDQVIRUP LQIUDUHG
�$75�)7,5�

7KH IUDFWXUH VXUIDFHV RI WKH UHSUHVHQWDWLYH DGKHVLYH MRLQWV ZHUH DQDO\VHG E\ WKH
$75�)7,5 WHFKQLTXH� 7KH H[SHULPHQWV ZHUH FDUULHG RXW E\ D 3HUNLQ(OPHU 6SHF�

WUXP ��� VSHFWURPHWHU HTXLSSHG ZLWK WKH 8QLYHUVDO $75 DFFHVVRU\� 7KH VSHFWUXP
ZDV REWDLQHG E\ VHWWLQJ WKH DFFXPXODWLRQV UHTXLUHG WR � VFDQV DQG WKH VSHFWUDO
UDQJH EHWZHHQ �������� FPዅኻ ZLWK D UHVROXWLRQ RI �������� FPዅኻ�

���� 'DWD DQDO\VLV� 3HQDGR�.DQQLQHQ PRGHO

3HQDGR >�@ GHYHORSHG D PHWKRG WR HYDOXDWH WKH FRPSOLDQFH DQG WKH VWUDLQ HQ�
HUJ\ UHOHDVH UDWH RI WKH '&% VSHFLPHQ ZLWK DQ DGKHVLYH OD\HU E\ PRGLI\LQJ

.DQQLQHQ
V উDXJPHQWHG '&% PRGHOউ >�@ IRU FUDFN SURSDJDWLRQ DQDO\VLV RI D KRPR�
JHQHRXV VSHFLPHQ� 7KH 3HQDGR�.DQQLQHQ �3.� PRGHO LV REWDLQHG E\ FRQVLGHULQJ
D ILQLWH OHQJWK EHDP� ZKLFK LV SDUWLDOO\ IUHH �UHSUHVHQWLQJ WKH XQERQGHG SDUW RI
WKH VSHFLPHQ� DQG SDUWLDOO\ VXSSRUWHG E\ DQ HODVWLF IRXQGDWLRQ �UHSUHVHQWLQJ WKH
ERQGHG UHJLRQ�� VHH )LJ� ���� 7KH '&% VSHFLPHQ LV DVVXPHG WR EH V\PPHWULF DERXW
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WKH ൶�D[LV DORQJ WKH FHQWUHOLQH RI WKH DGKHVLYH OD\HU� 2QO\ KDOI RI WKH VSHFLPHQ LV
UHSUHVHQWHG LQ )LJ� ��� �ERQG�OLQH RI WKLFNQHVV ൲D�� 7KH VLPSOHVW WKHRULHV DUH XVHG�
WKH (XOHU�%HUQRXOOL EHDP WKHRU\ DQG WKH :LQNOHU IRXQGDWLRQ IRU WKH IUHH DQG WKH
ERQGHG UHJLRQV� UHVSHFWLYHO\ >�@�
,W VKRXOG EH QRWHG WKDW WKH :LQNOHU FRUUHFWLRQ IRU '&% VSHFLPHQV ZLWK VRIWHU DQG
WKLFNHU LQWHUOD\HUV ZDV VXEMHFW RI WKH VWXG\ RI VHYHUDO UHVHDUFKHUV >�� �� �� �@� 7KLV
DSSURDFK UHPDUNDEO\ DOORZV WKH LQFRUSRUDWLRQ RI WKH SURFHVV ]RQH DW WKH FUDFN WLS�
,QGHHG� WKH EHDPV DUH QRW IL[HG DW WKH FUDFN WLS GXH WR WKH IOH[LELOLW\ RI WKH DGKHVLYH
OD\HU� ZKLFK PD\ OHDG WR VRPH YHUWLFDO GLVSODFHPHQW RI WKH EHDPV ZLWKLQ WKH ERQGHG
]RQH >�� ��@�

y

x

P

x = -ꝏ x = 0 x = a

a
k

w
bon

w
unbon

)LJXUH ���� '&% VSHFLPHQ PRGHOOHG DFFRUGLQJ WR 3HQDGR�.DQQLQHQ PRGHO >�@�

7KH VROXWLRQ RI WKH GLVSODFHPHQW RI WKH 3HQDGR�.DQQLQHQ EHDP PRGHO LV JLYHQ E\�

൵�൶�  
ൕ

�ൊI�DGKHU፱ ൎ࿽ኽ
ᒽ
��ൠ࿽ኽ൶ኼ ࢿ ࿽ኽ൶ኽ � �ൠ࿽ኼ൶ � �࿽൶ � �࿽ൠ � �� � ౥ ൶ ౥ ൠ

�൤᎘፱>ൠ࿽ FRV�࿽൶� � ൠ࿽ VLQ�࿽൶� � FRV�࿽൶�@ ࣋ࢿ ౥ ൶ ౥ �
�����

ൊI�DGKHU፱ LV WKH IOH[XUDO PRGXOXV RI WKH DGKHUHQG �LQ FDVH RI DQ LVRWURSLF DGKHUHQG�
ൊI�DGKHU፱  ൊ� LQ FDVH RI DQ DQLVRWURSLF DGKHUHQG� ൊI�DGKHU፱ LV GHWHUPLQHG E\ WKH &/7��

ൎ  
ፁ፡ኽDGKHU
ኻኼ

LV WKH VHFRQG PRPHQW RI WKH EHDP FURVV�VHFWLRQ DUHD� DQG ࿽ LV WKH
ZDYH QXPEHU� WKH LQYHUVH RI ZKLFK GHILQHV WKH HODVWLF SURFHVV ]RQH OHQJWK� 7KH
SURFHVV ]RQH OHQJWK� ࿽ዅኻ� LQ WKH FRQWH[W RI WKH HODVWLF IRXQGDWLRQ LV LQWHUSUHWHG DV
WKH GLVWDQFH �IURP WKH FUDFN WLS� RYHU ZKLFK WKH SRVLWLYH SHHO VWUHVV LV GLVWULEXWHG�
7KH ࿽ዅኻ OHQJWK H[LWV EH\RQG RI WKH FUDFN WLS GXH WR WKH ILQLWH ULJLGLW\ RI WKH DGKHVLYH�
࿽ LV GHILQHG DV�

࿽  ኾᔄ
൩

�ൊI�DGKHU፱ ൎ
� �����

ZKHUH ൩ LV WKH WRWDO IRXQGDWLRQ PRGXOXV GHVFULELQJ WKH VWLIIQHVV RI WKH VSULQJV� ,W
LV DVVXPHG WKDW WKH DGKHVLYH DQG WKH DGKHUHQG DFW DV VSULQJV LQ VHULHV� 7KHUHIRUH�
DVVXPLQJ WKDW ൩DGKHU DQG ൩DGKHV UHSUHVHQW WKH LQGLYLGXDO FRQWULEXWLRQV� WKH WRWDO
IRXQGDWLRQ PRGXOXV� ൩� LV JLYHQ E\ >�@�
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൩  
�

ኻ
፤DGKHU

� ኻ
፤DGKHV

� �����

ZKHUH

൩DGKHU  
�ൊDGKHU፲ േ
߶DGKHU

� �����

DQG

൩DGKHV  ᗛ
ൊD
൲D
ᗜേ� �����

ZKHUH ൊDGKHU፲ LV WKH DGKHUHQG PRGXOXV LQ WKH \�GLUHFWLRQ �L�H� WKH RXW�RI�SODQH WHQVLOH
PRGXOXV�� ߶DGKHU LV WKH WKLFNQHVV RI WKH DGKHUHQG� ൊD LV WKH <RXQJ
V PRGXOXV RI WKH
DGKHVLYH� ൲D LV KDOI RI WKH WKLFNQHVV RI WKH DGKHVLYH OD\HU� DQG േ LV WKH VSHFLPHQ
ZLGWK�
,Q WKH FDVH RI DQ LVRWURSLF DGKHUHQG� ൊDGKHU፲  ൊ� ,W VKRXOG EH QRWHG WKDW IRU D
FRPSRVLWH ODPLQDWH FRPSRVHG RI QRQ�FULPS IDEULF� DV XVHG LQ WKH SUHVHQW VWXG\�
ൊDGKHU፲ LV GRPLQDWHG E\ WKH UHVLQ RI WKH ODPLQDWH� L�H� ൊDGKHU፲ ࣵ ൊ\\ RI D VLQJOH 8'��p
ODPLQD�
7KH VWUDLQ HQHUJ\ UHOHDVH UDWH LV GHWHUPLQHG XVLQJ WKH FRPSOLDQFH PHWKRG� 7KH
EHDP GLVSODFHPHQW DW ൶  ൠ LV JLYHQ E\�

́  ൵XQERQ�൶  ൠ�  
ൕ

ൊI�DGKHU፱ ൎ࿽ኽ
ᗛ
�
�
࿽ኽൠኽ � ࿽ኼൠኼ � ࿽ൠ �

�
�
ᗜ � �����

(T� ��� GRHV QRW LQFOXGH WKH HIIHFW RI WKH VKHDU GHIRUPDWLRQ LQ WKH XQERQGHG SDUW
RI WKH VSHFLPHQ� $ FRUUHFWLRQ IRU VKHDU FDQ EH DGGHG�

́  ൵XQERQ�൶  ൠ�  
ൕ

ൊI�DGKHU፱ ൎ࿽ኽ
ᗛ
�
�
࿽ኽൠኽ � ࿽ኼൠኼ � ࿽ൠ �

�
�
ᗜ �

�ൕൠ
�േൌDGKHU፱፲ ߶DGKHU

�

������
ZKHUH ൌDGKHU፱፲ LV WKH VKHDU PRGXOXV RI WKH DGKHUHQG LQ WKH []�SODQH� )RU DQ LVRWURSLF
DGKHUHQG� ൌ  ൌDGKHU፱፲  ፄ

ኼ�ኻዄ᎚DGKHU�
� ZKLOH IRU D FRPSRVLWH PDWHULDO� WKH VKHDU PRG�

XOXV ൌDGKHU፱፲ LV HVWLPDWHG E\ XVLQJ D VPHDULQJ VFKHPH� $Q H[DPSOH RI D VPHDULQJ
VFKHPH LV WKH ODPLQDWH KRPRJHQL]DWLRQ PHWKRG RI +\HU DQG .QRWW >��@�
7KH GLVSODFHPHQW JLYHQ E\ (T� ���� FRUUHVSRQGV WR KDOI RI WKH VSHFLPHQ� 7KHUHIRUH�
IRU D VLQJOH�PDWHULDO VSHFLPHQ� WKH WRWDO GLVSODFHPHQW LV HTXDO WR �́� 7KH PRGH ,
VWUDLQ HQHUJ\ UHOHDVH UDWH� ൌ,�3.� LV WKHQ JLYHQ E\�

ൌ,�3.  
ൕኼ

�േ
ൣൈ
ൣൠ

 
ൕኼ

േൊI�DGKHU፱ ൎ࿽ኼ
ᗛ࿽ኼൠኼ � �࿽ൠ � �ᗜ �

�ൕኼ

�േኼൌDGKHU፱፲ ߶DGKHU
� ������
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ZKHUH ൕ LV WKH DSSOLHG ORDG� ൈ LV WKH VSHFLPHQ FRPSOLDQFH� േ LV WKH VSHFLPHQ
ZLGWK DQG ൣൠ LV WKH LQVWDQWDQHRXV FUDFN OHQJWK H[WHQVLRQ� $ VWUDLJKW FUDFN IURQW LV
DVVXPHG� (T� ���� VHHPV RI IXQGDPHQWDO LPSRUWDQFH UHYHDOLQJ DQ LQKHUHQW HIIHFW
RI WKH DGKHVLYH WKLFNQHVV RQ WKH HODVWLF SURFHVV ]RQH OHQJWK� ࿽ዅኻ� 7KH PRGH ,
VWUDLQ HQHUJ\ UHOHDVH UDWH LV GLUHFWO\ DIIHFWHG E\ WKH LQFUHDVH RI WKH DGKHVLYH OD\HU
WKLFNQHVV�

������ $GDSWDWLRQ WR EL�PDWHULDO DGKHVLYH MRLQWV

7KH EL�PDWHULDO '&% DGKHVLYH MRLQWV DUH GHVLJQHG E\ IROORZLQJ WKH ORQJLWXGLQDO
VWUDLQ EDVHG FULWHULRQ �VHH (T� ����� 7KLV GHVLJQ FULWHULRQ LV DFKLHYHG E\ PDWFK�

LQJ WKH ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQV RI WKH VXUIDFHV LQ FRQWDFW ZLWK WKH DGKHVLYH
OD\HU� 7KHUHIRUH� WKH WZR DGKHUHQGV GR QRW GHIOHFW V\PPHWULFDOO\ DQG� WKXV� WKH
WRWDO RSHQLQJ GLVSODFHPHQW LV JLYHQ E\ WKH VXP RI WKH GLVSODFHPHQW RI HDFK DUP�

�́EL�PDWHULDO  ൵DGKHU �XQERQ �൶  ൠ� � ൵
DGKHU �
XQERQ �൶  ൠ�� ������

7KH PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH RI WKH EL�PDWHULDO DGKHVLYH MRLQWV� ൌEL�PDWHULDO,�3. �
LV WKHQ H[SUHVVHG DV�

ൌEL�PDWHULDO,�3.  
ൕኼ

�േ
ᓄ
࿽ኼDGKHU �ൠ

ኼ � �࿽DGKHU �ൠ � �
ൊI�DGKHU �፱ ൎDGKHU �࿽ኼDGKHU �

�
�

�േൌDGKHU �፱፲ ߶DGKHU �

�
࿽ኼDGKHU �ൠ

ኼ � �࿽DGKHU �ൠ � �
ൊI�DGKHU �፱ ൎDGKHU �࿽ኼDGKHU �

�
�

�േൌDGKHU �፱፲ ߶DGKHU �
ᓈ � ������

���� 5HVXOWV
������ )UDFWXUH VXUIDFHV

,Q )LJ� ���� RSWLFDO VFDQV RI WKH IUDFWXUH VXUIDFHV RI WKH UHSUHVHQWDWLYH VSHFLPHQVRI DOO ERQGHG MRLQW W\SHV ZLWK WKLQ DGKHVLYH OD\HU �RI DSSUR[LPDWHO\ ��� PP� DUH
SUHVHQWHG� 7KHVH VFDQV ZHUH WDNHQ IURP WKH IUDFWXUH VXUIDFHV SRVW�PRUWHP ZLWK
WKH .H\HQFH 95����� �' RSWLFDO SURILOHU �VHH VXE�VHFWLRQ ������� 7KHVH DGKHVLYH
MRLQWV SUHVHQW XQLTXH IHDWXUHV GHSHQGLQJ RQ WKH MRLQW W\SH� /RRNLQJ DW )LJ� ���� WKH
IUDFWXUH VXUIDFHV RI WKH UHSUHVHQWDWLYH�

঎ VWHHO�VWHHO DGKHVLYH MRLQW VKRZ UHJLRQV WKDW DUH FKDUDFWHUL]HG E\ SHDNV DQG
YDOOH\V� DQG UHJLRQV ZLWK D VPRRWKHU DSSHDUDQFH� ZKHUH WKH FUDFN VHHPV
WR SURSDJDWH DW WKH PLG�WKLFNQHVV RI WKH ERQG�OLQH �L�H� SHUIHFWO\ FRKHVLYH
SURSDJDWLRQ�� VHH )LJ� ����D��

঎ *)53�*)53 MRLQW SUHVHQW VRPH SHDNV DQG YDOOH\V� DV VKRZQ LQ )LJ� ����E��
2YHUDOO� WKH IUDFWXUH VXUIDFHV UHYHDO WKH WHQGHQF\ RI WKH FUDFN WR JURZ FORVHU
WR RQH RI WKH DGKHVLYH�DGKHUHQG LQWHUIDFHV� EXW ZLWKLQ WKH DGKHVLYH� )RU H[�
DPSOH� LQ WKH UHSUHVHQWDWLYH VSHFLPHQ �VHH )LJ� ����E��� WKH FUDFN SURSDJDWHG
LQ WKH DGKHVLYH UHJLRQ QHDUE\ WKH LQWHUIDFH ZLWK DUP ��
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a init
 ≈ 40 mm 

Crack growth direction

Region with smoother

appearance

Arm 2

 Steel

Arm 1

 Steel

(6) Peak

Valley

Peak

�D� 6LQJOH�PDWHULDO VWHHO�VWHHO DGKHVLYH MRLQW�

Crack growth direction

a init
 ≈ 40 mm 

Arm 1

GFRP

Arm 2

GFRP

Peak

(4) Peak

(1) GFRP laminate

(1) GFRP laminate

�E� 6LQJOH�PDWHULDO *)53�*)53 DGKHVLYH MRLQW�

Crack growth direction

a init
 ≈ 40 mm 

Arm 1

 Steel

Arm 2

GFRP

 (5) Channel

 Peak

�F� %L�PDWHULDO VWHHO�*)53 DGKHVLYH MRLQW�

)LJXUH ���� 5HSUHVHQWDWLYH DGKHVLYH MRLQWV ZLWK WKLQ DGKHVLYH OD\HU� RSWLFDO VFDQV RI WKH HQWLUH IUDFWXUH
VXUIDFH RI ERWK DGKHUHQGV REWDLQHG E\ D VFDQQLQJ PLFURVFRSH�
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Crack growth direction

a init
 ≈ 40 mm 

 (3) Reference for cohesive

       
propagation

Arm 2

 Steel

Arm 1

 Steel

�D� 6LQJOH�PDWHULDO VWHHO�VWHHO DGKHVLYH MRLQW�

Crack growth direction

Extended a init
 ≈ 40+5 mm 

Arm 1

GFRP

Arm 2

GFRP

�E� 6LQJOH�PDWHULDO *)53�*)53 DGKHVLYH MRLQW�

Crack growth direction

Extended a init
 ≈ 40+5 mm 

Arm 1

 Steel

Arm 2

GFRP

�F� %L�PDWHULDO VWHHO�*)53 DGKHVLYH MRLQW�

)LJXUH ���� 5HSUHVHQWDWLYH DGKHVLYH MRLQWV ZLWK WKLFN DGKHVLYH OD\HU� RSWLFDO VFDQV RI WKH HQWLUH
IUDFWXUH VXUIDFH RI ERWK DGKHUHQGV REWDLQHG E\ D VFDQQLQJ PLFURVFRSH�



���� 5HVXOWV
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��

঎ EL�PDWHULDO VWHHO�*)53 DGKHVLYH MRLQW VKRZ UDWKHU GLIIHUHQW IUDFWXUH IHDWXUHV�
7KHVH VXUIDFHV SUHVHQW ঈDGKHVLYH FKDQQHOVউ� ZKLFK DUH QRWLFHDEOH LQ )LJ� ����F��
DQG UHJLRQV ZKHUH WKH FUDFN MXPSV WR SODQHV GLVWDQW IURP WKH PLG�SODQH RI
WKH DGKHVLYH WKLFNQHVV� 7KH VWLWFKLQJ OLQH RI WKH *)53 ODPLQDWH VHHPV WR KDYH
DQ LQIOXHQFH RQ WKH GHYHORSPHQW RI WKH VR�FDOOHG ঈDGKHVLYH FKDQQHOVউ�

,Q )LJ� ���� RSWLFDO VFDQV RI WKH IUDFWXUH VXUIDFHV RI WKH UHSUHVHQWDWLYH VSHFLPHQV
RI DOO DGKHVLYH MRLQW W\SHV ZLWK WKLFN DGKHVLYH OD\HU �RI DSSUR[LPDWHO\ ���� PP� DUH
VKRZQ� 5HJDUGOHVV RI WKH DGKHVLYH MRLQW W\SH� WKH FUDFN KDV PRVWO\ SURSDJDWHG LQ
DQ DV\PPHWULF PDQQHU �L�H� QR JHRPHWULF V\PPHWU\ GXULQJ FUDFN JURZWK�� 7ZR
GLIIHUHQW WUHQGV DUH LGHQWLILHG DW WKH FUDFN LQLWLDWLRQ ORFXV�

঎ LQ DOO DGKHVLYH MRLQWV ZLWK WKH LQLWLDO SUH�FUDFN OHQJWK� ൠLQLW� WKH IDLOXUH LQLWLDWLRQ
WRRN SODFH DW DQ DUELWUDU\ SODQH FORVH WR RQH RI WKH LQWHUIDFHV� EXW ZLWKLQ WKH
DGKHVLYH OD\HU �VHH )LJ� ����D��� 7KH PLVPDWFK LQ WKH VWLIIQHVV RI WKH PDWHULDOV
DW WKH LQWHUIDFHV �L�H� DGKHUHQG DQG DGKHVLYH�� OHDGV WR D SHDN RI WKH VWUHVVHV
LQ WKLV UHJLRQ RI WKH VSHFLPHQ DV UHSRUWHG E\ %RJ\ HW DO� DQG *RQFDOYHV HW DO�
>��� ��@� 7KH KLJKHU WKH PLVPDWFK� WKH KLJKHU WKH VWUHVVHV� ,Q WKH EL�PDWHULDO
DGKHVLYH MRLQWV� WKH IDLOXUH LQLWLDWLRQ WRRN SODFH QHDUE\ WKH VWHHO DGKHUHQG
EHFDXVH WKH VWLIIQHVV PLVPDWFK DW WKH VWHHO�DGKHVLYH LQWHUIDFH LV KLJKHU LQ
FRPSDULVRQ WR WKH PLVPDWFK DW WKH *)53�DGKHVLYH LQWHUIDFH� 2YHUDOO� IRU
ORQJHU FUDFN OHQJWKV� WKH FUDFN KDV SURSDJDWHG DORQJ WKH VDPH SODQH� EHLQJ
WKH H[FHSWLRQ WKH VWHHO�VWHHO FRQILJXUDWLRQ� ,Q VWHHO�VWHHO DGKHVLYH MRLQWV� DQ
DOWHUQDWLQJ FUDFN SDWK ZLWKLQ WKH DGKHVLYH OD\HU ZDV REVHUYHG� DOWKRXJK WKH
FUDFN GLG UXQ FORVHU WR RQH LQWHUIDFH WKDQ WKH RWKHU LQ VRPH VHJPHQWV RI WKH
ERQGHG UHJLRQV �VHH )LJ� ����D���

঎ LQ VRPH FDVHV� ൠLQLW ZDV H[WHQGHG� OHDGLQJ WR IDLOXUH LQLWLDWLRQ DW WKH PLG�
SODQH RI WKH DGKHVLYH OD\HU �VHH )LJV� ����E� DQG ����F��� +RZHYHU� DV WKH
FUDFN SURSDJDWHG IXUWKHU� WKH FUDFN MXPSHG WR WKH SODQH FORVHU WR RQH RI WKH
LQWHUIDFHV� ,Q WKH EL�PDWHULDO DGKHVLYH MRLQWV� WKH FUDFN JUHZ QHDUE\ WKH VWHHO
LQWHUIDFH� 7KH H[WHQVLRQ RI WKH SUH�FUDFN OHQJWK LQ VRPH VSHFLPHQV LV ZRUWK\
RI FRPPHQW� 7KLV H[WHQVLRQ ZDV DQ DWWHPSW WR H[SHULPHQWDOO\ REVHUYH WKH
HIIHFW RI LQFUHDVLQJ SUH�FUDFN OHQJWK� ,QGHHG� DQ H[WHQVLRQ RI ൠLQLW IRUFHV WKH
FUDFN WR VWDEO\ SURSDJDWH DW WKH PLG�WKLFNQHVV RI WKH DGKHVLYH OD\HU EHFDXVH
WKH VORSH ፝ፏ

፝ጂ
GHFUHDVHV ZLWK LQFUHDVLQJ FUDFN OHQJWK >��@� +RZHYHU� WKH FUDFN

SURSDJDWHV LQ WKH VDPH PDQQHU DIWHUZDUGV� WUDYHOOLQJ WRZDUGV RQH RI WKH
LQWHUIDFHV�

$WWHQXDWHG WRWDO UHIOHFWDQFH�)RXULHU WUDQVIRUP LQIUDUHG �$75�)7,5� DQDO\VLV

7KH IUDFWXUH VXUIDFHV RI WKH UHSUHVHQWDWLYH DGKHVLYH MRLQWV ZHUH DQDO\VHG E\
$75�)7,5 WHFKQLTXH WR HYDOXDWH WKH IDLOXUH W\SH �FRKHVLYH� DGKHVLYH IDLOXUH RU

LQWHUODPLQDU LQ WKH *)53 DGKHUHQG�� 7KH $75�)7,5 PHDVXUHPHQWV SHUIRUPHG RQ
WKH IUDFWXUH VXUIDFHV RI WKH MRLQWV ZLWK WKH WKLFNHU DGKHVLYH OD\HU ZHUH LQ DJUHHPHQW
ZLWK WKH YLVXDO LQVSHFWLRQ� L�H� DGKHVLYH ZDV IRXQG RQ ERWK DUPV RI WKH MRLQWV
E\ QDNHG H\H� &RQFHUQLQJ WKH MRLQWV ZLWK WKH WKLQQHU DGKHVLYH OD\HU� WKHUH ZDV
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XQFHUWDLQW\ UHJDUGLQJ WKHLU IDLOXUH W\SH E\ YLVXDO LQVSHFWLRQ� +RZHYHU� WKH $75�
)7,5 PHDVXUHPHQWV VKRZ WKDW WKH IDLOXUH LV FRKHVLYH UHJDUGOHVV WKH DGKHVLYH MRLQW
W\SH� 7KHUHIRUH� WKH UHVXOWV RI WKH MRLQWV ZLWK WKLQQHU ERQG�OLQH DUH SUHVHQWHG DQG
GLVFXVVHG LQ WKH VXEVHTXHQW SDUDJUDSKV�
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(1) GFRP laminate - Ref_1
(2) Bulk adhesive - Ref_2
(3) Adhesive: cohesive propagation - Ref_3
(4) GFRP-GFRP: fracture surface PEAK - Arm 1
(5) Steel-GFRP: fracture surface - Steel arm
(6) Steel-steel: fracture surface PEAK - Arm 2

)LJXUH ���� $75�)7,5 VSHFWUD� TXDOLWDWLYH FRPSDULVRQ�

,Q DOO DGKHVLYH MRLQWV ZLWK WKLQ DGKHVLYH OD\HU� WKH $75�)7,5 PHDVXUHPHQWV ZHUH
SHUIRUPHG RQ FKDUDFWHULVWLF DUHDV� VXFK DV SHDNV DQG ঈDGKHVLYH FKDQQHOVউ ZKHUH
WKH FUDFN SURSDJDWHG LQ D UHJLRQ UHPRWH IURP WKH PLG�WKLFNQHVV SODQH� $75�)7,5
PHDVXUHPHQWV ZHUH SHUIRUPHG LQ VL[ GLIIHUHQW DUHDV� ��� VDQGHG *)53 ODPLQDWH
�L�H� *)53 ODPLQDWH SULRU WR ERQGLQJ� � 5HIHUHQFH � �5HIB��� ��� EXON DGKHVLYH �IURP
D EXON DGKHVLYH SODWH FXUHG DW ��p& GXULQJ RQH KRXU� � 5HIHUHQFH � �5HIB��� ���
IUDFWXUH DUHD RI EDUH DGKHVLYH �DUHD RI FRKHVLYH SURSDJDWLRQ� L�H� WKH SURSDJDWLRQ
WRRN SODFH ZLWKLQ WKH DGKHVLYH OD\HU� � 5HIHUHQFH � �5HIB��� ��� IUDFWXUH DUHDV RI
WKH UHSUHVHQWDWLYH *)53�*)53 DGKHVLYH MRLQW� ��� IUDFWXUH DUHDV RI WKH UHSUHVHQWD�
WLYH VWHHO�*)53 DGKHVLYH MRLQW� ��� IUDFWXUH DUHDV RI WKH UHSUHVHQWDWLYH VWHHO�VWHHO
DGKHVLYH MRLQW� $UHDV ��� DQG ��� DUH UHSUHVHQWHG LQ )LJ� ����E�� 7KH DUHDV DQDO�
\VHG LQ WKH EL�PDWHULDO DGKHVLYH MRLQW DUH KLJKOLJKWHG LQ )LJ� ����F�� ZKLOH DUHD ���
LV UHSUHVHQWHG LQ )LJ� ����D�� )LQDOO\� DUHDV ��� DUH VKRZQ LQ )LJ� ����D��
7KH $75�)7,5 VSHFWUD RI WKH VL[ DQDO\VHG DUHDV DUH VKRZQ LQ )LJ� ���� $ TXDO�
LWDWLYH FRPSDULVRQ LV PDGH� 7KH VSHFWUD PHDVXUHG RQ DUHDV ����� UHVHPEOH WKH
VSHFWUXP RI WKH EXON DGKHVLYH� 5HIB�� 7KH VLPLODULW\ RQ WKH VSHFWUD LV HYLGHQFH RI
DGKHVLYH SUHVHQFH RQ WKH DQDO\VHG IUDFWXUH VXUIDFHV� 7KH VKDSH RI WKH VSHFWUXP
RI WKH VDQGHG *)53 ODPLQDWH SUHVHQWV GLIIHUHQW SHDNV LQ FRPSDULVRQ WR WKH EXON
DGKHVLYH VSHFWUXP� 5HIB� DQG 5HIB�� UHVSHFWLYHO\� 7KH GLIIHUHQFH LQ WKH VSHFWUD LV
H[SHFWHG DQG LV MXVWLILHG E\ WKH QDWXUH RI WKH SRO\PHUV VWXGLHG� 7KH *)53 ODPLQDWH
LV FRPSRVHG RI D UXEEHU PRGLILHG HSR[\ EDVHG YLQ\O HVWHU UHVLQ� ZKLOH $UDOGLWH ����
LV DQ HSR[\ DGKHVLYH�
4LQ HW DO� >��@ KDYH FRQGXFWHG $75�)7,5 PHDVXUHPHQWV RQ VDPSOHV RI EXON DGKH�
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(1) GFRP laminate - Ref_1
(2) Bulk adhesive - Ref_2
(3) Adhesive: cohesive propagation - Ref_3
(4) GFRP-GFRP: fracture surface PEAK - Arm 1
(5) Steel-GFRP: fracture surface - Steel arm
(6) Steel-steel: fracture surface PEAK - Arm 2

�D� &ORVH�XS RI WKH ZDYHQXPEHUV LQ WKH UDQJH RI ��������� FPዅኻ�
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(1) GFRP laminate - Ref_1
(2) Bulk adhesive - Ref_2
(3) Adhesive: cohesive propagation - Ref_3
(4) GFRP-GFRP: fracture surface PEAK - Arm 1
(5) Steel-GFRP: fracture surface - Steel arm
(6) Steel-steel: fracture surface PEAK - Arm 2

�E� &ORVH�XS RI WKH ZDYHQXPEHUV LQ WKH UDQJH RI �������� FPዅኻ�

)LJXUH ���� $75�)7,5 VSHFWUD�

VLYH $UDOGLWH ����� 7KH VSHFWUD RI WKH DGKHVLYH KHUH SUHVHQWHG ZHUH TXDOLWDWLYHO\
FRPSDUHG ZLWK WKH UHVXOWV RI 4LQ HW DO� >��@� 7KH VDPH FKDUDFWHULVWLF DEVRUSWLRQV
�SHDNV� ZHUH REVHUYHG� 7KH XQGHUVWDQGLQJ RI WKH IXQFWLRQDO JURXSV DVVRFLDWHG ZLWK
HDFK DEVRUSWLRQ SHDN LV GLVWLQFW IURP WKH FRUH REMHFWLYH RI WKLV FKDSWHU� DQG KHQFH
WKH LQWHUHVWHG UHDGHU LV UHIHUUHG WR >��@ IRU PRUH GHWDLOV�
$ FORVHU ORRN DW WKH VSHFWUD LV SUHVHQWHG LQ )LJ� ���� 7KHVH UHVXOWV VKRZ WKH VDPH
DEVRUSWLRQ SHDNV IRU WKH DGKHVLYH UHIHUHQFH VDPSOHV� 5HIB� DQG 5HIB� � DQG IRU
WKH IUDFWXUH VXUIDFHV RI WKH DGKHVLYH MRLQWV� 7KH RFFXUUHQFH RI WKRVH SHDNV LQ WKH
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IUDFWXUH VXUIDFHV RI WKH DGKHVLYH MRLQWV ZLWK WKH WKLQQHU ERQG�OLQH LV FOHDU SURRI WKDW
DGKHVLYH KDV UHPDLQHG RQ WKHP� LQGLFDWLQJ WKDW FRKHVLYH SURSDJDWLRQ WRRN SODFH�
)LQDOO\� WKH VSHFWUXP RI WKH VDQGHG *)53 ODPLQDWH �5HIB�� VWDQGV RXW IURP WKH RWKHU
VSHFWUD �VHH )LJ� ���� VSHFLDOO\ LQ WKH ZDYHQXPEHUV UDQJH RI �������� FPዅኻ �)LJ�
����E��� 7KH GLIIHUHQFHV LQ WKH VSHFWUD DUH LQGLFDWLYH RI WKH SUHVHQFH RI GLIIHUHQW
W\SHV RI PDWHULDOV� $V QRQH RI WKH IUDFWXUH VXUIDFHV SUHVHQWHG UHVHPEODQFHV ZLWK
5HIB�� LW LV WKHUHIRUH FRQFOXGHG WKDW FUDFN SURSDJDWLRQ LQ WKH *)53 ODPLQDWH KDV
QRW RFFXUUHG�

������ /RDG�GLVSODFHPHQW FXUYHV DQG 3. PRGHO YDOLGDWLRQ

)LJV� ��� DQG ��� VKRZ WKH UHSUHVHQWDWLYH ORDG�GLVSODFHPHQW FXUYHV RI WKH VLQJOH�
PDWHULDO VWHHO�VWHHO DQG WKH EL�PDWHULDO VWHHO�*)53 ERQGHG MRLQWV ZLWK WKLQ �DS�

SUR[LPDWHO\ ��� PP� DQG WKLFN DGKHVLYH OD\HU �DSSUR[LPDWHO\ ���� PP�� UHVSHF�
WLYHO\� 2QO\ WKH UHSUHVHQWDWLYH FXUYHV DUH SUHVHQWHG DV WKH H[SHULPHQWDO ORDG�
GLVSODFHPHQW FXUYHV DUH FRQVLVWHQW IRU HDFK VSHFLPHQ ZLWKLQ WKH VDPH WHVW VHULHV�
)LJV� ��� DQG ��� DOVR SUHVHQW WKH WKHRUHWLFDO HVWLPDWLRQV RI WKH ORDG�GLVSODFHPHQW
FXUYHV EDVHG RQ WKH 3. PRGHO�
7KH H[SHULPHQWDO GLVSODFHPHQW ZDV SUHGLFWHG E\ WKH 3HQDGR�.DQQLQHQ PRGHO� (T�
���� LV XVHG WR HVWLPDWH WKH GLVSODFHPHQW RI WKH VLQJOH�PDWHULDO '&% FRQILJXUDWLRQV
�SOHDVH QRWH WKDW WKH WRWDO GLVSODFHPHQW LV HTXDO WR �́�� ZKLOH (T� ���� LV XVHG IRU
WKH EL�PDWHULDO '&% FRQILJXUDWLRQ� 7KH GLVSODFHPHQW LV FDOFXODWHG IRU HDFK GDWD VHW�
H[SHULPHQWDO ORDG ൕ። DQG YLVXDOO\ PHDVXUHG FUDFN OHQJWK ൠ።� ZKHUH ൧ LV WKH QXPEHU
RI GDWD SRLQWV DYDLODEOH IRU HDFK VSHFLPHQ �EODFN GRWV RQ WRS RI WKH H[SHULPHQWDO
ORDG�GLVSODFHPHQW FXUYHV LQ )LJV� ��� DQG ����� +DOI�DGKHVLYH WKLFNQHVV� ൲D� LV XVHG
DV DQ LQSXW WR SUHGLFW WKH GLVSODFHPHQW� VHH 3.� FUDFN JURZWK DW PLG�DGKHVLYH OD\HU
UHVXOWV LQ )LJV� ��� DQG ���� )RU WKH DGKHVLYH MRLQWV ZLWK WKLFN DGKHVLYH OD\HU� WKH UHDO
FUDFN JURZWK SDWK LV DOVR XVHG DV DQ LQSXW LQ WKH 3. PRGHO� 7KH PRGHO LV XSGDWHG IRU
HDFK SRLQW WR FDSWXUH WKH DOWHUQDWLQJ FUDFN SDWK REVHUYHG LQ WKHVH MRLQWV� OHDGLQJ WR
D EHWWHU DSSUR[LPDWLRQ RI WKH UHDO FDVH� )RU HDFK ൠ።� WKH DYHUDJH DGKHVLYH WKLFNQHVV
DORQJ WKH VSHFLPHQ ZLGWK LV XVHG LQ WKH 3. PRGHO� VHH 3.� UHDO FUDFN JURZWK SDWK
UHVXOWV LQ )LJ� ���� 7KH UHVXOWV FRQFHUQLQJ WKH *)53�*)53 FRQILJXUDWLRQ DUH QRW
SUHVHQWHG LQ WKLV FKDSWHU� DV WKH WUHQG RI WKH WKHRUHWLFDO HVWLPDWLRQV LV VLPLODU WR
WKH RQH IRXQG RQ WKH VWHHO�VWHHO FRQILJXUDWLRQ UHJDUGOHVV WKH ERQG�OLQH WKLFNQHVV�
/RRNLQJ DW WKH DGKHVLYH MRLQWV ZLWK WKH WKLQQHU ERQG�OLQH �)LJ� ����� JRRG DJUHH�
PHQW LV REVHUYHG EHWZHHQ WKH H[SHULPHQWDO DQG WKH WKHRUHWLFDO HVWLPDWLRQV EDVHG
RQ WKH 3. PRGHO� WKRXJK QR SHUIHFWO\ FRKHVLYH SURSDJDWLRQ RFFXUUHG �WKH FUDFN
ORFXV GHYLDWHG IURP WKH DGKHVLYH OD\HU PLG�WKLFNQHVV�� 7KHVH UHVXOWV VKRZ WKDW WKH
FKDQJHV LQ WKH FUDFN ORFXV GLUHFWLRQ VHHP WR QRW VLJQLILFDQWO\ DIIHFW WKH SODVWLF ]RQH
DKHDG RI WKH FUDFN WLS� $V WKH ERQG�OLQH LV WKLQ� WKH GHYHORSPHQW RI WKLV ]RQH LV
FRQWUROOHG E\ WKH SK\VLFDO FRQVWUDLQW IURP WKH DGKHUHQGV >��ঀ��@�
7KH WUHQG EHWZHHQ WKH H[SHULPHQWDO DQG WKH WKHRUHWLFDO UHVXOWV LV UDWKHU GLIIHUHQW LQ
WKH DGKHVLYH MRLQWV ZLWK WKH WKLFNHU ERQG�OLQH �)LJ� ����� $OWKRXJK WKH PRGHO JLYHV
DQ DSSUR[LPDWLRQ RI WKH RYHUDOO IRUP RI WKH ORDG�GLVSODFHPHQW FXUYHV� WKDW DSSUR[�
LPDWLRQ LV LQ JHQHUDO DQ RYHUHVWLPDWLRQ RI WKH H[SHULPHQWDO UHVXOWV� 7KH DQDO\VLV
RI WKH WKHRUHWLFDO UHVXOWV VKRXOG EH GLYLGHG LQ WZR JURXSV� LQLWLDO SURSDJDWLRQ UH�
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Experiment
PK: crack growth at mid-adhesive layer

�D� 6LQJOH�PDWHULDO VWHHO�VWHHO DGKHVLYH MRLQW�
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Experiment
PK: crack growth at mid-adhesive layer

�E� %L�PDWHULDO VWHHO�*)53 DGKHVLYH MRLQW�

)LJXUH ���� 5HSUHVHQWDWLYH DGKHVLYH MRLQWV ZLWK WKLQ DGKHVLYH OD\HU� ORDG�GLVSODFHPHQW FXUYHV�

JLRQ �DSSUR[LPDWHO\ XS WR � PP RI GLVSODFHPHQW�� DQG IXUWKHU DZD\ SURSDJDWLRQ
UHJLRQ �GLVSODFHPHQW KLJKHU WKDQ � PP�� ,Q WKH LQLWLDO SURSDJDWLRQ UHJLRQ� WKH 3.
PRGHO UHVHPEOHV WKH H[SHULPHQWDO FDVH DV WKHUH LV QR DGKHVLYH LQ WKH XQERQGHG
SDUW RI WKH VSHFLPHQ� 7KHUHIRUH� JRRG DJUHHPHQW EHWZHHQ WKH H[SHULPHQWDO DQG
WKHRUHWLFDO UHVXOWV LV REWDLQHG� %\ FRQVLGHULQJ WKH UHDO FUDFN SDWK� WKH WKHRUHWLFDO
UHVXOWV DUH PRUH DFFXUDWH DV WKH FRQWULEXWLRQ RI WKH DGKHVLYH WR WKH RSHQLQJ GLV�
SODFHPHQW RI WKH VSHFLPHQ LV SURSHUO\ GHWHUPLQHG� +RZHYHU� LQ WKH IXUWKHU DZD\
SURSDJDWLRQ UHJLRQ� WKH VWLIIQHVV RI WKH DGKHVLYH OD\HU LQ WKH XQERQGHG SDUW RI WKH
VSHFLPHQ �L�H� LQ WKH FUDFNHG SRUWLRQ RI WKH VSHFLPHQ� LV QRW LQFOXGHG LQ WKH PRGHO�
7KH IOH[XUDO VWLIIQHVV RI WKH VSHFLPHQ LV WKXV XQGHUHVWLPDWHG� UHVXOWLQJ LQ KLJKHU
WKHRUHWLFDO GLVSODFHPHQW� 0RUHRYHU� WKH DOWHUQDWLQJ FUDFN SDWK JLYHV DQ LQGLFDWLRQ
WKDW WKH SURSDJDWLRQ RFFXUUHG PRVW OLNHO\ XQGHU PL[HG PRGH FRQGLWLRQV DV VKRZQ
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Experiment
PK: crack growth at mid-adhesive layer
PK: real crack growth path

�D� 6LQJOH�PDWHULDO VWHHO�VWHHO DGKHVLYH MRLQW�
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Experiment
PK: crack growth at mid-adhesive layer
PK: real crack growth path

�E� %L�PDWHULDO VWHHO�*)53 DGKHVLYH MRLQW�

)LJXUH ���� 5HSUHVHQWDWLYH DGKHVLYH MRLQWV ZLWK WKLFN DGKHVLYH OD\HU� ORDG�GLVSODFHPHQW FXUYHV�

$V SUHYLRXVO\ GHVFULEHG LQ VHFWLRQ ���� LQ WKH 3. PRGHO� WKH SURFHVV ]RQH DW WKH FUDFN
WLS LV QRW GLVUHJDUGHG� 7KH IOH[LELOLW\ RI WKH DGKHVLYH DW WKH FUDFN WLS LV DFFRXQWHG IRU
WKH VSHFLPHQ GLVSODFHPHQW� ZKLFK LPSOLHV WKDW WKH JHRPHWULF �VXFK DV WKH ERQG�OLQH
WKLFNQHVV� DQG PHFKDQLFDO SURSHUWLHV �VXFK DV WKH DGKHVLYH <RXQJ
V PRGXOXV� RI
WKH DGKHVLYH DUH XVHG DV SDUDPHWHUV RI WKH PRGHO� 7KH UHDVRQDEO\ JRRG WKHRUHWLFDO
UHVXOWV� HYHQ WKRXJK WKH YLVXDOO\ PHDVXUHG FUDFN OHQJWK LV XVHG DV LQSXW� VKRZQ LQ
)LJV� ��� DQG ���� VKRZ WKH UHOHYDQFH RI WKH 3. PRGHO WR DGGUHVV WKH PRGH ,
IUDFWXUH EHKDYLRXU RI DGKHVLYH MRLQWV� 7KHUHIRUH� WKH 3. PRGHO LV XVHG WR FDOFXODWH
WKH PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH RI WKH LQYHVWLJDWHG DGKHVLYH MRLQWV� 7KH IDLOXUH
LV DVVXPHG WR EH SHUIHFWO\ FRKHVLYH� L�H� DW WKH PLG�WKLFNQHVV RI WKH DGKHVLYH OD\HU�
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)LJV� ���� DQG ���� SUHVHQW WKH 5HVLVWDQFH�FXUYHV RI WKH UHSUHVHQWDWLYH VSHFL�
PHQV RI WKH VWHHO�VWHHO DQG VWHHO�*)53 ERQGHG MRLQW W\SHV ZLWK WKLQ DQG WKLFN

DGKHVLYH OD\HUV� UHVSHFWLYHO\� )RU HDFK UHSUHVHQWDWLYH 5HVLVWDQFH�FXUYH� WKH ORQ�
JLWXGLQDO DQG WUDQVYHUVH FUDFN SDWK SURILOHV DUH VKRZQ LQ WKH OHQJWK DQG ZLGWK
GLUHFWLRQV� 7KHVH FUDFN SDWK SURILOHV DUH WDNHQ IURP WKH �' RSWLFDO VFDQV DW VSH�
FLILF ORFDWLRQV DW WKH VSHFLPHQ ZLGWK� േᖣ ^�� ����� �� PP`� DQG DW DUELWUDU\ FUDFN
OHQJWKV� ^ൠኻ� ൠኼ� ൠኽ`�
ൌ, RI WKH VLQJOH�PDWHULDO '&% FRQILJXUDWLRQV LV FDOFXODWHG E\ (T� ����� ZKLOH (T�
���� LV XVHG WR FDOFXODWH WKH PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH RI WKH EL�PDWHULDO
'&% FRQILJXUDWLRQ� ൌ, LV FDOFXODWHG IRU HDFK GDWD VHW� H[SHULPHQWDO ORDG ൕ። DQG
YLVXDOO\ PHDVXUHG FUDFN OHQJWK ൠ።� ZKHUH ൧ LV WKH QXPEHU RI GDWD SRLQWV DYDLODEOH
IRU HDFK VSHFLPHQ� %RWK ORQJLWXGLQDO DQG WUDQVYHUVH FUDFN SDWK SURILOHV LQ )LJV�
���� DQG ���� VKRZ WKDW WKH FUDFN GLG QRW JURZ XQLIRUPO\ DORQJ WKH VSHFLPHQ
ZLGWK� UHJDUGOHVV WKH DGKHVLYH MRLQW W\SH DQG DGKHVLYH OD\HU WKLFNQHVV� 7KHUHIRUH�
WKH IDLOXUH VXUIDFHV DUH QRW V\PPHWULF DORQJ WKH ZLGWK� ZKLFK PDNHV LW GLIILFXOW WR
DFFXUDWHO\ LGHQWLI\ WKH FUDFN WLS SRVLWLRQ DQG WR GHWHUPLQH WKH FUDFN OHQJWK�
7KH 5HVLVWDQFH�FXUYHV VKRZ WKH HYROXWLRQ RI WKH PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH�
ൌ,� DV D IXQFWLRQ RI WKH YLVXDOO\ PHDVXUHG FUDFN OHQJWK� 7KHVH FXUYHV DUH FKDUDF�
WHUL]HG E\ DQ RVFLOODWRU\ EHKDYLRXU DURXQG D PHDQ ൌ, YDOXH� ,Q IDFW� WKH FUDFN SDWK
SURILOHV LQ )LJV� ���� DQG ���� VKRZ WKDW WKH FUDFN GLG QRW DOZD\V SURSDJDWH DORQJ
WKH VDPH DGKHVLYH KHLJKW� UHJDUGOHVV RI WKH MRLQW FRQILJXUDWLRQ DQG WKH DGKHVLYH
ERQG�OLQH WKLFNQHVV� 7KH FKDQJHV LQ WKH FUDFN SDWK SRVLWLRQ OHDG WR DOWHUQDWLQJ
FUDFN SDWKV� ZKLFK UHVXOW LQ H[SHULPHQWDO ORDG�GLVSODFHPHQW FXUYHV FKDUDFWHUL]HG
E\ D QRQ�VPRRWK EHKDYLRXU� DV VKRZQ LQ )LJV� ��� DQG ���� 7KH QRQ�VPRRWK EH�
KDYLRXU LQGLFDWHV WKDW WKH FUDFN ORFXV GLUHFWLRQ KDV FKDQJHG VHYHUDO WLPHV GXULQJ
WKH FUDFN JURZWK SURFHVV� SRWHQWLDOO\ DIIHFWLQJ WKH SODVWLF ]RQH� IRUPLQJ DKHDG RI
WKH FUDFN WLS� $V HQHUJ\ GLVVLSDWLRQ PDLQO\ RFFXUV LQ WKH SODVWLF ]RQH� QR VWHDG\�
VWDWH� VHOI�VLPLODU UHJLPH LQ WKH 5HVLVWDQFH�FXUYHV LV H[SHFWHG� DV LW LV FRUURERUDWHG
E\ )LJV� ���� DQG ����� 7KHUHIRUH� ൌ, LV QRW FRQVWDQW WKURXJKRXW WKH FUDFN JURZWK
SURFHVV�
0RUHRYHU� WKH RYHUDOO WUHQG RI WKH 5�FXUYHV RI WKH MRLQWV ZLWK WKLQ DGKHVLYH ERQG�
OLQH LV DV H[SHFWHG� DQG ZKLOH WKH YDOXH VHHPV WR LQFUHDVH GXULQJ WKH FUDFN JURZWK�
VXFK FRXOG EH WUHDWHG DV LQKHUHQW SURSHUW\ RI WKH '&% DV VKRZQ LQ >��@�
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)LJXUH ����� 5HSUHVHQWDWLYH DGKHVLYH MRLQWV ZLWK WKLQ DGKHVLYH OD\HU� 5HVLVWDQFH�FXUYHV DQG KHLJKW RI
DGKHVLYH UHPDLQLQJ LQ RQH RI WKH IUDFWXUH VXUIDFHV �WKH FUDFN OHQJWK PHDVXUHPHQWV FRUUHVSRQG WR GDWD

JDWKHUHG IURP WKH LPDJH DFTXLVLWLRQ V\VWHP��
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�E� %L�PDWHULDO VWHHO�*)53 DGKHVLYH MRLQW� 7KH DGKHVLYH KHLJKW SUR�
ILOHV DUH WDNHQ IURP $UP � VKRZQ LQ )LJ� ����F��

)LJXUH ����� 5HSUHVHQWDWLYH DGKHVLYH MRLQWV ZLWK WKLFN DGKHVLYH OD\HU� 5HVLVWDQFH�FXUYHV DQG KHLJKW RI
DGKHVLYH UHPDLQLQJ LQ RQH RI WKH IUDFWXUH VXUIDFHV �WKH FUDFN OHQJWK PHDVXUHPHQWV FRUUHVSRQG WR GDWD

JDWKHUHG IURP WKH LPDJH DFTXLVLWLRQ V\VWHP��
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���� &ULWLFDO PRGH , IUDFWXUH HQHUJ\� UHVXOWV DQG GLV�
FXVVLRQ

,Q )LJ� ����� WKH PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH LV SORWWHG DJDLQVW WKH DGKHVLYHERQG�OLQH WKLFNQHVV� 7KH UHVXOWV RI WKH WKUHH VWXGLHG FRQILJXUDWLRQV DUH VKRZQ�
VWHHO�VWHHO� *)53�*)53� DQG VWHHO�*)53� 7KH PD[LPXP� બ� DQG PLQLPXP� �ࢴ YDOXHV
RI ൌ, RI HYHU\ VSHFLPHQ DUH SORWWHG DJDLQVW WKH DYHUDJH WKLFNQHVV RI WKH FRUUHVSRQG�
LQJ ERQG�OLQH� )RU HDFK DGKHVLYH MRLQW W\SH DQG QRPLQDO ERQG�OLQH WKLFNQHVV� WZR
HUURU EDUV DUH VKRZQ� UHSUHVHQWLQJ WKH VFDWWHU RI WKH ERQG�OLQH WKLFNQHVV DQG ൌ, UH�
VXOWV� 7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\� ൌ,F� LV JLYHQ E\ މ DQG FRUUHVSRQGV WR WKH
PHDQ RI DOO ൌ, SRLQWV �PD[LPXP DQG PLQLPXP� DQG LW LV SORWWHG DJDLQVW WKH DYHUDJH
ERQG�OLQH WKLFNQHVV RI HDFK DGKHVLYH MRLQW W\SH� 7DEOH ��� JDWKHUV WKH PLQLPXP�
PD[LPXP DV ZHOO DV WKH DYHUDJH YDOXHV RI WKH ERQG�OLQH WKLFNQHVV DQG ൌ, RI DOO MRLQW
W\SHV�
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)LJXUH ����� 0RGH , VWUDLQ HQHUJ\ UHOHDVH UDWH YV� DGKHVLYH ERQG�OLQH WKLFNQHVV RI DOO MRLQW W\SHV�

7KH UHVXOWV LQ )LJ� ���� DQG 7DEOH ��� VKRZ WKDW� IRU WKLV VHW RI DGKHVLYH MRLQWV DQG
ERQG�OLQH WKLFNQHVVHV� WKH FULWLFDO PRGH , IUDFWXUH HQHUJ\ LV JOREDOO\ LQGHSHQGHQW RI
WKH DGKHUHQG PDWHULDO� HYHQ WKRXJK WKH IUDFWXUH VXUIDFHV DUH GLIIHUHQW� &RQFHUQLQJ
WKH MRLQWV ZLWK WKH WKLQQHU DGKHVLYH ERQG�OLQH� ൌ,F YDULHV EHWZHHQ ��������� 1�PP�
EHLQJ WKH ORZHU OLPLW JLYHQ E\ WKH *)53�*)53 DQG VWHHO�*)53 FRQILJXUDWLRQV DQG
WKH XSSHU OLPLW JLYHQ E\ WKH VWHHO�VWHHO FRQILJXUDWLRQ� &RQFHUQLQJ WKH ERQGHG MRLQWV
ZLWK WKH WKLFNHU DGKHVLYH ERQG�OLQH� ൌ,F YDULHV EHWZHHQ ��������� 1�PP� EHLQJ WKH
ORZHU OLPLW JLYHQ E\ WKH VWHHO�*)53 FRQILJXUDWLRQ DQG WKH XSSHU OLPLW JLYHQ E\ WKH
*)53�*)53 DQG VWHHO�VWHHO FRQILJXUDWLRQV�
,Q RUGHU WR EHWWHU XQGHUVWDQG WKH LQGHSHQGHQFH RI ൌ,F RQ WKH DGKHUHQG PDWHULDO�
WKH UHJLRQ DKHDG RI WKH FUDFN WLS ࣋ࢿ� ౥ ൶ ౥ �� LV DQDO\WLFDOO\ DQG H[SHULPHQ�
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7DEOH ���� 0LQLPXP� DYHUDJH DQG PD[LPXP YDOXHV RI WKH ERQG�OLQH WKLFNQHVV �LQ PP� DQG WKH PRGH ,
VWUDLQ HQHUJ\ �LQ 1�PP� RI DOO VWXGLHG DGKHVLYH MRLQWV�

%RQG�OLQH 7KLQ 7KLFN
-RLQW W\SH *)53�*)53 6WHHO�VWHHO 6WHHO�*)53 *)53�*)53 6WHHO�VWHHO 6WHHO�*)53

�൲D�PLQ ���� ���� ���� ���� ���� ����
�൲D�DY� ���� ���� ���� ����� ����� �����
�൲D�PD[ ���� ���� ���� ����� ����� �����

ൌ, PLQ ���� ���� ���� ���� ���� ����
ൌ,F ���� ���� ���� ���� ���� ����

ൌ, PD[ ���� ���� ���� ���� ���� ����

WDOO\ DQDO\VHG� DV VKRZQ LQ )LJ� ����� 0RUH VSHFLILFDOO\� )LJ� �����D� VKRZV WKH
GLVSODFHPHQW RI WKH 3. PRGHO LQ WKH ERQGHG UHJLRQ� ൵ERQ IURP (T� ���� RI WKH
VLQJOH�PDWHULDO MRLQWV ZLWK WKLQ DQG WKLFN DGKHVLYH OD\HUV� &RKHVLYH SURSDJDWLRQ DW
WKH PLG�WKLFNQHVV RI WKH ERQG�OLQH LV DVVXPHG� 2QH UHSUHVHQWDWLYH FXUYH LV VKRZQ
LQ )LJ� �����D� IRU HDFK DGKHVLYH MRLQW W\SH DQG ERQG�OLQH WKLFNQHVV� )LJ� �����E�
SUHVHQWV UHSUHVHQWDWLYH H[SHULPHQWDO UHVXOWV RI QRUPDOLVHG ORQJLWXGLQDO VWUDLQ� ࿷፱፱�
IURP LQVWUXPHQWHG *)53�*)53 DQG VWHHO�*)53 '&% MRLQWV� ࿷፱፱ LV QRUPDOLVHG E\
WKH LQVWDQWDQHRXV DSSOLHG IRUFH� ൕ� DQG E\ WKH VWUDLQ JDXJHV SRVLWLRQ� ൠVWUDLQ JDXJH�
7KH ൶�D[LV LV VKLIWHG WR VXSHULPSRVH WKH H[SHULPHQWDO FXUYHV� 3OHDVH QRWH WKDW WKH
H[SHULPHQWDO UHVXOWV DUH IURP VWUDLQ JDXJHV SODFHG DW WKH VDPH SRVLWLRQ LQ ERWK
DGKHUHQGV �L�H� $UP � RU $UP ��� 7KH DQDO\WLFDO VROXWLRQV DUH GHULYHG IURP�

࿷፱፱
ൕൠVWUDLQ JDXJH

 
߶DGKHU

�ൕൠVWUDLQ JDXJH
ൣኼ൵
ൣ൶ኼ

IRU ࣋ࢿ ౥ ൶ ౥ �� ������

7KH OHQJWK RI WKH SODVWLF UHJLRQ LV HVWLPDWHG LQ &KDSWHU � DQG LV DSSUR[LPDWHO\ � PP�
FRQVLGHULQJ SODQH VWUDLQ FRQGLWLRQV� 7KLV PHDQV WKDW WKH WZR ERQG�OLQH WKLFNQHVVHV
FRQVLGHUHG OD\ LQ WZR GLIIHUHQW UHJLRQV� WKH WKHRUHWLFDO HVWLPDWHG SODVWLF UHJLRQ LV
ODUJHU WKDQ WKH WKLQ ERQG�OLQH� EXW VPDOOHU WKDQ WKH WKLFN ERQG�OLQH� 7KHUHIRUH� WKH
SK\VLFDO FRQVWUDLQW RI WKH DGKHUHQGV LV KLJKHU LQ WKH WKLQ DGKHVLYH OD\HU UDWKHU WKDQ
LQ WKH WKLFN RQH� UHVXOWLQJ LQ GLIIHUHQW FUDFN SDWKV DQG IUDFWXUH VXUIDFHV DV VKRZQ
LQ )LJV� ��������� DQG �������� UHVSHFWLYHO\�
,Q )LJ� �����D�� WKH VHJPHQWV RI WKH FXUYHV ZLWK SRVLWLYH YDOXHV RI ൵ERQ DUH KLJK�
OLJKWHG DQG ODEHOOHG DV ൑*)53 RU 6WHHO� ��� RU ���� PP� GHSHQGLQJ RQ WKH DGKHUHQG PD�
WHULDO DQG WKH ERQG�OLQH WKLFNQHVV RI WKH DGKHVLYH MRLQW� ൑*)53 RU 6WHHO� ��� RU ���� PP
SURYLGHV D OHQJWK VFDOH RI WKH SRUWLRQ RI WKH DGKHVLYH LQ WKH ERQGHG UHJLRQ WKDW LV
EHLQJ GHIRUPHG� SDUW RI WKH DGKHVLYH ZLWKLQ WKH OHQJWK ൑*)53 RU 6WHHO� ��� RU ���� PP LV
LQ WKH SODVWLF UHJLPH� ZKLOH WKH RWKHU IUDFWLRQ LV LQ WKH HODVWLF UHJLPH� 5HJDUGOHVV WKH
ERQG�OLQH WKLFNQHVV� KLJKHU YDOXHV RI ൵ERQ *)53 DQG ൑*)53 WKDQ ൵ERQ 6WHHO DQG ൑6WHHO
DUH VHHQ LQ )LJ� �����D�� 7KH ORZ ൊ*)53፲ UHVXOWV LQ KLJKHU IOH[LELOLW\ DW WKH FUDFN WLS
�VHH (TV� ��������� ZKLFK H[SODLQV WKH KLJKHU ൵ERQ *)53 LQ WKH ERQGHG UHJLRQ IRU
*)53 DGKHUHQGV LQ FRPSDULVRQ ZLWK VWHHO DGKHUHQGV� ,Q DGGLWLRQ� WKH KLJK IOH[XUDO
VWLIIQHVV RI WKH *)53 DGKHUHQG UHVXOWV LQ SRVLWLYH ൵ERQ *)53 H[WHQGHG DORQJ D ODUJHU
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�E� ([SHULPHQWDO UHVXOWV DQG DQDO\WLFDO VROXWLRQV IRU QRUPDOLVHG ORQJL�
WXGLQDO VWUDLQ� ᎒፱፱� RI LQVWUXPHQWHG '&% MRLQWV�

)LJXUH ����� $QDO\VLV RI WKH UHJLRQ DKHDG RI WKH FUDFN WLS �ዅጼ ౥ ፱ ౥ ኺ�� DQDO\WLFDO DSSURDFK � YLD 3.
PRGHO� DQG H[SHULPHQWDO DSSURDFK � YLD VWUDLQ JDXJHV ERQGHG LQ WKH RXWHU IDFH RI WKH DGKHUHQGV�

GLVWDQFH DKHDG RI WKH FUDFN WLS� $ VLPLODU REVHUYDWLRQ RQ WKH HIIHFW RI WKH IOH[XUDO
VWLIIQHVV RQ WKH H[WHQW RI OHQJWK / ZDV PDGH LQ >��@�
7KH H[SHULPHQWDO UHVXOWV LQ )LJ� �����E� VKRZ WKDW WKH SURFHVV ]RQH LV FOHDUO\ HYL�
GHQFHG E\ WKH VWUDLQ JDXJHV ERQGHG LQ WKH RXWHU IDFH RI WKH DGKHUHQGV� )RU HDFK
DGKHVLYH MRLQW W\SH� ZKHQ FRPSDULQJ WKH QRUPDOLVHG VWUDLQ RI WZR JDXJHV WKDW DUH
ERQGHG WR WKH XSSHU DGKHUHQG DQG WR WKH ORZHU RQH� JRRG VXSHULPSRVLWLRQ RI QRU�
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PDOLVHG VWUDLQ LQ WKH ERQGHG SDUW LV IRXQG� 7KLV LV DQ LQGLFDWLRQ RI WKH V\PPHWU\ RI
WKH WHVWV� L�H� ERWK DGKHUHQGV FRXOG XQLIRUPO\ GHIRUP LQ WKH ORQJLWXGLQDO GLUHFWLRQ�
UHVXOWLQJ LQ SXUH PRGH , ORDGLQJ FRQGLWLRQV� 0RUHRYHU� WKH QRUPDOLVHG VWUDLQ UHVXOWV
RI WKH *)53�*)53 MRLQW DUH KLJKHU WKDQ WKH VWHHO�*)53 UHVXOWV LQ WKH HQWLUH H[WHQW RI
WKH ERQGHG UHJLRQ� ZKLFK LV LQ DFFRUGDQFH ZLWK WKH DQDO\WLFDO UHVXOWV VKRZQ LQ )LJ�
�����D�� &RQFHUQLQJ WKH QRUPDOLVHG VWUDLQ� WKH VWHHO�VWHHO FRQILJXUDWLRQ LV H[SHFWHG
WR DSSHDU FORVH WR WKH ORZHU ERXQG RI WKH VWHHO�*)53 H[SHULPHQWDO UHVXOWV� )LQDOO\�
WKH 3. HVWLPDWLRQ IROORZV WKH WHQGHQF\ RI WKH H[SHULPHQWDO FXUYHV� UHJDUGOHVV RI
WKH DGKHUHQG PDWHULDO� +RZHYHU� WKH UHJLRQ QHDU WR WKH FUDFN WLS� ൶  �� LV RYHU�
HVWLPDWHG� ZKLOH WKH H[WHQVLRQ RI WKH SRVLWLYH SDUW RI WKH QRUPDOLVHG VWUDLQ FXUYHV
LV XQGHUHVWLPDWHG� ,W VKRXOG EH QRWHG WKDW WKH DGKHVLYH LV HODVWLFDOO\ PRGHOOHG�
ZKLOH LQ UHDOLW\ SDUW RI WKH DGKHVLYH LQ WKH UHJLRQ DKHDG RI WKH FUDFN WLS LV LQ WKH
SODVWLF UHJLPH� ,Q IDFW� LI D WDQJHQWLDO PRGXOXV� DSSUR[LPDWHO\ RQH TXDUWHU RI WKH
LQLWLDO OLQHDU PRGXOXV RI WKH DGKHVLYH� ZRXOG EH FRQVLGHU� WKH DQDO\WLFDO UHVXOWV RI
WKH QRUPDOLVHG VWUDLQ ZRXOG JHW FORVHU WR WKH H[SHULPHQWDO RQHV� 7KH VWUHVV�VWUDLQ
FXUYH RI WKH DGKHVLYH LV VKRZQ LQ &KDSWHU ��
7KH KLJK IOH[XUDO VWLIIQHVV RI WKH DGKHUHQGV� GXH WR HLWKHU WKH KLJK VWLIIQHVV RI
WKH VWHHO RU WKH UHODWLYHO\ WKLFN *)53 ODPLQDWH� FUHDWHG VLPLODU FRQVWUDLQW GHJUHH LQ
WKH DGKHVLYH� 7KLV LV GHPRQVWUDWHG E\ WKH H[SHULPHQWDO QRUPDOLVHG VWUDLQ FXUYHV
SUHVHQW LQ )LJ� �����E�� ,QGHHG� WKH LQWHQVLW\ RI WKH QRUPDOLVHG VWUDLQ LV RI WKH VDPH
PDJQLWXGH UHJDUGOHVV RI WKH DGKHUHQG PDWHULDO� 7KHUHIRUH� LW FDQ EH FRQFOXGHG WKDW
WKH FRQVWUDLQW LPSRVHG E\ WKH DGKHUHQGV WR WKH DGKHVLYH LV WKH VDPH� ,W KDV EHHQ
SURYHG E\ RWKHU UHVHDUFKHUV >��@ WKDW WKH LQWHQVLW\ RI SODVWLFLW\ DKHDG RI WKH FUDFN
WLS LV PRUH LPSRUWDQW WKDQ WKH H[WHQVLRQ RI DGKHVLYH XQGHUWDNLQJ GHIRUPDWLRQ IRU
WKH FULWLFDO IUDFWXUH HQHUJ\� %\ KDYLQJ D SODVWLF UHJLRQ OHQJWK RI � PP� RQO\ D VPDOO
SRUWLRQ RI WKH VHJPHQW ൑ QHDU ൶  � LV LQ IDFW LQ WKH SODVWLF UHJLPH� $V HQHUJ\
GLVVLSDWLRQ PDLQO\ RFFXUV LQ WKLV UHJLRQ DQG DV WKH LQWHQVLW\ RI WKH QRUPDOLVHG VWUDLQ
LV VLPLODU UHJDUGOHVV WKH MRLQW W\SH� VLPLODU YDOXHV RI WKH FULWLFDO PRGH , IUDFWXUH
HQHUJ\ VKRXOG EH H[SHFWHG�
6HYHUDO UHVHDUFKHUV >��ঀ��@ KDYH VKRZQ WKDW WKH FRQVWUDLQW HIIHFW RI WKH DGKHUHQGV
GHFUHDVHV ZLWK LQFUHDVLQJ ERQG�OLQH WKLFNQHVV� LQ FDVH RI FRKHVLYH SURSDJDWLRQ� ,Q
IDFW� WKLV FDQ EH VKRZQ E\ WKH DQDO\WLFDO UHVXOWV SUHVHQW LQ )LJ� �����D�� 7KH UDWLR
ፋ*)53
ፋ6WHHO

ZDV GHWHUPLQHG IRU ERWK ERQG�OLQH WKLFNQHVVHV� 7KLV UDWLR JLYHV DQ LQGLFDWLRQ

RI WKH HIIHFW RI WKH DGKHUHQG PDWHULDO RQ WKH OHQJWK / IRU HDFK ERQG�OLQH WKLFNQHVV�
,W LV LQWHUHVWLQJ WR QRWLFH WKDW� IRU WKH WKLQQHU ERQG�OLQH� ፋ*)53

ፋ6WHHO
LV HTXDO WR �����

ZKLOVW IRU WKH WKLFNHU ERQG�OLQH D UDWLR RI ���� LV REWDLQHG� %\ LQFUHDVLQJ WKH
ERQG�OLQH WKLFNQHVV �IURP ��� PP WR ���� PP�� WKHUH LV D UHGXFWLRQ RI DOPRVW ���
RI WKH UDWLR ፋ*)53

ፋ6WHHO
�

1HYHUWKHOHVV� LQ WKH H[SHULPHQWV RI WKH MRLQWV ZLWK WKLFN DGKHVLYH OD\HU �RI DSSUR[L�
PDWHO\ ���� PP�� WKH FUDFN SURSDJDWHG DV\PPHWULFDOO\ UHJDUGOHVV RI WKH MRLQW W\SH�
$V H[SODLQHG LQ VXE�VHFWLRQ ������ WKH DV\PPHWULF SURSDJDWLRQ RFFXUUHG HLWKHU DORQJ
D UHPRWH SODQH IURP WKH PLG�DGKHVLYH WKLFNQHVV� RU LQ DQ DOWHUQDWLQJ ZD\ ZLWKLQ
WKH ERQG�OLQH� DOWKRXJK FORVHU WR RQH LQWHUIDFH WKDQ WKH RWKHU LQ VRPH VHJPHQWV
RI WKH ERQGHG DUHDV �VHH )LJ� ����� $OWKRXJK WKH SURSDJDWLRQ ZDV DV\PPHWULF�



�

��� �� 5ROH RI DGKHUHQG PDWHULDO RQ WKH IUDFWXUH RI DGKHVLYH MRLQWV

RYHUODSSLQJ YDOXHV RI ൌ, ZHUH IRXQG� DV VKRZQ LQ )LJ� ����� 2YHUDOO� LW VHHPV WKDW
WKH DGKHVLYH FRXOG GHIRUP VLPLODUO\ LQ WKH MRLQWV ZLWK WKH WKLFN ERQG�OLQH� DOWKRXJK
WKH FUDFN KDV EHHQ FRQVWUDLQHG LQ RQH VLGH E\ GLIIHUHQW W\SHV RI DGKHUHQGV �L�H�
HLWKHU E\ D VWHHO� RU *)53�DGKHUHQG��
$V PHQWLRQHG LQ VXE�VHFWLRQ ������ LQ WKH *)53�*)53 DQG EL�PDWHULDO VWHHO�*)53
DGKHVLYH MRLQWV� WKH FUDFN JUHZ FORVH WR RQH RI WKH DGKHVLYH�DGKHUHQG LQWHUIDFHV�
EXW ZLWKLQ WKH DGKHVLYH OD\HU �VHH )LJV� ����E� DQG ����F��� ,Q WKH EL�PDWHULDO FDVH�
WKDW LQWHUIDFH ZDV WKH DGKHVLYH�VWHHO RQH GXH WR WKH KLJKHU VWLIIQHVV PLVPDWFK EH�
WZHHQ WKH DGKHVLYH OD\HU DQG WKH VWHHO DGKHUHQG� 7KH KLJKHU WKH VWLIIQHVV PLVPDWFK
RI WKH PDWHULDOV LQ WKH UHJLRQ RI WKH LQWHUIDFH� WKH KLJKHU WKH ORFDO VWUHVVHV >��� ��@�
ZKLFK OHDGV WR IDVWHU FUDFN SURSDJDWLRQ DQG� WKXV� WR ORZHU FULWLFDO IUDFWXUH HQHUJ\�
7KHUHIRUH� WKH ORZHU UDQJH RI ൌ, YDOXHV RI WKH VWHHO�*)53 MRLQWV LQ FRPSDULVRQ ZLWK
WKH *)53�*)53 MRLQWV LV UHODWHG ZLWK WKH FUDFN JURZWK ORFDWLRQ ZLWKLQ WKH ERQG�OLQH�
7KH IUDFWXUH RI WKH *)53�*)53 DQG WKH EL�PDWHULDO MRLQWV ZLWK WKLFN DGKHVLYH OD\HU
ZDV VLPLODU LQ DOO VSHFLPHQV� UHVXOWLQJ LQ D VPDOO UDQJH RI ൌ, YDOXHV �VHH )LJ� ������
,Q WKH VWHHO�VWHHO MRLQWV� WKH WUHQG RI IUDFWXUH ZDV UDWKHU GLIIHUHQW� $OWKRXJK WKH
FUDFN JUHZ FORVHU WR RQH LQWHUIDFH WKDQ WKH RWKHU� DQ DOWHUQDWLQJ FUDFN SDWK EH�
KDYLRXU ZDV REVHUYHG� 7KLV PHDQV WKDW WKH FUDFN WUDYHOOHG GXULQJ WKH WHVW IURP RQH
LQWHUIDFH WR WKH RWKHU� 7KH HQHUJ\ QHHGHG IRU FUDFN SURSDJDWLRQ LQ D UHJLRQ FORVH
WR WKH LQWHUIDFH RU LQ WKH EXON DGKHVLYH LV GLIIHUHQW� UHVXOWLQJ LQ WKH ODUJHU UDQJH RI
ൌ, YDOXHV IRXQG LQ )LJ� �����

���� &RQFOXVLRQV

7KH SULPDU\ REMHFWLYH RI WKLV FKDSWHU ZDV WR LQYHVWLJDWH WKH HIIHFW RI WKH PD�
WHULDO RI WKH DGKHUHQGV RQ WKH PRGH , IUDFWXUH EHKDYLRXU RI DGKHVLYH MRLQWV�

6LQJOH�PDWHULDO �L�H� VWHHO�VWHHO DQG *)53�*)53� DQG EL�PDWHULDO �L�H� VWHHO�*)53�
MRLQWV ERQGHG ZLWK D VWUXFWXUDO HSR[\ DGKHVLYH ZHUH WHVWHG XQGHU '&% IUDFWXUH WHVW
FRQGLWLRQV� 0RUHRYHU� WZR GLIIHUHQW DGKHVLYH ERQG�OLQH WKLFNQHVVHV ZHUH FRQVLG�
HUHG� ��� PP �WKLQ ERQG�OLQH� DQG ���� PP �WKLFN ERQG�OLQH�� 6RPH VSHFLPHQV
ZHUH LQVWUXPHQWHG ZLWK VWUDLQ JDXJHV WR DVVHVV WKH FUDFN JURZWK SURFHVV� 7KH
3HQDGR�.DQQLQHQ �3.� UHGXFWLRQ VFKHPH ZDV RXWOLQHG DQG DSSOLHG WR HYDOXDWH WKH
PRGH , VWUDLQ HQHUJ\ UHOHDVH UDWH� ൌ,� 7KH PRUSKRORJ\ RI WKH IUDFWXUH VXUIDFHV ZDV
H[DPLQHG E\ D �' RSWLFDO SURILOHU DQG WKHLU FKHPLFDO FRPSRVLWLRQ ZDV DQDO\VHG E\
$75�)7,5 WHFKQLTXH�
7KH IDLOXUH ZDV FRKHVLYH LQ DOO DGKHVLYH MRLQWV� 2YHUDOO� WKH IUDFWXUH VXUIDFHV RI
WKH MRLQWV ZLWK WKH WKLQQHU DGKHVLYH OD\HU ZHUH FKDUDFWHUL]HG E\ SHDNV DQG YDOOH\V�
UHYHDOLQJ D QRQ�VPRRWK FUDFN SURSDJDWLRQ� $V\PPHWULF FUDFN JURZWK �L�H� QR JH�
RPHWULF V\PPHWU\ GXULQJ FUDFN JURZWK� DOZD\V RFFXUUHG RQ WKH WKLFNHU DGKHVLYH
MRLQWV� %\ DVVXPLQJ SHUIHFWO\ FRKHVLYH SURSDJDWLRQ �L�H� DW WKH PLG�WKLFNQHVV RI
WKH DGKHVLYH OD\HU�� WKH 3. PRGHO DSSHDUHG WR EH VXLWDEOH WR SUHGLFW WKH H[SHUL�
PHQWDO GLVSODFHPHQW RI WKH WKLQQHU DGKHVLYH MRLQWV� UHJDUGOHVV WKH DGKHVLYH MRLQW
W\SH� )RU WKH MRLQWV ZLWK WKLFN ERQG�OLQH� WKH 3. PRGHO SURYLGHG D UHDVRQDEOH DS�
SUR[LPDWLRQ RI WKH H[SHULPHQWDO ORDG�GLVSODFHPHQW FXUYH� HYHQ WKRXJK WKH FUDFN
SURSDJDWHG DV\PPHWULFDOO\� $Q LPSURYHPHQW RQ WKH WKHRUHWLFDO HVWLPDWLRQV ZDV
REWDLQHG ZKHQ FRQVLGHULQJ WKH UHDO FUDFN SDWK DV DQ LQSXW LQ WKH PRGHO�



���� 'DWD DYDLODELOLW\

�

���

7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\� ൌ,F� VKRZHG WR EH LQGHSHQGHQW RI WKH DGKHUHQG
W\SH DQG MRLQW FRQILJXUDWLRQ �L�H� VLQJOH� RU EL�PDWHULDO�� )RU WKH MRLQWV ZLWK D WKLQ
DGKHVLYH OD\HU� ൌ,F SUHVHQWHG DYHUDJH YDOXHV EHWZHHQ ��������� 1�PP� ZKLOH IRU
WKH ERQGHG MRLQWV ZLWK D WKLFN DGKHVLYH OD\HU DYHUDJH YDOXHV EHWZHHQ ���������
1�PP ZHUH GHWHUPLQHG� ,Q WKH MRLQWV ZLWK WKLQ DGKHVLYH OD\HU� WKH UHVXOWV IURP WKH
VWUDLQ JDXJHV UHYHDOHG D VLPLODU GHJUHH RI FRQVWUDLQW LPSRVHG WR WKH DGKHVLYH E\ WKH
KLJK�PRGXOXV �L�H� VWHHO� DQG�RU UHODWLYHO\ WKLFN �L�H� FRPSRVLWH� DGKHUHQGV� 7KH
VLPLODU FRQVWUDLQW GHJUHH FRQWULEXWHG WR D VLPLODU VWUDLQ ILHOG LQ WKH SODVWLF UHJLRQ
DQG� WKHUHIRUH� WR VLPLODU ൌ,F YDOXHV IRU DOO MRLQW FRQILJXUDWLRQV ZLWK D WKLQ DGKHVLYH
OD\HU� ,Q DOO DGKHVLYH MRLQWV ZLWK WKLFN DGKHVLYH OD\HU� WKH FUDFN JUHZ ZLWKLQ WKH
DGKHVLYH EXW FORVHU WR WKH DGKHVLYH�DGKHUHQG LQWHUIDFH ZLWK WKH KLJKHVW VWLIIQHVV
PLVPDWFK� ,Q WKH EL�PDWHULDO DGKHVLYH MRLQWV� WKH FUDFN JUHZ QHDUE\ WKH UHJLRQ
RI WKH DGKHVLYH�VWHHO LQWHUIDFH� 7KH VLPLODU UHVXOWV RI WKH FULWLFDO PRGH , IUDFWXUH
HQHUJ\ VKRZHG WKDW WKH DGKHVLYH FRXOG GHIRUP VLPLODUO\� DOWKRXJK WKH FUDFN KDV
EHHQ FRQVWUDLQHG LQ RQH VLGH E\ GLIIHUHQW W\SHV RI DGKHUHQGV �L�H� HLWKHU E\ D VWHHO�
RU *)53�DGKHUHQG��

���� 'DWD DYDLODELOLW\
7KH GDWD UHTXLUHG WR UHSURGXFH WKHVH ILQGLQJV DUH DYDLODEOH DW�
KWWSV���GRL�RUJ���������XXLG�������E����I�������DD�G�DFD��HI�EEF�

5HIHUHQFHV
>�@ 5� /RSHV )HUQDQGHV� 6� 7HL[HLUD GH )UHLWDV� 0� .� %XG]LN� -� $� 3RXOLV�

DQG 5� %HQHGLFWXV� 5ROH RI DGKHUHQG PDWHULDO RQ WKH IUDFWXUH RI EL�
PDWHULDO FRPSRVLWH ERQGHG MRLQWV� &RPSRVLWH 6WUXFWXUHV ��� �������
��������M�FRPSVWUXFW�������������

>�@ ,62 ���� 3ODVWLFV � 'HWHUPLQDWLRQ RI WHQVLOH SURSHUWLHV� �������

>�@ $� .� .DZ� 0HFKDQLFV RI FRPSRVLWH PDWHULDOV� �QG HG� �&5& 3UHVV� ������

>�@ )� (� 3HQDGR� $ FORVHG IRUP VROXWLRQ IRU WKH HQHUJ\ UHOHDVH UDWH RI WKH VRX�
EOH FDQWLOHYHU EHDP VSHFLPHQ ZLWK DQ DGKHVLYH OD\HU� -RXUQDO RI &RPSRVLWH
0DWHULDOV ��� ��� �������

>�@ 0� )� .DQQLQHQ� $Q DXJPHQWHG GRXEOH FDQWLOHYHU EHDP PRGHO IRU VWXG\LQJ
FUDFN SURSDJDWLRQ DQG DUUHVW� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH �� �� �������

>�@ 6� +HLGH�-¸UJHQVHQ DQG 0� .� %XG]LN� &UDFN JURZWK DORQJ KHWHURJHQHRXV LQ�
WHUIDFH GXULQJ WKH '&% H[SHULPHQW� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG 6WUXF�
WXUHV ���� ���� �������

>�@ '� 5� /HIHEYUH� '� $� 'LOODUG� DQG +� )� %ULQVRQ� 7KH GHYHORSPHQW RI D PRGLILHG
GRXEOH�FDQWLOHYHU�EHDP VSHFLPHQ IRU PHDVXULQJ WKH IUDFWXUH HQHUJ\ RI UXEEHU
WR PHWDO ERQGV� ([SHULPHQWDO 0HFKDQLFV ��� �� �������



�

��� 5HIHUHQFHV

>�@ 0� %� 2XH]GRX� $� &KXGQRYVN\� DQG $� 0RHW� 5H�HYDOXDWLRQ RI DGKHVLYH IUDF�
WXUH HQHUJ\� 7KH -RXUQDO RI $GKHVLRQ ��� ��� �������

>�@ 0� %XG]LN� -� -XPHO� DQG 0� (� 5� 6KDQDKDQ� $GKHVLYH FRPSOLDQFH HIIHFW LQ
PRGH , VHSDUDWLRQ� SURILORPHWU\ DSSURDFK� ,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ
DQG $GKHVLYHV ��� ��� �������

>��@ 0� %XG]LN� -� -XPHO� .� ,� ,PLHOLĄVND� DQG 0� (� 5� 6KDQDKDQ� (IIHFW RI DGKHVLYH
FRPSOLDQFH LQ WKH DVVHVVPHQW RI VRIW DGKHVLYHV ZLWK WKH ZHGJH WHVW� -RXUQDO
RI $GKHVLRQ 6FLHQFH DQG 7HFKQRORJ\ ��� ��� �������

>��@ 0� :� +\HU DQG 7� :� .QRWW� $QDO\VLV RI WKH HQG�ILWWLQJ�LQGXFHG VWUDLQV
LQ D[LDOO\ ORDGHG JODVV�HSR[\ F\OLQGHUV� LQ &RPSRVLWH VWUXWV IRU 60(6
SODQWV �1,67,5 ������ HGLWHG E\ 5� 3� 5HHG DQG -� '� 0F&ROVNH\ ������
DU;LY�DU;LY����������Y� �

>��@ '� %� %RJ\� 2Q WKH SUREOHP RI HGJH�ERQGHG HODVWLF TXDUWHU�SODQHV ORDGHG DW
WKH ERXQGDU\� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG 6WUXFWXUHV �� ���� �������

>��@ -� 3� 0� *RQ§DOYHV� 0� )� 6� )� GH 0RXUD� DQG 3� 0� 6� 7� GH &DVWUR� $ WKUHH�
GLPHQVLRQDO ILQLWH HOHPHQW PRGHO IRU VWUHVV DQDO\VLV RI DGKHVLYH MRLQWV� ,QWHU�
QDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������

>��@ :� :DQJ� 5� /RSHV )HUQDQGHV� 6� 7HL[HLUD GH )UHLWDV� '� =DURXFKDV� DQG
5� %HQHGLFWXV� +RZ SXUH PRGH , FDQ EH REWDLQHG LQ EL�PDWHULDO ERQGHG '&%
MRLQWV� D ORQJLWXGLQDO VWUDLQ�EDVHG FULWHULRQ� &RPSRVLWHV 3DUW %� (QJLQHHULQJ
���� ��� �������

>��@ *� 4LQ� -� 1D� :� 0X� :� 7DQ� -� <DQJ� DQG -� 5HQ� (IIHFW RI FRQWLQXRXV KLJK
WHPSHUDWXUH H[SRVXUH RQ WKH DGKHVLYH VWUHQJWK RI HSR[\ DGKHVLYH� &)53 DQG
DGKHVLYHO\ ERQGHG &)53�DOXPLQXP DOOR\ MRLQWV� &RPSRVLWHV 3DUW %� (QJLQHHU�
LQJ ���� �� �������

>��@ 6� 6� :DQJ� -� )� 0DQGHOO� DQG )� -� 0F*DUU\� $Q DQDO\VLV RI WKH FUDFN WLS VWUHVV
ILHOG LQ '&% DGKHVLYH IUDFWXUH VSHFLPHQV� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH
��� �� �������

>��@ $� -� .LQORFK DQG 6� -� 6KDZ� 7KH IUDFWXUH UHVLVWDQFH RI D WRXJKHQHG HSR[\
DGKHVLYH� 7KH -RXUQDO RI $GKHVLRQ ��� �� �������

>��@ '� /� +XQVWRQ� $� -� .LQORFK� DQG 6� 6� :DQJ� 0LFURPHFKDQLFV RI IUDFWXUH LQ
VWUXFWXUDO DGKHVLYH ERQGV� 7KH -RXUQDO RI $GKHVLRQ ��� ��� �������

>��@ +� 5� 'DJK\DQL� /� <H� DQG <� :� 0DL� 0RGH�, IUDFWXUH EHKDYLRXU RI DGKHVLYH
MRLQWV� 3DUW ,� 5HODWLRQVKLS EHWZHHQ IUDFWXUH HQHUJ\ DQG ERQG WKLFNQHVV� 7KH
-RXUQDO RI $GKHVLRQ ��� ��� �������

>��@ +� 5� 'DJK\DQL� /� <H� DQG <� :� 0DL� 0RGH�, IUDFWXUH EHKDYLRXU RI DGKH�
VLYH MRLQWV� 3DUW ,,� 6WUHVV DQDO\VLV DQG FRQVWUDLQW SDUDPHWHUV� 7KH -RXUQDO RI
$GKHVLRQ ��� ��� �������



5HIHUHQFHV

�

���

>��@ 9� &RRSHU� $� ,YDQNRYLF� $� .DUDF� '� 0F$XOLIIH� DQG 1� 0XUSK\� (IIHFWV RI
ERQG JDS WKLFNQHVV RQ WKH IUDFWXUH RI QDQR�WRXJKHQHG HSR[\ DGKHVLYH MRLQWV�
3RO\PHU ��� ���� �������

>��@ 6� 5� 5DQDGH� <� *XDQ� '� &� 2KDQHKL� -� *� 'LOODUG� 5� &� %DWUD� DQG '� $�
'LOODUG� $ WDSHUHG ERQGOLQH WKLFNQHVV GRXEOH FDQWLOHYHU EHDP �'&%� VSHFLPHQ
JHRPHWU\ IRU FRPELQDWRULDO IUDFWXUH VWXGLHV RI DGKHVLYH ERQGV� ,QWHUQDWLRQDO
-RXUQDO RI $GKHVLRQ DQG $GKHVLYHV ��� ��� �������

>��@ .� -� 0DORQH\� 0LFUR�DUFKLWHFWHG DGKHVLYH MRLQWV� 3K�'� WKHVLV� 8QLYHUVLW\ RI
&DPEULGJH �������

>��@ 5� /RSHV )HUQDQGHV� 6� 7HL[HLUD GH )UHLWDV� 0� .� %XG]LN� -� $� 3RXOLV� DQG
5� %HQHGLFWXV� )URP WKLQ WR H[WUD�WKLFN DGKHVLYH OD\HU WKLFNQHVVHV � IUDFWXUH
RI ERQGHG MRLQWV XQGHU PRGH , ORDGLQJ FRQGLWLRQV� (QJLQHHULQJ )UDFWXUH 0H�
FKDQLFV ��� ������� ��������M�HQJIUDFPHFK�������������

>��@ %� &KHQ DQG '� $� 'LOODUG� 1XPHULFDO DQDO\VLV RI GLUHFWLRQDOO\ XQVWDEOH FUDFN
SURSDJDWLRQ LQ DGKHVLYHO\ ERQGHG MRLQWV� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG
6WUXFWXUHV ��� ���� �������

>��@ 6� +HLGH�-¸UJHQVHQ DQG 0� .� %XG]LN� (IIHFWV RI ERQGOLQH GLVFRQWLQXLW\ GXU�
LQJ JURZWK RI LQWHUIDFH FUDFNV LQFOXGLQJ VWDELOLW\ DQG NLQHWLF FRQVLGHUDWLRQV�
-RXUQDO RI WKH 0HFKDQLFV DQG 3K\VLFV RI 6ROLGV ���� � �������





�
&UDFN RQVHW DQG SDWK

VWDELOLW\ LQ ȇH[WUD�WKLFNȈ
DGKHVLYH MRLQWV

,Q &KDSWHU � WKH VSHFLDO FDVH RI DGKHVLYH MRLQWV ZLWK ȇH[WUD�WKLFNȈ ERQG�OLQHV
XQGHU PRGH , ORDGLQJ FRQGLWLRQV LV SUHVHQWHG DQG GLVFXVVHG� :LWK ȇH[WUD�
WKLFNȈ DGKHVLYH ERQG�OLQHV� D ZHDNQHVV WR EH UHFRJQL]HG� IURP ERWK VFLHQWLILF
DQG DSSOLHG SRLQWV RI YLHZ� LV WKH VWUHVV JUDGLHQW DW EL�PDWHULDO HGJHV DQG FRU�
QHUV� H[DFHUEDWHG E\ GLIIHUHQFHV LQPDWHULDOV SURSHUWLHV� 7KLV FKDSWHU DLPV WR
LQYHVWLJDWH WKH IUDFWXUH RQVHW DQG FUDFN GHIOHFWLRQ LQ DGKHVLYH MRLQWV ZLWK ��
PP WKLFN ERQG�OLQHV XQGHU PRGH , ORDGLQJ� 7KH UROH RI DGKHUHQG�DGKHVLYH
PRGXOXV PLVPDWFK DQG SUH�FUDFN OHQJWK DUH VFUXWLQL]HG� 7KH SDUDPHWHUV
FRQWUROOLQJ WKH FUDFN SDWK GLUHFWLRQDO VWDELOLW\ DUH DOVR GLVFXVVHG� 6LQJOH�
PDWHULDO �L�H� VWHHO�VWHHO DQG *)53�*)53� DQG EL�PDWHULDO �L�H� VWHHO�*)53�
GRXEOH�FDQWLOHYHU EHDP MRLQWV ERQGHG ZLWK D VWUXFWXUDO HSR[\ DGKHVLYH DUH
WHVWHG� 7KH MRLQWV DUH PRGHOOHG DQDO\WLFDOO\� FRQVLGHULQJ D EHDP RQ HODVWLF�
SODVWLF IRXQGDWLRQ� WR LQFOXGH FKDUDFWHULVWLF OHQJWK VFDOHV RI WKH SUREOHP �H�J�
DGKHVLYH WKLFNQHVV� SODVWLF ]RQH� DQG QXPHULFDOO\ XVLQJ )(0� $Q HPSLULFDO
UHODWLRQ� LQ WHUPV RI JHRPHWULFDO DQG PDWHULDO SURSHUWLHV RI WKH MRLQWV� WKDW
GHILQHV WKH WUDQVLWLRQ EHWZHHQ FRKHVLYH FORVH WR WKH LQWHUIDFH DQG FRKHVLYH
DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW LV IRXQG� $ERYH D VSHFLILF SUH�FUDFN
OHQJWK� WKH VWUHVV VLQJXODULW\ DW SUH�FUDFN WLS UXOHV RYHU WKH VWUHVV VLQJXODULW\
QHDU EL�PDWHULDO FRUQHUV� UHVXOWLQJ LQ FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDF�
WXUH RQVHW� +RZHYHU� WKH FUDFNLQJ GLUHFWLRQ UDSLGO\ GHIOHFWV RXW IURP WKH DG�
KHVLYH OD\HU FHQWUH�OLQH� 3RVLWLYH ൙�VWUHVV DORQJ WKH FUDFN WLS LV IRXQG WR EH
RQH RI WKH IDFWRUV IRU WKH XQVWDEOH FUDFN SDWK�

3DUWV RI WKLV FKDSWHU KDYH EHHQ SXEOLVKHG LQ &RPSRVLWH 6WUXFWXUHV ���� ������ ������ >�@�

���
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��� �� &UDFN RQVHW DQG SDWK VWDELOLW\ LQ ȇH[WUD�WKLFNȈ DGKHVLYH MRLQWV

���� ,QWURGXFWLRQ

,Q WKLV FKDSWHU� WKH JHRPHWU\ XQGHU FRQVLGHUDWLRQ LV VKRZQ LQ )LJ� ���� 7ZR
DGKHUHQGV ZLWK ILQLWH WKLFNQHVV DUH ERQGHG WRJHWKHU ZLWK DQ DGKHVLYH RI WKLFNQHVV

�൲D ࣵ �� PP� $ SUH�FUDFN RI OHQJWK ́ൠ LV FXW DW PLG�WKLFNQHVV RI WKH DGKHVLYH
ERQG�OLQH� :LWK VXFK DGKHVLYH ERQG�OLQH WKLFNQHVV� VWUHVV JUDGLHQW DULVHV DW EL�
PDWHULDO HGJHV DQG FRUQHUV� /HQJWK ́ൠ SOD\V D FULWLFDO UROH RQ IUDFWXUH RQVHW ORFXV
LQ FXUUHQW DSSURDFK� 7KH GHILQLWLRQ RI ́ൠ IROORZV WKH LGHDOL]DWLRQ RI XQORDGHG UHJLRQ
RI PDWHULDO DGMDFHQW WR WKH FUDFN VXUIDFHV LQ DQ LQILQLWH KRPRJHQHRXV SODWH ZLWK D
FUDFN DV SRVWXODWHG E\ *ULIILWK >�� �@� 7KH XQORDGHG UHJLRQ LV DSSUR[LPDWHG E\ D
WULDQJOH ZLWK WKH EDVH OHQJWK FRUUHVSRQGLQJ WR ́ൠ DQG D KHLJKW RI �ဂ́ൠ� ́ൠ PXVW
EH VXIILFLHQWO\ ODUJH VR WKH FRUQHUV QHDU WKH LQWHUIDFHV DUH XQORDGHG� DV LOOXVWUDWHG LQ
)LJ� ��� E\ WKH UHG GLIIXVLRQ OLQHV� ,Q RWKHU ZRUGV� ́ൠ PXVW EH VXIILFLHQWO\ ODUJH WR
FUHDWH D VLQJXODU VWUHVV ILHOG DURXQG WKH SUH�FUDFN WLS� LQ ZKLFK WKH WKUHVKROG VWUHVV
LV ILUVW DWWDLQHG UDWKHU WKDQ DW EL�PDWHULDO HGJHV DQG FRUQHUV� UHVXOWLQJ LQ IUDFWXUH
RQVHW DW WKH SUH�FUDFN WLS�
7KH SULPDU\ REMHFWLYH RI WKLV VWXG\ LV WR LQYHVWLJDWH WKH IUDFWXUH RQVHW DQG FUDFN
GHIOHFWLRQ LQ DGKHVLYH MRLQWV ZLWK �� PP WKLFN ERQG�OLQHV XQGHU PRGH , ORDGLQJ
FRQGLWLRQV� 0RUH VSHFLILFDOO\� WKH UROH RI DGKHUHQG�DGKHVLYH PRGXOXV PLVPDWFK
DQG WKH UROH RI SUH�FUDFN OHQJWK� ́ൠ� DUH VFUXWLQL]HG� 7KH SDUDPHWHUV FRQWUROOLQJ
WKH FUDFN SDWK GLUHFWLRQDO VWDELOLW\ DUH DOVR GLVFXVVHG� 6LQJOH�PDWHULDO �L�H� VWHHO�
VWHHO DQG *)53�*)53� DQG EL�PDWHULDO �L�H� VWHHO�*)53� '&% MRLQWV ERQGHG ZLWK D
VWUXFWXUDO HSR[\ DGKHVLYH DUH WHVWHG� 7KH WHVWV DUH DLGHG E\ D �' LPDJH DFTXLVLWLRQ
V\VWHP� 0RUHRYHU� WKH IUDFWXUH WHVWV DUH PRGHOOHG DQDO\WLFDOO\ E\ FRQVLGHULQJ D
EHDP RQ HODVWLF�SODVWLF IRXQGDWLRQ � <DPDGD >�@� 7R OLQN WKH H[SHULPHQWDO ILQGLQJV
WR H[LVWLQJ WKHRUHWLFDO PRGHOV� WKH EHKDYLRXU RI WKH GLIIHUHQW MRLQWV LV DOVR DVVHVVHG
QXPHULFDOO\�
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)LJXUH ���� &XUUHQW DSSURDFK� LQIOXHQFH RI ጂፚ OHQJWK RQ IUDFWXUH RQVHW LQ DGKHVLYH MRLQW ZLWK ILQLWH
WKLFNQHVV DGKHUHQGV XQGHU PRGH , ORDGLQJ FRQGLWLRQV�



���� ([SHULPHQWDO

�

���

���� ([SHULPHQWDO
������ 0DWHULDOV DQG SUHSDUDWLRQ
0DWHULDOV XVHG

)LJ� ��� VKRZV WKH WKUHH '&% FRQILJXUDWLRQV WHVWHG� 7KH DGKHUHQGV ZHUH PDGH RI
HLWKHU 6��� VWHHO� ZLWK D WKLFNQHVV RI ��� PP� RU JODVV ILEUH UHLQIRUFHG SRO\PHU

�*)53� ODPLQDWH� ZLWK D WKLFNQHVV RI ��� PP� 7KH DGKHUHQGV ZHUH ERQGHG ZLWK D
VWUXFWXUDO WZR�FRPSRQHQW HSR[\ SDVWH DGKHVLYH� $UDOGLWH ���� �+XQWVPDQn� ZLWK
D ERQG�OLQH WKLFNQHVV RI �� PP�
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)LJXUH ���� '&% VSHFLPHQ� WKH WKUHH WHVWHG FRQILJXUDWLRQV�

7DEOH ���� 0HFKDQLFDO SURSHUWLHV RI WKH 8'��p ODPLQD�
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x*z*

ൊ፱፱ �03D� ൊ፳፳ �03D� ൌ፱፳ �03D� ൌ፱፲ �03D� ൌ፳፲ �03D� ࿿፱፳
����� ����� ���� ���� ���� �����

7KH PHFKDQLFDO SURSHUWLHV RI WKH 8'��p ODPLQD ZHUH H[SHULPHQWDOO\ GHWHUPLQHG
DQG DUH JLYHQ LQ 7DEOH ���� 7KH PHFKDQLFDO SURSHUWLHV RI WKH VWHHO 6��� DQG WKH
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HSR[\ DGKHVLYH DUH OLVWHG LQ 7DEOH ���� 7KH VWHHO SURSHUWLHV ZHUH WDNHQ IURP WKH
VXSSOLHU
V WHFKQLFDO GDWD�VKHHW� ZKLOH WKH DGKHVLYH
V PHFKDQLFDO SURSHUWLHV ZHUH
H[SHULPHQWDOO\ PHDVXUHG IURP WHQVLOH GRJ ERQH VSHFLPHQV ZLWK D WKLFNQHVV RI �
PP LQ DFFRUGDQFH ZLWK ,62 ��� >�@�

7DEOH ���� 0HFKDQLFDO SURSHUWLHV RI VWHHO 6��� DQG HSR[\ DGKHVLYH $UDOGLWH �����

0DWHULDO ൊ �03D� ࿿ စࣄࣄࣄ\ �03D� စXOWLPDWH �03D�
6WHHO 6��� ������ ���� ��� ���
(SR[\ DGKHVLYHࣄ ���� q ��� ࣄࣄ���� ���� q ��� ���� q ���
ࣄ H[SHULPHQWDOO\ PHDVXUHG IURP GRJ ERQH VSHFLPHQV FXUHG � KRXU DW ��p&
ࣄࣄ VXSSOLHU
V WHFKQLFDO GDWD�VKHHW
ࣄࣄࣄ 6WHHO� \LHOG VWUHQJWK ���� RIIVHW� $GKHVLYH� \LHOG VWUHQJWK ���� RIIVHW

$VVXPSWLRQ FRQFHUQLQJ V\PPHWU\ RI WKH EL�PDWHULDO VSHFLPHQ

7KH EL�PDWHULDO VWHHO�*)53 '&% VSHFLPHQV ZHUH PDQXIDFWXUHG E\ IROORZLQJ WKH
ORQJLWXGLQDO VWUDLQ EDVHG FULWHULRQ GHYHORSHG LQ &KDSWHU � WR JXDUDQWHH SXUH

PRGH , ORDGLQJ DW WKH FUDFN WLS� 7KH VWUDLQ EDVHG FULWHULRQ LV JLYHQ E\�

ൊI�DGKHU �፱ ߶ኼDGKHU �  ൊ
I�DGKHU �
፱ ߶ኼDGKHU �� �����

ZKHUH ൊI�DGKHU ���፱ LV WKH IOH[XUDO PRGXOXV RI DGKHUHQG � DQG �� UHVSHFWLYHO\� )RU WKH
VWHHO DGKHUHQG� ൊI�6WHHO፱ LV HTXDO WR PDWHULDO <RXQJ
V PRGXOXV �VHH 7DEOH ����� 7KH
HIIHFWLYH IOH[XUDO PRGXOXV RI WKH *)53 ODPLQDWH� ൊI�*)53፱ � LV FDOFXODWHG E\ DSSO\LQJ
WKH FODVVLFDO ODPLQDWLRQ WKHRU\ �&/7�� ,Q WKH FDVH RI D QRQ�V\PPHWULF OD\�XS� ൊI�*)53፱
LV HTXDO WR�

ൊI�*)53፱  
��

߶ኽ*)53൏ኾኾ
� �����

ZKHUH ൏ኾኾ FRPSRQHQW LV REWDLQHG IURP PDWUL[ >൏@�

ᓂ൏ᓆ  ᗝ െ േ
േ ൉ ᗞ

ዅኻ

� �����

7KH >െ@� >േ@� DQG >൉@ DUH WKH H[WHQVLRQDO� FRXSOLQJ DQG IOH[XUDO PDWULFHV RI WKH
*)53 ODPLQDWH� UHVSHFWLYHO\ >�@�
%\ FRQVLGHULQJ WKH VWHHO DGKHUHQG WKLFNQHVV� ߶VWHHO� HTXDO WR � PP� WKH *)53 DG�
KHUHQG LV GHVLJQHG WR PHHW WKH ORQJLWXGLQDO VWUDLQ EDVHG FULWHULRQ� 7KH OD\�XS RI
WKH *)53 ODPLQDWH LV JLYHQ LQ 7DEOH ��� DV ZHOO DV ൊI�*)53፱ DQG WKH ILQDO WKLFNQHVV
RI WKH ODPLQDWH DIWHU SRVW�FXULQJ� )RU PRUH GHWDLOV DERXW WKH VWUDLQ EDVHG FULWHULRQ
DQG ODPLQDWH VWDFNLQJ GHILQLWLRQ� WKH LQWHUHVWHG UHDGHU LV UHIHUUHG WR &KDSWHU ��
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7DEOH ���� *)53 ODPLQDWH� OD\�XS EDVHG RQ WKH VWUDLQ EDVHG FULWHULRQ �WKH OD\�XS LV GHILQHG IURP WKH
ERWWRP WR WKH WRS RI WKH ODPLQDWH��

/D\�XS 53(*ࣄ߶ �PP� ൊI�*)53፱ �03D�
>�p ���p ��p ���p@኿�>���p ��p ���p �p@኿ ���� �����

53(*ࣄ߶ � ILQDO WKLFNQHVV RI WKH ODPLQDWH DIWHU SRVW�FXUH F\FOH

6XUIDFH SUHSDUDWLRQ DQG ERQGLQJ

7KH GHWDLOV RI VXUIDFH SUHSDUDWLRQ DQG ERQGLQJ DUH GHVFULEHG LQ &KDSWHU �� VXE�
VHFWLRQ ������ +HUH� D UHFDOO LV PDGH� 0HWDOOLF VSDFHUV ZLWK D VKDUS UD]RU EODGH RI

DSSUR[LPDWHO\ �� PP ZHUH XVHG WR REWDLQ DQ XQLIRUP DGKHVLYH ERQG�OLQH� DV VKRZQ
LQ )LJ� ���� :KLOH WKH PHWDOOLF VWULSV GHVLJQDWHG WKH OHQJWK RI LQLWLDOO\ XQERQGHG
]RQH DQG WKH GLVWDQFH IURP WKH ORDG DSSOLFDWLRQ SRLQW � ൠኺ� WKH UD]RU EODGH SODFHG
LQ EHWZHHQ WKH PHWDOOLF VWULSV FUHDWHG DQ DGGLWLRQDO SUH�FUDFN RI OHQJWK ́ൠ DW WKH
PLG�WKLFNQHVV RI WKH DGKHVLYH ERQG�OLQH� $IWHU FXULQJ WKH VSHFLPHQV� LQ VRPH FDVHV�
WKH OHQJWK ́ൠ RI WKH H[LVWLQJ SUH�FUDFN ZDV H[WHQGHG� )LQDOO\� SULRU WR WHVWLQJ� WR
HQDEOH GLJLWDO LPDJH FRUUHODWLRQ �',&� HYDOXDWLRQ� D WKLQ OD\HU RI ZKLWH SDLQW ZDV
DSSOLHG WR WKH VLGH RI WKH VSHFLPHQV ZLWK WKH EODFN VSHFNOHV SDLQWHG RQ WRS�

)LJXUH ���� 7HVW VHW�XS�

������ 7HVW VHW�XS

7KH GHWDLOV RI WHVW VHW�XS DUH GHVFULEHG LQ &KDSWHU �� VXE�VHFWLRQ ������ +HUH� D
UHFDOO LV PDGH� $ �' LPDJH DFTXLVLWLRQ V\VWHP ZDV XVHG LQVWHDG RI D FDPHUD

�9,&��' V\VWHP E\ &RUUHODWHG 6ROXWLRQV� ,QF��� ZLWK SLFWXUHV WDNHQ HYHU\ VHFRQG
DIWHU WKH ORDG DSSOLFDWLRQ �)LJ� ����� 7KH XVH RI WKH �' LPDJH DFTXLVLWLRQ V\VWHP
ZDV WZRIROG� �L� PRQLWRULQJ RI WKH FUDFN JURZWK WKURXJKRXW WKH WHVW DQG� �LL� WR



�

��� �� &UDFN RQVHW DQG SDWK VWDELOLW\ LQ ȇH[WUD�WKLFNȈ DGKHVLYH MRLQWV

REWDLQ IXOO�ILHOG GLVSODFHPHQW DQG VWUDLQ ILHOGV RYHU WKH VSHFLPHQ
V VXUIDFH XVLQJ
',& WHFKQLTXH� 7KH VSHFNOH LPDJHV ZHUH SURFHVVHG XVLQJ 9LF��' � VRIWZDUH� $
SDUDPHWULF VWXG\ RI WKH HIIHFW RI WKH VXEVHW DQG VWHS VL]H RQ WKH GLVSODFHPHQW DQG
VWUDLQ UHVXOWV ZDV SHUIRUPHG� 7KH VXEVHW VL]H ZDV VHW WR �� DQG WKH VWHS VL]H ZDV
VHW WR � SL[HOV�

���� 0RGHOOLQJ PHWKRGV
������ %HDP RQ HODVWLF�SODVWLF IRXQGDWLRQ

,QFRUSRUDWLQJ UHOHYDQW OHQJWK VFDOHV� WKH DGKHVLYH WKLFNQHVV� WKH HODVWLF VWUHVV ILHOGDQG WKH SODVWLF ILHOGV FDQ EH WHGLRXV ZKHQ XVLQJ IXOO WKUHH�GLPHQVLRQDO FRQWLQ�
XXP DSSURDFK� ,QVWHDG� WKLV ZRUN XVHV DQ H[WHQVLRQ RI WKH NQRZQ .DQQLQHQ PRGHO
>�@ IRU WKH '&% JHRPHWU\� <DPDGD >�@ H[WHQGHG .DQQLQHQ
V PRGHO E\ LQFOXGLQJ
DGKHVLYH SODVWLFLW\ HIIHFWV DW WKH FUDFN WLS� 7KLV PRGHO LV IROORZHG E\ DVVXPLQJ HODV�
WLF�SHUIHFWO\ SODVWLF UHVSRQVH RI WKH DGKHVLYH ZKLOH WKH EHDP UHPDLQV HODVWLF� 7KH
SK\VLFDO PRGHO DQG PDWKHPDWLFDO IRUPXODWLRQ DUH VSOLW LQWR WKUHH GRPDLQV�UHJLRQV
DV VHHQ LQ )LJ� ����

঎ 5HJLRQ �� �GHIOHFWLRQ ൵ኻ�� LV WKH IUHH SDUW RI WKH EHDP�

঎ 5HJLRQ �� �GHIOHFWLRQ ൵ኼ�� LV WKH SDUW RI WKH EHDP ZKLFK LV VXSSRUWHG E\ D
SHUIHFWO\ SODVWLF IRXQGDWLRQ GXH WR WKH \LHOGLQJ RI WKH DGKHVLYH� 7KH VWUHVV
FRQGLWLRQ DW WKH FUDFN WLS LV GRPLQDWHG E\ D YHUWLFDO FRPSRQHQW� 7KHUHIRUH�
ZLWKLQ WKH \LHOG SODVWLF ]RQH� DQ XQLIRUP XQL�D[LDO VWUHVV LV DVVXPHG�

঎ 5HJLRQ �� �GHIOHFWLRQ ൵ኽ�� LV WKH SDUW RI WKH EHDP ZKLFK LV VXSSRUWHG E\ DQ
HODVWLF IRXQGDWLRQ�

7KH '&% VSHFLPHQ LV DVVXPHG WR EH V\PPHWULF DERXW WKH ൶�D[LV DORQJ WKH FHQWUH�
OLQH RI WKH DGKHVLYH OD\HU� 2QO\ KDOI RI WKH VSHFLPHQ LV UHSUHVHQWHG LQ )LJ� ���
�ERQG�OLQH RI WKLFNQHVV ൲D��
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)LJXUH ���� '&% VSHFLPHQ PRGHOOHG DFFRUGLQJ WR <DPDGD
V PRGHO >�@� HODVWLF�SODVWLF IRXQGDWLRQ�
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7KH JRYHUQLQJ HTXDWLRQV RI WKH VWUXFWXUDO UHVSRQVH DUH�

ൊI፱ൎ
ൣኼ൵ኻ
ൣ൶ኼ

 ൕ�൪I � ൶�� ൪Iࢿ ౥ ൶ � ൪Sࢿ �����

ൊI፱ൎ
ൣኾ൵ኼ
ൣ൶ኾ

�စ\േࢿ  ൪Sࢿ ౥ ൶ � � �����

ൊI፱ൎ
ൣኾ൵ኽ
ൣ൶ኾ

�൩൵ኽࢿ  � ౥ ൶ � ൪H �����

LQ ZKLFK ൊI፱ൎ LV WKH IOH[XUDO VWLIIQHVV RI WKH EHDP �ൎ  
ፁ፡ኽDGKHU
ኻኼ

� EHLQJ ߶DGKHU WKH
WKLFNQHVV RI WKH EHDP�� ൵። LV WKH GHIOHFWLRQ LQ UHJLRQ ൧ �൧  �� �� ��� ൶ LV WKH ORFDWLRQ
LQ UHIHUHQFH WR WKH ERXQGDU\ RI HODVWLF DQG SODVWLF UHJLRQV� ൪I LV WKH OHQJWK EHWZHHQ
WKH ORDGLQJ SRLQW DQG WKH RULJLQ� ൪S LV WKH SODVWLF ]RQH OHQJWK� ൕ LV WKH DSSOLHG IRUFH�
စ\ LV WKH \LHOG VWUHQJWK RI WKH DGKHVLYH� േ LV WKH ZLGWK RI WKH VSHFLPHQ� )LQDOO\� ൩
LV WKH IRXQGDWLRQ VWLIIQHVV GHILQHG E\�

൩  ൫T
ൊDേ
൲D
� �����

ZKHUH ൫T LV SDUDPHWHU RI RUGHU RQH� ൲D LV WKH WKLFNQHVV RI WKH IRXQGDWLRQ �KDOI
WKH WKLFNQHVV RI DGKHVLYH ERQG�OLQH�� ൊD LV WKH <RXQJ
V PRGXOXV RI WKH DGKHVLYH�
&RQVWDQW ൫T �T  �� �� DOORZV IRU DUELWUDU\ IRUPXODWLRQ RI WKH VWUHVV VWDWH DW WKH
FUDFN WLS� 6SHFLILFDOO\� ൫T LV H[SUHVVHG DV�

൫ኻ  �� �����

DVVXPLQJ SODQH�VWUHVV LQ ERWK RXW�RI�SODQH DQG LQ�SODQH GLUHFWLRQV >�@� DQG DV�

൫ኼ  
�� ࢿ ࿿D�

�� ࢿ �࿿D��� � ࿿D�
� �����

DVVXPLQJ SODQH�VWUDLQ LQ ERWK RXW�RI�SODQH DQG LQ�SODQH GLUHFWLRQV >�@� ZKHUH ࿿D LV
WKH 3RLVVRQ
V UDWLR RI WKH DGKHVLYH�
7KH VROXWLRQ WR WKH GLIIHUHQWLDO HTXDWLRQV UHDGV DV�

൵ኻ�൶�  
ൕ
�ൊI፱ൎ

൶ኽ �
ൕ൪I
�ൊI፱ൎ

൶ኼ � ൗኻ൶ � ൗኼ� ������

൵ኼ�൶� ࢿ 
စ\േ
��ൊI፱ൎ

൶ኾ �
ൈኻ
�
൶ኽ �

ൈኼ
�
൶ኼ � ൈኽ൶ � ൈኾ� ������

൵ኽ�൶�  ൐ኻ FRV�࿽൶� FRVK�࿽൶� � ൐ኼ FRV�࿽൶� VLQK�࿽൶�
� ൐ኽ VLQ�࿽൶� VLQK�࿽൶� � ൐ኾ VLQ�࿽൶� FRVK�࿽൶�� ������

ZLWK ൗኻዅኼ� ൈኻዅኾ� ൐ኻዅኾ EHLQJ FRQVWDQWV RI LQWHJUDWLRQ WR EH IRXQG WKURXJK D ERXQGDU\
YDOXH SUREOHP DQG LQ ZKLFK ࿽� GHILQHG E\�
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࿽ኾ  
൩
�ൊI፱ൎ

� ������

LV WKH ZDYH QXPEHU� WKH LQYHUVH RI ZKLFK GHILQHV WKH HODVWLF SURFHVV ]RQH OHQJWK�
7KH SURFHVV ]RQH OHQJWK� ࿽ዅኻ� LQ WKH FRQWH[W RI WKH HODVWLF IRXQGDWLRQ LV LQWHU�
SUHWHG DV WKH GLVWDQFH �IURP WKH FUDFN WLS� RYHU ZKLFK WKH SRVLWLYH SHHO VWUHVV LV
GLVWULEXWHG� 7KH ࿽ዅኻ OHQJWK H[LWV EH\RQG RI WKH FUDFN WLS GXH WR WKH ILQLWH ULJLGLW\ RI
WKH DGKHVLYH� ([SDQGLQJ DQG VXEVWLWXWLQJ IRU ൩ DQG ൎ� (T� ���� FDQ EH UHZULWWHQ LQ
D QRQ�GLPHQVLRQDO IRUP DV�

࿽ኾ൲D߶ኽDGKHU  �൫T
ൊD
ൊI፱

������

ZKLFK UHYHDOV WKH UHODWLRQ EHWZHHQ WKH ERQGHG VWUXFWXUH FKDUDFWHULVWLF OHQJWK VFDOHV
�OHIW KDQG VLGH� DQG DGKHUHQG�ERQG�OLQH PDWHULDO PLVPDWFK �ULJKW KDQG VLGH��
7KH UHVXOWV RI WKH FRQVWDQWV RI LQWHJUDWLRQ DQG WKH SODVWLF ]RQH OHQJWK IRU WKH FDVH
ZKHUH WKH ERQGHG UHJLRQ LV VXIILFLHQWO\ ORQJ DSSHDU LQ $SSHQGL[ ,� 3OHDVH QRWH WKDW
RQFH ൪S DSSURDFKHV ]HUR LQ (TV� �������� WKH SUREOHP WXUQV LQWR HODVWLF IRXQGDWLRQ
RQO\� L�H� .DQQLQHQ PRGHO >��@� $GGLWLRQDOO\� RQFH ൪H DSSURDFKHV ]HUR� WKHUH ZLOO EH
QR FKDUDFWHULVWLF OHQJWK ࿽ዅኻ DQG WKH EHDP LV WUHDWHG DV IL[HG DW WKH FUDFN WLS OLNH LQ
%HQERZ DQG 5RHVOHU VWXGLHV >��@�

������ )LQLWH HOHPHQW �)(� PRGHO

7KH SURSRVHG DQDO\WLFDO PHWKRGRORJ\ LV DLPHG LQ LQGLFDWLQJ DQG LQFOXGLQJ FKDU�
DFWHULVWLF OHQJWK VFDOHV RI WKH SUREOHP� +RZHYHU� WKH SUREOHP DW KDQG LQYROYHV

DGGLWLRQDO� ORFDO SKHQRPHQD RI H�J� WKUHH�GLPHQVLRQDO ��'� QDWXUH� EH\RQG LWV
FDSDELOLW\ DQG LQWHQWLRQ� :KLOH WKH DV\PSWRWLF DQDO\VLV LV LQYROYHG ODWHU IRU GLVFXV�
VLRQ� IRU EHWWHU FRPSUHKHQVLRQ� D �' PRGHO RI WKH '&% DGKHVLYH MRLQWV ZDV EXLOW
LQ $EDTXVn� 7KH MRLQWV ZHUH PRGHOOHG XVLQJ � QRGH OLQHDU EULFN HOHPHQWV �&�'���
7KH DGKHUHQGV ZHUH PRGHOOHG DV OLQHDU HODVWLF� XVLQJ WKH PDWHULDO SURSHUWLHV JLYHQ
LQ 7DEOHV ��� DQG ���� 7KH DGKHVLYH ZDV PRGHOOHG DV HODVWLF�SODVWLF� XVLQJ WKH GDWD
IURP &KDSWHU �� 7KH QXPEHU RI HOHPHQWV WKURXJK�WKH�WKLFNQHVV GLUHFWLRQ RI WKH
*)53 DGKHUHQGV ZDV GHILQHG E\ RQH HOHPHQW SHU OD\�XS OD\HU� )RU WKH VWHHO DG�
KHUHQGV� �� HOHPHQWV ZHUH XVHG LQ WKLFNQHVV GLUHFWLRQ� :KHQ QHHGHG� D VHDP FUDFN
HPEHGGHG LQ WKH DGKHVLYH SDUW ZDV LQFOXGHG LQ WKH PRGHO� 7KH PHVK ZDV UHILQHG
LQ WKH DUHDV RI LQWHUHVW� L�H� FUDFN WLS UHJLRQ DQG DGKHUHQG�DGKHVLYH LQWHUIDFHV� $
FRDUVHU PHVK ZDV DSSOLHG LQ WKH UHVW RI WKH PRGHO� $ PHVK FRQYHUJHQFH VWXG\ ZDV
SHUIRUPHG WR JXDUDQWHH PHVK LQ�GHSHQGHQF\ RI WKH QXPHULFDO UHVXOWV� ,Q RUGHU WR
VLPXODWH WKH UHDO FRQVWUDLQWV GXULQJ D '&% WHVW� WKH IROORZLQJ ERXQGDU\ FRQGLWLRQV
DQG ORDGLQJ ZHUH DSSOLHG� �� WKH OHIW HQG RI WKH ORZHU HGJH RI WKH ERWWRP DGKHUHQG
ZDV FRQVWUDLQHG IURP DOO GLVSODFHPHQWV� URWDWLRQV ZHUH QRW FRQVWUDLQHG� �� WKH OHIW
HQG RI WKH WRS HGJH RI WKH WRS DGKHUHQG ZDV FRQVWUDLQHG IURP GLVSODFHPHQW LQ
ORQJLWXGLQDO GLUHFWLRQ� �� D ORDG ZDV DSSOLHG RQ WKH OHIW HQG RI WKH XSSHU HGJH RI
WKH WRS DGKHUHQG� HTXDO WR WKH ORDG WDNHQ IURP WKH H[SHULPHQWDO WHVWV� $ PHVK
RYHUYLHZ ZLWK WKH DSSOLHG ERXQGDU\ FRQGLWLRQV LV VKRZQ LQ )LJ� ����
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)LJXUH ���� 7\SLFDO PHVK GHWDLOV ZLWK DSSOLHG ERXQGDU\ FRQGLWLRQV �VWHHO�VWHHO MRLQW DV DQ H[DPSOH��

���� ([SHULPHQWDO UHVXOWV DQG PRGHOV YDOLGDWLRQ
������ 1RUPDOL]HG ORDG YV� GLVSODFHPHQW FXUYHV� VWLIIQHVV GXU�

LQJ ORDGLQJ

)LJV� ����D�� ����F� DQG ����H� VKRZ WKH UHSUHVHQWDWLYH ORDG YV� GLVSODFHPHQW
�ൕ ࢿ �́� FXUYHV RI WKH WKUHH WHVWHG FRQILJXUDWLRQV� VWHHO�VWHHO� *)53�*)53 DQG

VWHHO�*)53� UHVSHFWLYHO\� 7ZR FXUYHV IRU GLIIHUHQW YDOXHV RI ́ൠ DUH SUHVHQWHG SHU
MRLQW FRQILJXUDWLRQ EHFDXVH OHQJWK ́ൠ LQIOXHQFHV IUDFWXUH RQVHW ORFXV� ,Q HDFK FRQ�
ILJXUDWLRQ� WKH GLIIHUHQFH LQ VSHFLPHQV
 FRPSOLDQFH LV H[SHFWHG DV WKH LQLWLDO WRWDO
FUDFN OHQJWK� ൠ� WRWDO  ൠLQLW  ൠኺ � ́ൠ� DV VKRZQ LQ )LJ� ���� LV QRW WKH VDPH LQ
DOO VSHFLPHQV� 0RUHRYHU� ൠ� WRWDO DOVR DIIHFWV WKH PD[LPXP ORDG RI HDFK VSHFLPHQ�
7KH ORDG�GLVSODFHPHQW FXUYHV VKRZ DQ LQLWLDO OLQHDU UHJLRQ� IROORZHG E\ D VPRRWK
WUDQVLWLRQ EHIRUH FUDFN SURSDJDWLRQ� 7KLV WUDQVLWLRQ LV UHVXOW RI SODVWLF HIIHFW� 7KH
SURSDJDWLRQ UHJLRQ LV LQLWLDOO\ FKDUDFWHUL]HG E\ D GURS RQ WKH DSSOLHG ORDG� $IWHU
WKDW� WKH ORDG GHFUHDVHV JUDGXDOO\ ZLWK LQFUHDVLQJ GLVSODFHPHQW XS WR ILQDO IDLOXUH�
7KH VPRRWK SURSDJDWLRQ UHJLRQ JLYHV HYLGHQFH WKDW WKH IUDFWXUH SURFHVV ]RQH ZDV
VLPLODUO\ WKURXJKRXW WKH WHVW�

,Q )LJ� ����D� LV DOVR SORWWHG D UHSUHVHQWDWLYH FXUYH RI VWHHO�VWHHO MRLQWV ZLWK D ERQG�
OLQH RI DSSUR[LPDWHO\ ��� PP �GDWD WDNHQ IURP &KDSWHU ��� 7KH UHVXOWV VKRZ WKDW
WKH VWLIIQHVV RI WKH DGKHVLYH MRLQWV LV DIIHFWHG E\ WKH ERQG�OLQH WKLFNQHVV DV ZHOO
DV WKH PD[LPXP ORDG� L�H� WKH MRLQW ZLWK ��� PP WKLFN ERQG�OLQH LV VWLIIHU WKDQ
WKH MRLQWV ZLWK �� PP WKLFN ERQG�OLQH� EXW LW ZLWKVWDQGV ORZHU ORDGV EHIRUH IUDFWXUH
RQVHW� ,Q IDFW� LQ WKH VSHFLPHQV ZLWK DQ DGKHVLYH ERQG�OLQH RI �� PP� WKH DGKHVLYH
LV DEOH WR GHIRUP PRUH DQG EHFRPHV UHVSRQVLEOH IRU WKH GLVVLSDWLRQ RI WKH PDMRULW\
RI WKH H[WHUQDO ORDGLQJ�

,Q DGGLWLRQ� )LJV� ����E�� ����G� DQG ����I� VKRZ WKH QRUPDOL]HG ORDG YV� GLVSODFH�
PHQW �ൕ˂ ࢿ ˂�́� FXUYHV RI WKH WKUHH WHVWHG FRQILJXUDWLRQV� )RU WKH VDNH RI VLPSOLFLW\�
WKH QRUPDOL]DWLRQ LV SHUIRUPHG E\ IROORZLQJ WKH VLPSOH EHDP WKHRU\ >��@�
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ൕ˂  
�ൕൠኼ� WRWDO
�ൊI፱ൎ

� ������

˂�́  
�́

ൠ� WRWDO
� ������

,Q WKH EL�PDWHULDO MRLQWV� WKH IOH[XUDO VWLIIQHVV RI ERWK DGKHUHQGV PXVW EH WDNHQ
VHSDUDWHO\�

ൕ˂EL�PDW  
ൕൠኼ� WRWDO
�

�൘� ������

ZKHUH ൘ LV JLYHQ E\�

൘  
�

ൊI፱�VWHHOൎVWHHO
�

�
ൊI፱�*)53ൎ*)53

� ������

7KLV QRUPDOL]DWLRQ DOORZV WKH FRPSDULVRQ RI LQLWLDOO\ OLQHDU SDUW RI WKH H[SHULPHQ�
WDO FXUYHV ZLWK DQ\ RWKHU DGKHVLYH MRLQWV� UHJDUGOHVV WKH PDWHULDOV DQG MRLQW JH�
RPHWU\ �IRU LQVWDQFH� ൠ� WRWDO OHQJWK DQG DGKHUHQGV WKLFNQHVV�� VR WKDW GLIIHUHQFHV
EHWZHHQ WKH REVHUYHG DQG FDOFXODWHG VORSHV FDQ EH DWWULEXWHG WR WKH ILQLWH WKURXJK�
WKH�WKLFNQHVV VWLIIQHVV RI WKH DGKHUHQG DQG WKH DGKHVLYH ERQG�OLQH >��@� DV WKHVH
SDUDPHWHUV DUH QRW WDNHQ LQWR FRQVLGHUDWLRQ LQ WKH SHUIRUPHG QRUPDOL]DWLRQ�
7KH QRUPDOL]HG FXUYHV RI WKH H[SHULPHQWDO VWHHO�VWHHO DGKHVLYH MRLQWV VKRZ WKH
VDPH LQLWLDO VORSH� UHJDUGOHVV RI WKH LQLWLDO FUDFN OHQJWK� DV H[SHFWHG �)LJ� ����E���
,Q WKH *)53�*)53 DQG VWHHO�*)53 DGKHVLYH MRLQWV �)LJV� ����G� DQG ����I�� UHVSHF�
WLYHO\� WKH WUHQG LV GLIIHUHQW DQG WKH VORSHV RI WKH LQLWLDO OLQHDU SDUW RI WKH FXUYHV
GR QRW RYHUODS� ,Q IDFW� WKH UDWLR ፚ� WRWDO

፡*)53
LV DSSUR[LPDWHO\ �� FRUUHVSRQGLQJ WR WKH

VWXEE\ EHDP JHRPHWU\� ZKLOVW LWV YDOXH LV KLJKHU WKDQ �� ZKHQ FRQVLGHULQJ WKH
VWHHO DGKHUHQG� 7KHUHIRUH� WKH VKHDU GHIRUPDWLRQ RI WKH *)53 DGKHUHQGV VKRXOG
EH LQFOXGHG LQ WKH QRUPDOL]DWLRQ SURFHGXUH WR REWDLQ RYHUODSSLQJ UHVXOWV� )RU WKLV
FDVH� WKH IRUFH QRUPDOL]DWLRQ LV JLYHQ E\�

ൕ˂VKHDU  
�ൕൠኼ� WRWDO
�ൊI፱ൎ

�
�ൕ

േൌDGKHU߶DGKHU
� ������

ZKHUH ൌDGKHU LV WKH VKHDU PRGXOXV RI WKH DGKHUHQG� ,Q WKH FDVH RI EL�PDWHULDO MRLQWV�

ൕ˂VKHDU� EL�PDW  
ൕൠኼ� WRWDO
�

�൘ �
�ൕ

�േൌVWHHO߶VWHHO
�

�ൕ
�േൌ*)53߶*)53

� ������

)LJ� ��� VKRZV WKH QRUPDOL]HG ൕ˂ ࢿ ˂�́ FXUYHV RI DOO DGKHVLYH MRLQWV ZLWKRXW DQG ZLWK
WKH VKHDU GHIRUPDWLRQ RI WKH DGKHUHQGV � )LJV� ����D� DQG ����E�� UHVSHFWLYHO\� 7KH
UHVXOWV FRUURERUDWH WKH H[SODQDWLRQ JLYHQ LQ SUHYLRXV SDUDJUDSK� 7KH *)53�*)53
VSHFLPHQ ZLWK ́ൠ  ��� PP LV WKH RQO\ H[FHSWLRQ� ,Q IDFW� WKLV UHVXOW LV XQH[SHFWHG�
7KH RQO\ UHDVRQ IRXQG IRU WKH GLIIHUHQFH LV WKH SUHVHQFH RI D NLQN LQ WKH LQLWLDO OLQHDU
SDUW RI WKH FXUYH�
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)LJXUH ���� ([SHULPHQWDO ORDG YV� GLVSODFHPHQW FXUYHV� UDZ �ፏ ዅ ኼጂ� DQG QRUPDOL]HG UHVXOWV �ፏ˂ ዅ ˂ኼጂ��
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�D� 1R VKHDU WDNHQ LQWR DFFRXQW� �E� 6KHDU WDNHQ LQWR DFFRXQW�

)LJXUH ���� 1RUPDOL]HG ORDG YV� GLVSODFHPHQW FXUYHV� WKH HIIHFW RI VKHDU GHIRUPDWLRQ RI WKH DGKHUHQGV�

,Q )LJV� ����E�� ����G� DQG ����I�� WKH OLQHDU SDUW RI ൕ˂ ࢿ ˂�́ FXUYHV ZLWK WKH KLJKHVW
́ൠ LV FRPSDUHG ZLWK WKH OLQHDU SDUW RI WKH UHVXOWV REWDLQHG IURP WKH ILQLWH HOHPHQW
DQDO\VLV� $OWKRXJK WKHUH LV D EHWWHU DJUHHPHQW EHWZHHQ WKH H[SHULPHQWDO DQG QX�
PHULFDO UHVXOWV RI WKH VWHHO�VWHHO MRLQWV� WKH GLIIHUHQFH EHWZHHQ WKH H[SHULPHQWDO
DQG QXPHULFDO UHVXOWV LQ WKH RWKHU WZR FRQILJXUDWLRQV LV OHVV WKDQ ���� 0RUHRYHU�
)( UHVXOWV IRU WKH FDVH ́ൠ  � PP DUH DOVR SORWWHG LQ )LJV� ����E�� ����G� DQG
����I�� 7KLV ZD\� RQH FDQ REVHUYH WKH VSHFWUXP RI WKH VWUXFWXUDO UHVSRQVH RI WKH
DGKHVLYH MRLQWV IURP ́ൠ  � XS WR ́ൠ  ́ൠH[S PD[� ZKHUH ́ൠH[S PD[ LV WKH ODUJHVW ́ൠ
H[SHULPHQWDOO\ LPSOHPHQWHG�

������ 1RUPDOL]HG FULWLFDO IRUFH DW IUDFWXUH RQVHW

�D� &RKHVLYH FORVH WR LQWHUIDFH IUDFWXUH
RQVHW�

�E� &RKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDF�
WXUH RQVHW�

)LJXUH ���� )UDFWXUH RQVHW ORFXV�
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)LJXUH ���� &ULWLFDO ORDG� ፏF� YV� QRUPDOL]HG FULWLFDO ORDG� ፏ˂F� DV D IXQFWLRQ RI ERQG�OLQH WKLFNQHVV�

7KH FULWLFDO IRUFH DW IUDFWXUH RQVHW� ൕF� LV DQDO\VHG DQG D QRUPDOL]DWLRQ LV SHU�
IRUPHG� EHLQJ WKH FULWLFDO IRUFH HTXDO WR WKH PD[LPXP ORDG� ൕPD[� 'LVWLQFWLRQ

LV PDGH EHWZHHQ FRKHVLYH FORVH WR LQWHUIDFH DQG FRKHVLYH DGKHVLYH PLG�WKLFNQHVV
IUDFWXUH RQVHW � VHH )LJ� ���� UHJDUGOHVV RI MRLQW FRQILJXUDWLRQ� 7KH QRUPDOL]DWLRQ
LV GRQH E\ IROORZLQJ WKH VLPSOH EHDP WKHRU\ >��� ��@� 7KH FULWLFDO IUDFWXUH RQVHW
HQHUJ\� ൌ,F�RQVHW� DQG QRUPDOL]HG ൕF� ൕ˂F� DUH JLYHQ E\�

ൌ,F�RQVHW  
ൕኼF
േൊI፱ൎ

ᗛ
�́ൊI፱ൎ
ൕF

ᗜ

ኼ
ኽ

� ������
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ൕ˂F  
ൕF�ൠ� WRWDO

ᔃൌ,F�RQVHWേൊI፱ൎ
� ������

)RU WKH EL�PDWHULDO MRLQWV�

ൌ,F�RQVHW� EL�PDW  
ൕኼF
�േ
�൘ ᗡ

�́
ፏF
ኽ
�൘
ᗢ

ኼ
ኽ

� ������

ൕ˂F� EL�PDW  
ൕF�ൠ� WRWDO

ᔂ�ൌ,F�RQVHW� EL�PDWേ
�൘ࣇ� ������

)LJ� ��� VKRZV WKH FULWLFDO IRUFH DW IUDFWXUH RQVHW �)LJ� ����D�� DQG WKH QRUPDOL]HG
FULWLFDO IRUFH �)LJ� ����E�� DV D IXQFWLRQ RI ERQG�OLQH WKLFNQHVV� 7KH UHVXOWV IRU WKH
ERQG�OLQH WKLFNQHVV UDQJH ��� � � PP ZHUH WDNHQ IURP &KDSWHUV � DQG �� 7KLV
QRUPDOL]DWLRQ DOORZV WKH FRPSDULVRQ RI IUDFWXUH RQVHW� UHJDUGOHVV WKH PDWHULDO DQG
JHRPHWULF SURSHUWLHV RI DGKHVLYH MRLQWV�
6LPLODU YDOXHV RI ൕ˂F DUH REVHUYHG LQ )LJ� ����E�� UHJDUGOHVV RI WKH ERQG�OLQH WKLFNQHVV
DQG IUDFWXUH RQVHW W\SH� /RRNLQJ LQWR PRUH GHWDLO WR WKH UHVXOWV RI DGKHVLYH MRLQWV
ZLWK DSSUR[LPDWHO\ �� PP WKLFN ERQG�OLQH� WKH ൕ˂F GLIIHUHQFH EHWZHHQ FRKHVLYH DG�
KHVLYH PLG�WKLFNQHVV DQG FRKHVLYH FORVH WR LQWHUIDFH IUDFWXUH RQVHW LV� LQ DYHUDJH�
OHVV WKDQ ���� 7KH VLPLODU UHVXOWV RI ൕ˂F LQGLFDWH WKDW WKH DGKHVLYH ZDV DEOH WR GH�
IRUP DV D UHVSRQVH WR WKH H[WHUQDO ORDGLQJ� HYHQ WKRXJK LQ VRPH FDVHV WKH FULWLFDO
VWUHVV ZDV ILUVW DWWDLQHG LQ D UHJLRQ FORVH WR RQH RI WKH DGKHUHQG�DGKHVLYH LQWHUIDFHV
GXH WR PDWHULDOV PRGXOXV PLVPDWFK UDWLR� DV LW LV H[SODLQHG LQ D ODWHU VWDJH� 0RUH�
RYHU� WKHVH UHVXOWV DOVR VKRZ WKDW WKH VXUIDFH SUH�WUHDWPHQWV ZHUH VXLWDEOH DQG OHG
WR JRRG DGKHVLRQ DW WKH LQWHUIDFHV� ZLWKRXW LQWHUIHULQJ ZLWK WKH RYHUDOO SHUIRUPDQFH
RI WKH MRLQWV� L�H QR DGKHVLYH IDLOXUH RFFXUUHG�

������ 'HIOHFWLRQ LQ ERQGHG UHJLRQ

7R HYDOXDWH WKH DSSOLFDELOLW\ RI <DPDGD
V PRGHO DQG WR IXUWKHU YDOLGDWH WKH )(
PRGHOV� WKH H[SHULPHQWDO GHIOHFWLRQ FXUYHV LQ WKH ERQGHG UHJLRQ DUH FRPSDUHG

ZLWK WKH DQDO\WLFDO DQG QXPHULFDO UHVXOWV� 7KH H[SHULPHQWDO UHVXOWV DUH REWDLQHG
E\ WKH ',& WHFKQLTXH ZLWK SLFWXUHV WDNHQ IURP WKH UHJLRQ FORVH WR WKH DGKHUHQG�
DGKHVLYH LQWHUIDFHV� )LJV� ���� DQG ���� VKRZ FXUYHV UHSUHVHQWDWLYH IRU WKH VWHHO�
VWHHO VSHFLPHQV ZLWK ́ൠ  � DQG ��� PP� UHVSHFWLYHO\� )LJV� ���� DQG ���� VKRZ
WKH GHIOHFWLRQ FXUYHV UHSUHVHQWDWLYH IRU WKH *)53�*)53 DQG VWHHO�*)53 VSHFLPHQV
ZLWK ́ൠ  ��� DQG ��� PP� UHVSHFWLYHO\� FRUUHVSRQGLQJ WR WKH WZR GLIIHUHQW VWDJHV
RI ORDGLQJ� WKH OLQHDU HODVWLF UHJLRQ� DQG DW WKH PRPHQW RI IUDFWXUH RQVHW� L�H� DW
WKH PD[LPXP ORDG� %RWK SODQH�VWUHVV DQG SODQH�VWUDLQ FRQGLWLRQV DUH FRQVLGHUHG LQ
WKH DQDO\WLFDO PRGHO �(TV� ��� DQG ����� ZKLOH WKH QXPHULFDO UHVXOWV DUH WDNHQ IURP
ERWK WKH VLGH DQG WKH FHQWUH �േ  q ���� PP DQG േ  � PP� UHVSHFWLYHO\� RI WKH
PRGHO DW WKH DGKHUHQG�DGKHVLYH LQWHUIDFHV� 7KH FXUYHV DUH VKLIWHG IURP ൶ ൪Sࢿ  WR
൶  � IRU YLVXDOL]DWLRQ SXUSRVH�
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)LJXUH ����� 'HIOHFWLRQ LQ ERQGHG UHJLRQ RI
VWHHO�VWHHO MRLQW� ጂፚ ዆ ��� PP�

7KH DJUHHPHQW EHWZHHQ GLIIHUHQW DSSURDFKHV LV YHU\ HQFRXUDJLQJ� VSHFLDOO\ WKDW
QR SDUDPHWHU ILWWLQJ RU DGMXVWPHQW ZDV SHUIRUPHG DQG HQWLUH PRGHOV UHO\ RQ SURS�
HUWLHV PHDVXUHG WKURXJK HLWKHU WHQVLOH RU IOH[XUDO WHVWLQJ RI FRQVWLWXHQWV� %HVLGHV�
ERWK WKH DQDO\WLFDO DQG WKH )( PRGHOV DUH EDVHG RQ D VLQJOH YDOXH RI WKH FUDFN
OHQJWK� ZKLFK FDQQRW EH WUHDWHG DV XQLTXH GXH WR WKH FUDFN IURQW FXUYDWXUH >��ঀ��@
HVWDEOLVKHG DW WKH IUDFWXUH RQVHW� ([FHOOHQW DJUHHPHQW LV REVHUYHG EHWZHHQ WKH
H[SHULPHQWDO ',& DQG WKH )( UHVXOWV RQFH FRPSDULQJ GHIOHFWLRQ DV HYDOXDWHG DW WKH
VSHFLPHQ VLGH� $W WKH VDPH WLPH� D YHU\ JRRG DJUHHPHQW H[LVWV EHWZHHQ WKH )(
UHVXOWV IRU GHIOHFWLRQ DORQJ WKH VSHFLPHQ FHQWUH�OLQH DQG WKH DQDO\WLFDO PRGHO� 7KH
DQDO\WLFDO UHVXOWV FRQVLGHULQJ SODQH�VWUHVV FRQGLWLRQV DUH KLJKHU WKDQ ZKHQ FRQVLG�
HULQJ SODQH�VWUDLQ FRQGLWLRQV� ,Q WKH SODQH�VWUHVV FDVH� LQ JHQHUDO� WKH DGKHVLYH
ERQG�OLQH DSSHDUV WRR ঈVRIWউ� 3OHDVH QRWH WKDW WKH SODQH�VWUDLQ DQG SODQH�VWUHVV
FRQGLWLRQV DUH RQO\ DSSOLHG WR WKH DGKHVLYH� (IIHFWV� VXFK DV DQWLFODVWLF FXUYDWXUH
RI WKH DGKHUHQGV� DUH QRW LQFOXGHG LQ WKH DQDO\WLFDO PRGHO�
2QH FDQ REVHUYH WKDW WKH DQDO\WLFDO PRGHO VWD\V LQ EHWWHU DJUHHPHQW ZLWK WKH H[�
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SHULPHQWDO GHIOHFWLRQ LQ ERQGHG UHJLRQ IRU VPDOOHU YDOXHV RI ́ൠ �)LJ� ������ ,Q IDFW�
WKH DQDO\WLFDO PRGHO GRHV QRW FRQVLGHU ́ൠ �L�H� LW GRHV QRW WDNH LQWR DFFRXQW WKH
IDFW WKDW ́ൠ LV LQVLGH WKH WKLFN ERQG�OLQH� DQG ORFDO HIIHFWV GXH WR ́ൠ� DQG WKXV�
LQ JHQHUDO� WKH FUDFN IURQW VWUHVV VLQJXODULWLHV FDQQRW EH FDSWXUHG� 7KHUHIRUH� WKH
FDVH RI ́ൠ  � FRUUHVSRQGV WR WKH ঈIRXQGDWLRQউ UHSUHVHQWDWLRQ� +HUH� KRZHYHU� RQH
QHHG WR DFNQRZOHGJH� WKDW VXFK HIIHFWV VKRXOG EH OLPLWHG GXH WR WKH GHYHORSPHQW
RI WKH SODVWLF ]RQH DW WKH FUDFN WLS�
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�E� )UDFWXUH RQVHW PRPHQW�

)LJXUH ����� 'HIOHFWLRQ LQ ERQGHG UHJLRQ RI
*)53�*)53 MRLQW� ጂፚ ዆ ��� PP�
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���� 'LVFXVVLRQ
������ )UDFWXUH RQVHW
7KH UROH RI DGKHUHQG�DGKHVLYH PRGXOXV PLVPDWFK

,Q DQ DGKHVLYH MRLQW ZLWK GLVVLPLODU DGKHUHQGV� LQ WKH FDVH RI QHDU�LQWHUIDFH IUDF�WXUH RQVHW� WKH DGKHUHQGV�DGKHVLYH PRGXOXV PLVPDWFKHV GLFWDWH WKH SRLQW RI
IUDFWXUH LQLWLDWLRQ� L�H� WKH IUDFWXUH RQVHW ORFXV LV GHWHUPLQHG E\ WKH KLJKHVW DGKHUHQG�
DGKHVLYH PRGXOXV PLVPDWFK >��� ��@�
$W WKH DGKHUHQG�DGKHVLYH HGJH� VLQJXODU VWUHVV LV SURGXFHG GXH WR PDWHULDO PLV�
PDWFK DQG WKH WKH WKUHVKROG YDOXH LV GHSHQGHQW XSRQ PDWHULDO DQG JHRPHWULFDO
SURSHUWLHV� DV VKRZQ E\ 'XQGXUV DQG %RJ\ >��� ��@� 7KH PDWHULDO PLVPDWFK LV
HYDOXDWHG IURP 'XQGXUV SDUDPHWHUV ࿳ DQG ࿴� ZKLFK DUH JLYHQ E\�

࿳  
ൌDGKHU�൩D � �� ࢿ ൌD�൩DGKHU � ��
ൌDGKHU�൩D � �� � ൌD�൩DGKHU � ��

� ������

࿴  
ൌDGKHU�൩D ࢿ �� ࢿ ൌD�൩DGKHU ࢿ ��
ൌDGKHU�൩D � �� � ൌD�൩DGKHU � ��

� ������

ZKHUH WKH VXEVFULSWV ঈDGKHUউ DQG ঈDউ UHIHU WR WKH PDWHULDOV IRU WKH DGKHUHQG DQG
DGKHVLYH� UHVSHFWLYHO\� ൌDGKHU DQG ൌD DUH WKH VKHDU PRGXOL� ൩።  � ࢿ �࿿። IRU SODQH
VWUDLQ DQG ൩።  �� ࢿ ࿿።���� � ࿿።� IRU SODQH VWUHVV �࿿። DUH WKH 3RLVVRQ
V UDWLRV ZLWK
൧  DGKHU� D�� 7KH SDUDPHWHU ࿳ FDQ EH LQWHUSUHWHG DV D PHDVXUH RI WKH GLVVLPLODULW\
LQ VWLIIQHVV RI WKH WZR PDWHULDOV� 7KH DGKHUHQG PDWHULDO LV ULJLG UHODWLYH WR WKH
DGKHVLYH DV ࿳ ! � DQG FRPSOLDQW DV ࿳ � �� 7KH SDUDPHWHU ࿴� DV ZLOO EH FOHDU VRRQ�
LV UHVSRQVLEOH IRU WKH QHDU�FUDFN WLS RVFLOODWRU\ EHKDYLRU DW WKH EL�PDWHULDO LQWHUIDFH
>��@�
7KHUH KDYH EHHQ D ORW RI VWXGLHV RQ WKH FKDUDFWHULVDWLRQ RI WKH VWUHVVHV DW WKH
DGKHUHQG�DGKHVLYH FRUQHUV RI YDULRXV MRLQW JHRPHWULHV >��ঀ��@� :LWKLQ WKH IUDPH�
ZRUN RI OLQHDU HODVWLFLW\� WKH DV\PSWRWLF VWUHVV FRPSRQHQW QRUPDO WR WKH WKH EL�
PDWHULDO FRUQHU RI PDQ\ DGKHVLYH MRLQWV LV RI WKH IRUP�

စ፲፲�LQWHUIDFLDO  ൐൰᎐ዅኻ �൰ ࠿ ��� ������

ZKHUH ൰ LV WKH UDGLDO GLVWDQFH IURP WKH FRUQHU� ൐ LV WKH LQWHUIDFH FRUQHU VWUHVV
LQWHQVLW\ IDFWRU DQG WKH ࿵ ࢿ � LV WKH RUGHU RI WKH VLQJXODULW\� %RWK ൐ DQG ࿵ GHSHQG
RQ JHRPHWULF DQG PDWHULDO SURSHUWLHV RI WKH MRLQW� $Q LQFUHDVH RI WKH VLQJXODU VWUHVV
LV H[SHFWHG ZLWK D ODUJH PLVPDWFK EHWZHHQ WKH WZR PDWHULDOV >��� ��@� 'HSHQGLQJ
RQ MRLQW FRQILJXUDWLRQ� ࿵ FDQ EH UHDO RU FRPSOH[� )RU WKH SUREOHP RI D FUDFN DW WKH
LQWHUIDFH EHWZHHQ WZR GLVVLPLODU KRPRJHQHRXV PDWHULDOV� ࿵  ��� � ൧ဍ >��� ��@�
UHVXOWLQJ LQ�

စ፲፲�LQWHUIDFLDO ��൐൰ዅኻ�ኼዄ።Ꭸ�ࠄ  ������

ဍ  
�
�ဂ

OQᗛ
� ࢿ ࿴
� � ࿴

ᗜ � ������
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3OHDVH QRWH WKDW (TV� ���� DQG ���� DUH EURXJKW KHUH WR RQO\ LOOXVWUDWH KRZ WKH
VWUHVV ILHOG LV DIIHFWHG E\ WKH PDWHULDOV PLVPDWFK DW EL�PDWHULDO LQWHUIDFHV �SDUDP�
HWHU ဍ GHILQHG LQ (T� ������
,Q WKH VSHFLDO FDVH RI ࿴  �� WKH DV\PSWRWLF VWUHVV FRPSRQHQW QRUPDO WR WKH FUDFN
WLS KDV H[DFWO\ WKH VDPH IRUP DV WKDW IRU KRPRJHQHRXV PDWHULDOV� L�H��

စ፲፲�KRPRJHQHRXV  ൐൰ዅኻ�ኼ� ������

$OWKRXJK H[SHULPHQWDO HYLGHQFH FRUURERUDWHV WKH HIIHFW RI WKH PRGXOXV PLVPDWFK�
DV UHSRUWHG LQ &KDSWHU �� )( DQDO\VLV ZDV FDUULHG RXW WR IXUWKHU LQYHVWLJDWH WKLV
HIIHFW� 7KUHH DGKHVLYH MRLQWV ZHUH PRGHOOHG� VWHHO�VWHHO� *)53�*)53 DQG VWHHO�
*)53 ZLWK DGKHVLYH ERQG�OLQH RI �� PP� )RU FRPSDULVRQ� WZR LPSRUWDQW IHDWXUHV
ZHUH NHSW WKH VDPH LQ DOO PRGHOV� L�H� QR SUH�FUDFN LQ WKH DGKHVLYH OD\HU �́ൠ  �
PP� DQG VDPH DSSOLHG ORDG �ൕF RI UHSUHVHQWDWLYH VWHHO�VWHHO MRLQW ZLWK ́ൠ  � PP�
FRKHVLYH FORVH WR LQWHUIDFH IUDFWXUH RQVHW��
7KH VWUDLQ ࿷፲፲ FRQWRXUV RI WKH WKUHH PRGHOV DUH VKRZQ LQ )LJ� ����� 7KH DGKHVLYH
MRLQWV ZLWK WZR HTXDO DGKHUHQGV VKRZ V\PPHWULF VWUDLQ GLVWULEXWLRQ� KDYLQJ WKH
KLJKHVW VWUDLQ YDOXHV DW WKH FRUQHUV DV VKRZQ LQ )LJV� �����D� DQG �����E�� +RZHYHU�
LQ WKH FDVH RI GLVVLPLODU DGKHUHQGV� WKH VWUDLQ GLVWULEXWLRQ LV QRW V\PPHWULF DQG
WKH KLJKHVW VWUDLQ YDOXHV DUH IRXQG LQ WKH UHJLRQ FORVH WR WKH DGKHUHQG�DGKHVLYH
LQWHUIDFH ZLWK WKH KLJKHU PRGXOXV PLVPDWFK� L�H� VWHHO�DGKHVLYH LQWHUIDFH DV FDQ
EHHQ VHHQ LQ )LJ� �����F�� ,Q IDFW� WKH VWHHO�DGKHVLYH PRGXOXV UDWLR LV ���� ZKLOH D
UDWLR RI DSSUR[LPDWHO\ � LV REWDLQHG ZKHQ FRQVLGHULQJ WKH *)53 DGKHUHQG�
7KH 'XQGXUV SDUDPHWHUV IRU HDFK DGKHUHQG�DGKHVLYH SDLU DUH OLVWHG LQ 7DEOH ����
'XH WR WKH DGKHVLYH ERQG�OLQH WKLFNQHVV� WKH MRLQW UHVSRQVH WR H[WHUQDO ORDGLQJ LV
GRPLQDWHG E\ WKH DGKHVLYH DQG� WKXV� WKH DGKHVLYH SOD\V D PDMRU UROH LQ WKH IUDFWXUH
RQVHW SURFHVV� 7KHUHIRUH� SODQH�VWUDLQ FRQGLWLRQV DUH FRQVLGHUHG� 7KH SRVLWLYH ࿳
YDOXHV VKRZ WKDW ERWK DGKHUHQGV DUH VWLIIHU WKDQ WKH DGKHVLYH� $V W\SLFDOO\� ࿴
LV DSSUR[LPDWHO\ ࿳��� $V DIRUHPHQWLRQHG� DQ LQFUHDVH RI WKH VLQJXODU VWUHVV LV
H[SHFWHG ZLWK D ODUJH PLVPDWFK EHWZHHQ WKH WZR PDWHULDOV >��� ��@� 7KHUHIRUH�
WKH VWHHO�HSR[\ LQWHUIDFH LV PRUH SURQH WR IDLOXUH XQGHU FRQGLWLRQ WKDW ́ൠ  �� DV
ERWK 'XQGXUV SDUDPHWHUV DUH KLJKHU IRU WKLV SDLU RI PDWHULDOV� 7KLV LV FRUURERUDWHG
E\ WKH UHVXOWV LQ )LJ� �����F� DQG E\ H[SHULPHQWDO HYLGHQFH� ,Q WKH VWHHO�*)53
DGKHVLYH MRLQWV� IRU WKH FDVHV RI FRKHVLYH FORVH WR LQWHUIDFH IUDFWXUH RQVHW� WKH
ORFXV RI IDLOXUH ZDV DOZD\V QHDUE\ WKH VWHHO�DGKHVLYH LQWHUIDFH� 0RUH RQ WKDW ODWHU
LQ VXE�VHFWLRQ ������

7DEOH ���� 'XQGXUV SDUDPHWHUV IRU GLIIHUHQW PDWHULDO FRPELQDWLRQV XQGHU SODQH�VWUDLQ FRQGLWLRQV�

$GKHUHQG�$GKHVLYH ൌDGKHU �03D� ൌD �03D� ࿿DGKHU ��� ࿿D ��� ࿳ ��� ࿴ ���
6WHHO�(SR[\ ����� ��� ����� ���� ���� ����
*)53�(SR[\ ���� ��� ����� ���� ���� ����
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�F� 6WHHO�*)53 DGKHVLYH MRLQW�

)LJXUH ����� (YROXWLRQ RI VWUDLQ ILHOG� ᎒፲፲� IRU GLIIHUHQW DGKHVLYH MRLQW FRQILJXUDWLRQV DQG FRUUHVSRQGLQJ
DGKHUHQGV�DGKHVLYH PRGXOXV PLVPDWFKHV� 1R SUH�FUDFN LV PRGHOOHG� ጂፚ ዆ � PP� DQG VDPH ORDG LV

DSSOLHG LQ DOO PRGHOV� 7KH UHVXOWV DUH WDNHQ DORQJ WKH PLG�ZLGWK RI WKH PRGHO �ፁ ዆ � PP��
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7KH UROH RI SUH�FUDFN OHQJWK� ́ൠ� FUDFN WLS VLQJXODULW\� GLIIXVLRQ OLQHV DQG
FRUQHU VLQJXODULWLHV
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)LJXUH ����� 6WUDLQ� ᎒፲፲� FRQWRXU DW IUDFWXUH
RQVHW PRPHQW IRU WKUHH GLIIHUHQW VSHFLPHQV�
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$V H[SODLQHG LQ VXE�VHFWLRQ ������ D SUH�FUDFN RI OHQJWK ́ൠ LV FUHDWHG GXULQJ WKH
ERQGLQJ SURFHGXUH DW WKH PLG�WKLFNQHVV RI WKH DGKHVLYH ERQG�OLQH LQ DOO VSHF�

LPHQV� 7KH WRWDO FUDFN OHQJWK LV HTXDO WR ൠWRWDO DQG LW LV GHILQHG DV WKH VWUDLJKW
DQG KRUL]RQWDO OLQH GLVWDQFH EHWZHHQ WKH ൕ ORDG OLQH DQG WKH SUH�FUDFN WLS� DV LO�
OXVWUDWHG LQ )LJ� ���� 7KH IUDFWXUH RQVHW LV GRPLQDWHG E\ WKH VLQJXODU VWUHVV ILHOG
DURXQG WKH H[LVWLQJ SUH�FUDFN WLS XS WR D FHUWDLQ ERQG�OLQH WKLFNQHVV� )RU KLJKHU
ERQG�OLQH WKLFNQHVVHV� JHRPHWULF GLVFRQWLQXLWLHV� VXFK DV FRUQHUV� DQG PDWHULDO GLV�
FRQWLQXLWLHV� VXFK DV DGKHUHQG�DGKHVLYH LQWHUIDFHV� FUHDWH ORFDO VLQJXODULWLHV ZKHUH
WKH WKUHVKROG VWUHVV LV DWWDLQHG ILUVW� 7R RYHUFRPH WKLV VLWXDWLRQ� D FULWLFDO SUH�FUDFN
OHQJWK PXVW EH GHILQHG� ́ൠFULW��
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)LJXUH ����� (YROXWLRQ RI VWUDLQ ILHOG� ᎒፲፲� LQ VWHHO�VWHHO MRLQW ZLWK LQFUHDVLQJ ጂፚ� 7KH UHVXOWV DUH WDNHQ
DORQJ WKH PLG�ZLGWK RI WKH PRGHO �ፁ ዆ � PP��
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)LJXUH ����� &RQWLQXDWLRQ��� (YROXWLRQ RI VWUDLQ ILHOG� ᎒፲፲� LQ VWHHO�VWHHO MRLQW ZLWK LQFUHDVLQJ ጂፚ� 7KH
UHVXOWV DUH WDNHQ DORQJ WKH PLG�ZLGWK RI WKH PRGHO �ፁ ዆ � PP��

$V SRVWXODWHG E\ *ULIILWK >�@� ZKHQ D FUDFN KDV JURZQ LQWR D KRPRJHQHRXV VROLG
WR D VSHFLILF GHSWK� D UHJLRQ RI PDWHULDO DGMDFHQW WR WKH IUHH VXUIDFHV LV XQORDGHG�
7KH FULWHULRQ WR GHILQH ́ൠ VKRXOG EH VLPLODU WR *ULIILWKঅV GLIIXVLRQ OLQH DSSURDFK�
L�H� ́ൠ PXVW EH VXIILFLHQWO\ ODUJH VR WKH FRUQHUV QHDU WKH LQWHUIDFHV DUH XQORDGHG�
DV LOOXVWUDWHG LQ )LJ� ��� E\ WKH UHG GLIIXVLRQ OLQHV� ,Q RWKHU ZRUGV� ́ൠ PXVW EH
VXIILFLHQWO\ ODUJH VR WKH VWUHVV WKUHVKROG LV ILUVW DWWDLQHG DW WKH FUDFN WLS WKDQ DW WKH
FRUQHUV� ,Q WKH LQILQLWH SODWH ZLWK D FUDFN� WKH XQORDGHG UHJLRQ LV DSSUR[LPDWHG E\
DQ WULDQJOH ZLWK WKH EDVH OHQJWK FRUUHVSRQGLQJ WR ́ൠ DQG D KHLJKW RI �ဂ́ൠ >�@� 7KLV�
IRU WKH SUREOHP DW KDQG� ZRXOG LPSO\ WKDW DV ORQJ DV WKH DGKHVLYH WKLFNQHVV IXOILO
WKH FULWHULRQ �൲ፚ ౦ ����ဂ́ൠ�� WKH FRUQHUV DUH XQORDGHG DQG WKH FUDFN FDQ RQO\ RQVHW
IURP WKH FUDFN WLS� ,W LV FOHDU WKDW WKH FULWLFDO OHQJWK ́ൠ GHSHQGV RQ WKH ERQG�OLQH
WKLFNQHVV�
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7KHUHIRUH� WKH HIIHFW RI WKH OHQJWK RI ́ൠ RQ WKH IUDFWXUH RQVHW ORFXV ZDV H[SHULPHQ�
WDOO\ LQYHVWLJDWHG� 7ZR W\SHV RI ERQGHG MRLQWV ZLWK �� PP WKLFN DGKHVLYH ERQG�OLQH
ZHUH VWXGLHG� �� VLQJOH�PDWHULDO� VWHHO�VWHHO DQG *)53�*)53� �� EL�PDWHULDO� VWHHO�
*)53� )LJ� ���� VKRZV WKUHH H[DPSOHV RI VSHFLPHQV ZLWK GLIIHUHQW ́ൠ OHQJWKV DQG
WKH FRUUHVSRQGLQJ VWUDLQ� ࿷፲፲� FRQWRXUV DW IUDFWXUH RQVHW DUH VKRZQ LQ )LJ� �����
5HJDUGOHVV RI WKH MRLQW W\SH� WKH VWUDLQ FRQWRXU GLVWULEXWLRQ GHPRQVWUDWHV FOHDUO\
D FKDQJH LQ WKH ORFDWLRQ RI WKH UHJLRQ ZLWK KLJK VWUDLQ YDOXHV� LQGLFDWHG ZLWK UHG
FRORXU� DV WKH OHQJWK RI ́ൠ LV LQFUHDVHG� )RU D VPDOO ́ൠ RI DSSUR[LPDWHO\ � PP �)LJ�
�����D��� WKH VWUDLQ FRQWRXU VKRZV D UHG UHJLRQ WKDW H[SDQGV DOO RYHU WKH ERQG�OLQH
WKLFNQHVV XS WR WKH DGKHUHQG�DGKHVLYH LQWHUIDFHV� UHVXOWLQJ LQ IUDFWXUH RQVHW FORVH
WR RQH RI WKH DGKHUHQG�DGKHVLYH LQWHUIDFHV� +RZHYHU� IRU ORQJHU ́ൠ
V �)LJV� �����E�
DQG �����F��� WKH KLJKHVW VWUDLQV DUH FRQFHQWUDWHG DURXQG WKH SUH�FUDFN WLS� OHDGLQJ
WR FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW� 7KHVH UHVXOWV VWURQJO\ VXSSRUW
́ൠ DV D OHQJWK WKDW GHWHUPLQH WKH SRLQW RI IUDFWXUH RQVHW�
,Q RUGHU WR EHWWHU VKRZ WKH VWUDLQ FRQWRXU HYROXWLRQ IRU LQFUHDVLQJ YDOXHV RI ́ൠ�
QXPHULFDO VLPXODWLRQV ZHUH UDQ� 7KH ORDG FRUUHVSRQGHQW WR IUDFWXUH RQVHW PRPHQW
RI D UHSUHVHQWDWLYH VWHHO�VWHHO DGKHVLYH MRLQW ZLWK ́ൠ  ��� PP ZDV DSSOLHG RQ )(
PRGHOV ZLWK YDU\LQJ ́ൠ OHQJWK IURP � XS WR � PP� 7KH UHVXOWV DUH VKRZQ LQ )LJV�
���� DQG ����� DQG ZHUH WDNHQ DW WKH PLG�ZLGWK RI WKH VSHFLPHQ �േq � PP�� 2QH
VKRXOG REVHUYH WKDW WKH QXPHULFDO DQG H[SHULPHQWDO VWUDLQ FRQWRXUV VKRXOG RQO\ EH
FRPSDUHG TXDOLWDWLYHO\� ,Q IDFW� WKH )( PRGHO UHSUHVHQWV VKDUS EL�PDWHULDO FRUQHUV
DQG SUH�FUDFN WLS XQOLNH WKH H[SHULPHQWV� LQ ZKLFK ILQLWH UDGLL H[LVW DW WKRVH UHJLRQV�
)RU ́ൠ  � PP� RQH FDQ REVHUYH D VLQJXODULW\ DW WKH FRUQHUV RI WKH ERQG�OLQH LQ
)LJ� �����D�� %\ LQFUHDVLQJ ́ൠ IURP � XS WR � PP� RQH FDQ REVHUYH D FKDQJH LQ
WKH ORFDWLRQ RI WKH VLQJXODULW\� L�H� WKH KLJKHU YDOXHV RI WKH VWUDLQ DUH IRXQG LQ WKH
SUH�FUDFN WLS UHJLRQ DV VKRZQ LQ )LJV� �����E�� �����D� DQG �����E�� 0RUHRYHU� DQ
LQFUHDVH RI ́ൠ OHDGV WR ODUJHU XQORDGHG DUHDV� LQGLFDWHG E\ WKH GDUN EOXH FRORXU LQ
WKH FUDFNHG DGKHVLYH UHJLRQ� +RZHYHU� WKH FRUQHUV GR QRW QHHG WR EH FRPSOHWHO\
XQORDGHG WR KDYH FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW� DV VKRZQ LQ )LJ�
�����D� ZKHUH ́ൠH[SHU� LV FRQVLGHUHG DQG KDV UHVXOWHG LQ FRKHVLYH DGKHVLYH PLG�
WKLFNQHVV IUDFWXUH LQ WKH H[SHULPHQWDO WHVWV� )RU FRKHVLYH DGKHVLYH PLG�WKLFNQHVV
IUDFWXUH RQVHW� WKH VWUHVV WKUHVKROG PXVW EH ILUVW DWWDLQHG DW WKH SUH�FUDFN WLS UHJLRQ
UDWKHU WKDQ DW WKH EL�PDWHULDO FRUQHUV�
)URP WKH SURSRVHG HODVWLF�SODVWLF PRGHO� WZR OHQJWK VFDOHV DUH LGHQWLILHG� 7KH ILUVW
RQH� ൪S� LQ VRPH FDVHV FDQ EH LQWHUSUHWHG DV FUDFN WLS SODVWLF UDGLXV� WKXV� VROHO\
DVVRFLDWHG ZLWK WKH PDWHULDO SURSHUWLHV� LQFOXGLQJ \LHOG VWUHVV DQG FULWLFDO IUDFWXUH
HQHUJ\ RI WKH DGKHVLYH PDWHULDO >�@� +RZHYHU� WKH SURFHVV ]RQH FDQ IXUWKHU H[WHQG
DERYH WKH SODVWLF UDGLXV GHSHQGLQJ RQ WKH VHFRQG OHQJWK VFDOH� 7KH VHFRQG FKDU�
DFWHULVWLF GLPHQVLRQ� DVVRFLDWLQJ GLVWULEXWLRQ RI WKH VWUHVV ILHOG DORQJ WKH MRLQW ZLWK
RYHUDOO MRLQW JHRPHWU\ DQG PDWHULDO SURSHUWLHV� HPHUJHV DV ࿽ዅኻ� 7KH SDUDPHWHU
࿽ዅኻ LV WKH FKDUDFWHULVWLF OHQJWK GHILQHG WR VROYH WKH GLIIHUHQWLDO HTXDWLRQ RI D EHDP
VXSSRUWHG E\ DQ HODVWLF PHGLXP� 7KLV SDUDPHWHU LV IXQFWLRQ RI WKH JHRPHWU\ DQG
PHFKDQLFDO SURSHUWLHV RI WKH DGKHVLYH ERQG�OLQH DQG DGKHUHQGV >��@� DV JLYHQ E\
(T� ����� ,PSRUWDQWO\� LW LV D SDUDPHWHU WKDW LV PHDVXUDEOH DQG FRUUHVSRQGV WR
WKH GLVWDQFH RYHU ZKLFK စ፲፲ ऒ �� :H SRVWXODWH H[LVWHQFH RI WZR QRQ�GLPHQVLRQDO
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��� �� &UDFN RQVHW DQG SDWK VWDELOLW\ LQ ȇH[WUD�WKLFNȈ DGKHVLYH MRLQWV

SDUDPHWHUV ZKLFK FDQ EH XVHG WR FUDIW DQ DGKHVLYH MRLQW IDLOXUH PDS�

঎ &DVH ��
፫S
፭D
! � DQG ́ൠ  � � WKH SODVWLF UHJLRQV EXLOGV XS WKURXJK WKH HQWLUH

ERQG�OLQH WKLFNQHVV DQG WKH MRLQW ZLOO PRVW OLNHO\ IDLO LQ FRKHVLYH PDQQHU�

঎ &DVH ��
፫S
፭D
! � DQG ́ൠ ! � � WKH MRLQW ZLOO PRVW OLNHO\ IDLO LQ FRKHVLYH PDQQHU�

঎ &DVH ��
፫S
፭D
� � DQG ́ൠ  � � WKH MRLQW ZLOO IDLO DW RU FORVH WKH LQWHUIDFH ZLWK

WKH KLJKHVW PDWHULDO PLVPDWFK�

঎ &DVH ��
፫S
፭D
� � DQG ́ൠ ! � WKHQ DQRWKHU SDUDPHWHU QHHGV WR EH WDNHQ LQWR

DFFRXQW � ᎘ዅኻ

ጂፚ
� 7KLV SDUDPHWHU FDQ EH WUHDWHG DV D PRUH JHQHUDO FDVH RI

*ULIILWK
V GLIIXVLRQ OLQH DSSURDFK� ZKLFK VKRXOG HQDEOH FDSWXULQJ HIIHFWV RI
ERQG�OLQH FRQILQHPHQW >��@� ,Q VSHFLILF� IRU WKH SODWH PDGH IURP D VLQJOH
PDWHULDO ࿽ዅኻ ࠿ ࣋ DQG WKH ᎘ዅኻ

ጂፚ
࠿ ࣋� LPSO\LQJ WKDW WKH VWUHVV LV DSSOLHG WR WKH

VSHFLPHQ UHPRWHO\� L�H� စ፲፲  စጼ፲፲ DQG WKH RULJLQDO GLIIXVLRQ OLQHV DUJXPHQW
DSSOLHV� ,Q DQ DGKHVLYH MRLQW� VRPH WUDQVLWLRQ ́ൠ� GHILQHG DV ́ൠFULW�� PXVW
H[LVW DW ZKLFK WKH IDLOXUH ZLOO FKDQJH IURP LQWHUIDFLDO �VLQJXODU ILHOG DW WKH
FRUQHU�HGJH� WR FRKHVLYH �VLQJXODU VWUHVV ILHOG DW WKH SUH�FUDFN WLS�� SRVVLEO\
UHVXOWLQJ LQ GLIIXVLRQ OLQHV DV LOOXVWUDWHG LQ )LJ� ����

$OO H[SHULPHQWV FDUULHG RXW LQ WKLV VWXG\ FRUUHVSRQG WR FDVH �� $Q HVWLPDWLRQ RI �൰S ࣵ
� PP XQGHU SODQH�VWUDLQ FRQGLWLRQV LV UHSRUWHG LQ &KDSWHU �� 7KHUHIRUH� ൰S � ൲D�
%HVLGHV� LQ DOO MRLQWV ZDV FUHDWHG D SUH�FUDFN DW WKH PLG�WKLFNQHVV RI WKH DGKHVLYH
ERQG�OLQH GXULQJ WKH PDQXIDFWXULQJ SURFHGXUH� L�H� ́ൠ ! �� )URP WKH H[SHULPHQWDO
UHVXOWV� LW ZDV IRXQG RXW WKDW� WKDW UHJDUGOHVV RI WKH MRLQW W\SH� D UDWLR RI ᎘ዅኻ

ጂፚFULW�
౥

� OHDGV WR FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW� FRQVLGHULQJ ERWK SODQH�
VWUDLQ DQG SODQH�VWUHVV FRQGLWLRQV� 7DEOH ��� VXPPDUL]HV WKH H[SHULPHQWDO ́ൠ
V
FRQVLGHUHG IRU DOO MRLQW W\SHV DV ZHOO DV WKH UDWLR ᎘ዅኻ

ጂፚ
DQG FRUUHVSRQGLQJ IDLOXUH

W\SH DW IUDFWXUH RQVHW� 7KH HPSLULFDO UHODWLRQ IRU FRKHVLYH DGKHVLYH PLG�WKLFNQHVV
IUDFWXUH RQVHW FDQ DOVR EH H[SUHVVHG DV ��ൊDേ�ൊI፱ൎ���́ൠFULW��ኾ ౦ �൲D� VR WKDW IRU
D JLYHQ PDWHULDO PLVPDWFK �́ൠFULW��߶DGKHU�ኾ ࣩ �൲D�߶DGKHU� LV WKH VFDOLQJ UHODWLRQ IRU
WUDQVLWLRQ LQWR FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW�

������ &UDFN SDWK VHOHFWLRQ

7KH LVVXH RI FUDFN SDWK VHOHFWLRQ DQG VWDELOLW\ GHSHQGV XSRQ ORFDO� FUDFN WLS ORDG�
LQJ DQG FDQ EH DGGUHVVHG LQ WHUPV RI WKH DV\PSWRWLF VWUHVV ILHOG DURXQG WKH

FUDFN WLS >��� ��� ��@� /HW �൰�࿺� EH SRODU FRRUGLQDWHV FHQWUHG DW WKH FUDFN WLS RI D
FUDFN LQ D KRPRJHQHRXV PDWHULDO� 7KH VWUHVVHV DKHDG RI WKH FUDFN WLS �࿺  �� DUH
JLYHQ E\�

ᗝစ፱፱ စ፱፲
စ፱፲ စ፲፲
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൐,
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���

7DEOH ���� (PSLULFDO UHODWLRQ EHWZHHQ ᎘ዅኻ DQG ጂፚ XQGHU SODQH�VWUDLQ FRQGLWLRQV�

-RLQW W\SH ൲D �PP� ́ൠ �PP� ᎘ዅኻVWHHO
ጂፚ

���
᎘ዅኻ*)53
ጂፚ

��� )UDFWXUH RQVHW

6WHHO�VWHHO

��� ��� ����

�

&RKHVLYH FORVH
WR LQWHUIDFH

��� ��� ���
&RKHVLYH FORVH
WR LQWHUIDFH

��� ��� ���
&RKHVLYH DGKHVLYH
PLG�WKLFNQHVV

*)53�*)53

��� ���

�

����
&RKHVLYH FORVH
WR LQWHUIDFH

��� ��� ���
&RKHVLYH DGKHVLYH
PLG�WKLFNQHVV

��� ��� ���
&RKHVLYH DGKHVLYH
PLG�WKLFNQHVV

6WHHO�*)53

��� ��� ���� ����
&RKHVLYH FORVH
WR LQWHUIDFH

��� ��� ��� ���
&RKHVLYH DGKHVLYH
PLG�WKLFNQHVV

��� ��� ��� ���
&RKHVLYH DGKHVLYH
PLG�WKLFNQHVV

ZKHUH ൐, DQG ൐,, DUH WKH VWUHVV LQWHQVLW\ IDFWRUV RI RSHQLQJ DQG VKHDU PRGHV� UH�
VSHFWLYHO\� ൙ LV D VWUHVV DFWLQJ SDUDOOHO WR WKH FUDFN SODQH DQG ൔ�ࣇ൰� UHSUHVHQWV
KLJKHU RUGHU WHUPV� 3OHDVH QRWH WKDW (T� ���� LV EURXJKW KHUH WR VKRZ KRZ SK\V�
LFDOO\ WKH ൙�VWUHVV WHUP FRQWULEXWHV WR WKH VWUHVV ILHOG DKHDG RI WKH FUDFN WLS� 7KH
൙�VWUHVV LV GHWHUPLQHG LQ WKH IROORZLQJ VXE�VHFWLRQ�
$FFRUGLQJ WR &RWWHUHOO DQG 5LFH >��@� LI D VWUDLJKW FUDFN DGYDQFLQJ LQ D KRPRJHQHRXV
PDWHULDO ZLWK ൐,,  � LV SHUWXUEHG GXH WR VRPH PLFUR�KHWHURJHQHLW\� D SRVLWLYH ൙�
YDOXH GULYHV WKH FUDFN DZD\ IURP WKH VWUDLJKW WUDMHFWRU\ ZKLOH D QHJDWLYH ൙�YDOXH
GULYHV WKH FUDFN EDFN WR LQLWLDO WUDMHFWRU\� )OHFN HW DO� >��@ DQG &KHQ HW DO� >���
��� ��@ FRQFOXGHG WKDW� VLPLODUO\ WR WKH KRPRJHQHRXV PDWHULDOV� WKH PDJQLWXGH RI
൙�VWUHVV SOD\V DQ LPSRUWDQW UROH LQ WKH GLUHFWLRQDO VWDELOLW\ RI FUDFNV LQ DGKHVLYH
MRLQWV �VWDEOH FUDFNV JURZ LQ D VWUDLJKW� QRQ�ZDY\ PDQQHU�� 7KH ൙�VWUHVV GHFUHDVHV
ZLWK WKH WKLFNQHVV RI WKH DGKHVLYH� UHVXOWLQJ LQ KLJKHU SUREDELOLW\ RI VWDEOH FUDFN
SURSDJDWLRQ LI WKH WKLFNQHVV RI WKH DGKHVLYH OD\HU GHFUHDVHV� 2Q WKH RWKHU KDQG�
DV WKH DGKHUHQG WKLFNQHVV GHFUHDVHV� WKH ൙�VWUHVV LQFUHDVHV GXH WR WKH HIIHFW RI
DGKHUHQG EHQGLQJ� 0RUHRYHU� WKH ൙�VWUHVV DOVR GHSHQGV RQ WKH UHVLGXDO VWUHVV
RULJLQDWLQJ IURP MRLQW PDQXIDFWXULQJ� GXH WR WKH PLVPDWFK RI WKH FRHIILFLHQWV RI
WKHUPDO H[SDQVLRQ DQG VKULQNDJH�
)LJ� ���� VKRZV WKH UHSUHVHQWDWLYH FUDFN JURZWK SDWKV LQ FDVH RI FRKHVLYH DGKHVLYH
PLG�WKLFNQHVV IUDFWXUH RQVHW IRU WKH DGKHVLYH MRLQWV LQYHVWLJDWHG LQ WKLV VWXG\� 2QH
RI WKH IHDWXUHV� REVHUYHG E\ QDNHG H\H� RI FUDFN RQVHW DQG JURZWK LQ WKHVH MRLQWV
LV WKH GHIOHFWLRQ RI WKH FUDFN IURP WKH VWUDLJKW WUDMHFWRU\ DORQJ WKH FHQWUH RI WKH
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DGKHVLYH WKLFNQHVV� 7KH DGKHUHQGV FRQVWUDLQW HIIHFWV LQ WKLFN ERQG�OLQHV DUH UHOLHYHG
WR VRPH H[WHQW DQG� WKXV� WKH DGKHVLYH ERQG�OLQH LV QRW HQWLUHO\ FRQVWUDLQHG� ,Q WKH
DEVHQFH RI VWDELOL]LQJ IDFWRU RI FRPSUHVVLYH VWUHVVHV �ZKLFK DUH DW D ODUJH GLVWDQFH
IURP WKH FUDFN WLS� RI RUGHU ࿽ዅኻ� LI FRPSDUHG WR WKH DV\PSWRWLF ILHOG�� WKH FUDFN LV
IRXQG WR UDSLGO\ GHIOHFW RXW IURP WKH PLG�DGKHVLYH WKLFNQHVV� 7KHUHIRUH� SDUDPHWHUV
VXFK DV WKH ORFDO FUDFN WLS ORDGLQJ� ZKLFK PD\ QRW EH SUHGRPLQDQWO\ LQ PRGH ,� DQG
WKH ൙�VWUHVV FRQWURO WKH XQVWDEOH FUDFN JURZWK >��� ��� ��@� 7R EHWWHU XQGHUVWDQG
WKLV EHKDYLRXU� LQ WKH IROORZLQJ VXE�VHFWLRQ� WKH ൙�VWUHVV DW WKH FUDFN WLS LV DQDO\VHG
IRU WZR GLIIHUHQW ERQG�OLQH WKLFNQHVVHV FRQVLGHULQJ VWHHO�VWHHO MRLQWV� 0RUHRYHU� WKH
RYHUDOO VKDSH RI WKH FUDFN SDWK SHU MRLQW FRQILJXUDWLRQ LV GLVFXVVHG WKHUHDIWHU�
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�F� 6WHHO�*)53 MRLQW�

)LJXUH ����� ([DPSOHV RI FUDFN JURZWK SDWKV LQ DGKHVLYH MRLQWV ZLWK �� PP WKLFN DGKHVLYH ERQG�OLQH�

7KH UROH RI ൙�VWUHVV

7R TXDQWLI\ WKH ൙�VWUHVV LQ VWHHO�VWHHO '&% VSHFLPHQV ZLWK YDU\LQJ ERQG�OLQH
WKLFNQHVV �� DQG �� PP�� ILQLWH HOHPHQW DQDO\VLV ZDV FDUULHG RXW� %RWK WKH

DGKHVLYH DQG DGKHUHQGV ZHUH PRGHOOHG DV HODVWLF PDWHULDOV �൙�VWUHVV LV FDOFXODWHG
EDVHG RQ WKH ORDG OHYHO DQG OLQHDU HODVWLF PDWHULDO SURSHUWLHV�� 7KH RYHUDOO GHVFULS�
WLRQ RI WKH �'�PRGHOV DQG PDWHULDO SURSHUWLHV FDQ EH IRXQG LQ VXE�VHFWLRQV �����
DQG ������ UHVSHFWLYHO\� $V WKH ൙�VWUHVV GHSHQGV RQ WKH UHVLGXDO VWUHVV LQ WKH DGKH�
VLYH� D WKHUPDO JUDGLHQW UHSUHVHQWDWLYH RI WKH FRROLQJ SDUW RI WKH FXULQJ F\FOH �IURP
FXULQJ WHPSHUDWXUH� ��p&� WR ODERUDWRU\ WHPSHUDWXUH� ��p&� ZDV DOVR LQFOXGHG LQ WKH
PRGHOV� 7KH FRHIILFLHQWV RI WKHUPDO H[SDQVLRQ XVHG LQ WKH PRGHOV DUH OLVWHG LQ 7DEOH
���� 7KH FDOFXODWLRQ RI ൙�VWUHVV DORQJ WKH FUDFN IURQW LV FRQGXFWHG ZLWKLQ $%$486n
SURJUDP� )LYH FRQWRXUV ZHUH XVHG LQ WKH DQDO\VHV DV D JRRG LQGHSHQGHQFH RI WKH
൙�VWUHVV GLVWULEXWLRQ ZDV REWDLQHG� 7KHUHIRUH� RQO\ WKH ൙�VWUHVV GLVWULEXWLRQV WDNHQ
IURP WKH RXWHU FRQWRXU �FRQWRXU QXPEHU �� DUH VKRZQ�
)LJ� ���� VKRZV WKH UHVXOWV RI WKH ൙�VWUHVV GLVWULEXWLRQ DORQJ WKH FUDFN WLS IRU WZR
GLIIHUHQW ERQG�OLQH WKLFNQHVVHV� � DQG �� PP� 7KH ILUVW PRPHQW RI FUDFN JURZWK
YLVXDOO\ LGHQWLILHG GXULQJ WKH H[SHULPHQWDO WHVWV ZDV SLFNHG DV WKH ORDGLQJ FDVH ঀ
SRLQWV KLJKOLJKWHG LQ )LJV� �����D� DQG �����E�� $V VKRZQ LQ )LJ� �����F�� WKH ൙�
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7DEOH ���� &RHIILFLHQWV RI WKHUPDO H[SDQVLRQ �&7(��

0DWHULDO &7( �[��ዅ኿ p&ዅኻ� 5HIHUHQFH
6WHHO ���� >�@
$UDOGLWH ���� ��� 6XSSOLHU
V WHFKQLFDO GDWD�VKHHW
*)53 ���� �ORQJLWXGLQDO� >�@

���� �WUDQVYHUVH� >�@

VWUHVV LQFUHDVHV ZLWK LQFUHDVLQJ ERQG�OLQH WKLFNQHVV� 7KHVH UHVXOWV DUH LQ DJUHHPHQW
ZLWK WKH ILQGLQJV RI &KHQ HW DO� >��@� 7KHUHIRUH� LW VHHPV WKDW QRQ�VWUDLJKW FUDFN
SDWKV DUH PRUH OLNHO\ WR RFFXU LQ MRLQWV ZLWK D �� PP WKLFN DGKHVLYH ERQG�OLQH WKDQ
LQ MRLQWV ZLWK D ERQG�OLQH RI � PP� )OHFN HW DO� >��@ UHSRUWHG WKDW WKH SUHVHQFH
RI PRGH ,, ORDGLQJ FRPSRQHQW DQG SRVLWLYH ൙�VWUHVV DW WKH FUDFN WLS OHDGV WR FUDFN
NLQNLQJ WRZDUGV WKH LQWHUIDFH�
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4 mm thick bond-line
10 mm thick bond-line

�F� ፓ�VWUHVV GLVWULEXWLRQ DORQJ WKH FUDFN WLS�

)LJXUH ����� ([SHULPHQWDO ORDG YV� GLVSODFHPHQW �ፏ ዅ ኼጂ� FXUYHV DQG ፓ�VWUHVV GLVWULEXWLRQ DW FUDFN WLS
IRU '&% VWHHO�VWHHO VSHFLPHQV ZLWK GLIIHUHQW ERQG�OLQH WKLFNQHVVHV�
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Steel

Steel

Adhesive

≈ 70 mm

α
Steel

=0.98; β
Steel

=0.25

�D� &UDFN WUDMHFWRU\ LQ VWHHO�VWHHO MRLQW � FRKHVLYH FORVH WR DGKHVLYH�DGKHUHQG LQWHUIDFH IUDFWXUH
RQVHW�

Steel

Steel

Adhesive

≈ 10 mm

α
Steel

=0.98; β
Steel

=0.25

�E� &UDFN WUDMHFWRU\ LQ VWHHO�VWHHO MRLQW � FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW�

GFRP

GFRP

Adhesive

≈ 70 mm

α
GFRP

=0.65; β
GFRP

=0.15

≈ 20 mm

�F� &UDFN WUDMHFWRU\ LQ *)53�*)53 MRLQW � FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW�

GFRP

Adhesive

Steel

α
Steel

=0.98; β
Steel

=0.25

α
GFRP

=0.65; β
GFRP

=0.15≈ 20 mm

�G� &UDFN WUDMHFWRU\ LQ VWHHO�*)53 MRLQW � FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW�

)LJXUH ����� 5HSUHVHQWDWLYH FUDFN WUDMHFWRULHV RI GLIIHUHQW DGKHVLYH MRLQW FRQILJXUDWLRQV ZLWK �� PP
WKLFN ERQG�OLQH�



���� 'LVFXVVLRQ

�

���

&KDUDFWHULVWLF OHQJWK RI XQVWDEOH SURSDJDWLRQ

5HSUHVHQWDWLYH FUDFN WUDMHFWRULHV RI HDFK MRLQW W\SH LQYHVWLJDWHG LQ WKLV VWXG\ DUH
SUHVHQWHG LQ )LJ� ����� 7KHVH WUDMHFWRULHV FDQ EH DQDO\VHG LQ WHUPV RI LQLWLDO ́ൠ

OHQJWK�

঎ ,Q FDVH RI ́ൠ � ́ൠFULW�� WKH IUDFWXUH RQVHW ORFXV RFFXUUHG FORVH WR RQH RI
WKH DGKHVLYH�DGKHUHQG LQWHUIDFHV �)LJ� �����D��� ,Q WKH VWHHO�*)53 MRLQWV�
WKDW LQWHUIDFH ZDV WKH DGKHVLYH�VWHHO RQH� $IWHUZDUGV� WZR GLIIHUHQW FUDFN
SURSDJDWLRQ EHKDYLRXUV ZHUH REVHUYHG� L� DV\PPHWULF SURSDJDWLRQ DORQJ D
UHPRWH SODQH IURP WKH PLG�DGKHVLYH WKLFNQHVV ঀ *)53�*)53 DQG VWHHO�*)53
MRLQWV� LL� DOWHUQDWLQJ SURSDJDWLRQ ZLWKLQ WKH ERQG�OLQH� DOWKRXJK FORVHU WR RQH
LQWHUIDFH WKDQ WKH RWKHU LQ VRPH VHJPHQWV RI WKH ERQGHG DUHD ঀ VWHHO�VWHHO
MRLQWV�

঎ ,Q FDVH RI ́ൠ ౦ ́ൠFULW�� WKH IUDFWXUH RQVHW ZDV FRKHVLYH DW DGKHVLYH PLG�
WKLFNQHVV �)LJV� �����E�� �����F� DQG �����G��� $IWHUZDUGV� WKH GLUHFWLRQ RI
FUDFNLQJ ZDV WRZDUGV RQH RI WKH DGKHUHQGV� ,Q WKH VWHHO�*)53 MRLQWV� WKH
FUDFN DOZD\V VWHHUHG DZD\ WRZDUGV WKH VWHHO DGKHUHQG� 7KH FUDFN SURSDJDWLRQ
RFFXUUHG WKHQ DORQJ D UHPRWH SODQH IURP WKH DGKHVLYH FHQWUH�OLQH XS WR WKH
ILQDO IDLOXUH�

$FFRUGLQJ WR &KHQ HW DO� >��� ��@� WKH HQHUJ\ DYDLODEOH IRU WKH FUDFN WR JURZ GH�
FUHDVHV DV WKH FUDFN DSSURDFKHV DQ DGKHVLYH�DGKHUHQG LQWHUIDFH GXH WR WKH ULJLG
ERXQGDU\ RI WKH DGKHUHQG� $V WKH DGKHUHQGV DUH WRXJKHU WKDQ WKH DGKHVLYH� WKH
FUDFN GRHV QRW QRUPDOO\ SURSDJDWH LQWR WKHP� ,QVWHDG� WKH FUDFN IROORZV WKH GLUHF�
WLRQ ZLWK WKH ORZHVW FULWLFDO IUDFWXUH HQHUJ\� EHLQJ LQ WKH SUHVHQW VWXG\ D VWUDLJKW
SDWK UHPRWH IURP WKH DGKHVLYH PLG�WKLFNQHVV� )OHFN HW DO� >��@ IRXQG RXW WKDW XQGHU
UHPRWH PRGH , ORDG� IRU VRPH PDWHULDO FRPELQDWLRQV� WKHUH LV DQ DGGLWLRQDO VWUDLJKW
SDWK� VDWLVI\LQJ ൐,,  �� RII WKH DGKHVLYH FHQWUH�OLQH� QHDU RQH RI WKH LQWHUIDFHV�
&KHQ HW DO� >��@ QXPHULFDOO\ SUHGLFWHG WKH FUDFN WUDMHFWRULHV RI GLUHFWLRQDOO\ XQVWDEOH
FUDFNV LQ '&% VSHFLPHQV IRU GLIIHUHQW YDOXHV RI DGKHVLYH WKLFNQHVV DQG GLIIHUHQW
PDWHULDO V\VWHPV FKDUDFWHUL]HG E\ 'XQGXUV SDUDPHWHU ࿳� (T� ����� $FFRUGLQJ WR
WKH DXWKRUV� WKH FUDFN WUDMHFWRULHV IRU GLIIHUHQW PDWHULDO FRPELQDWLRQV DUH VLPLODU LQ
VKDSH� DOWKRXJK WKH FKDUDFWHULVWLF OHQJWK� L�H� WKH KRUL]RQWDO GLVWDQFH LQ ZKLFK WKH
FUDFN DOWHUQDWHV LWV ORFDWLRQ IURP D UHJLRQ QHDU WR RQH DGKHVLYH�DGKHUHQG LQWHUIDFH
WR D UHJLRQ QHDU WR WKH RSSRVLWH LQWHUIDFH� GHFUHDVHV DV WKH 'XQGXUV SDUDPHWHU ࿳
LQFUHDVHV� %RWK WKH FULWLFDO ORFDO PL[HG�PRGH ORDGLQJ DQG WKH ൙�VWUHVV DW WKH FUDFN
WLS DUH IRXQG WR RFFXU DW VPDOOHU FUDFN OHQJWKV IRU KLJKHU PDWHULDO PLVPDWFK DQG�
FRQVHTXHQWO\� WKH FKDUDFWHULVWLF OHQJWK LV SUHGLFWHG WR EH VPDOOHU�
,Q WKH SUHVHQW VWXG\� RQO\ WKH VWHHO�VWHHO MRLQWV ZLWK ́ൠ � ́ൠFULW� SUHVHQWHG DOWHUQDW�
LQJ FUDFN SURSDJDWLRQ ZLWKLQ WKH DGKHVLYH ERQG�OLQH �)LJ� �����D��� %\ FRPSDULQJ
WKHVH FUDFN WUDMHFWRULHV ZLWK WKH SUHGLFWLRQV RI &KHQ HW DO� >��@� RQH FDQ FRQFOXGH
WKDW WKHUH LV D TXDOLWDWLYH DJUHHPHQW EHWZHHQ ERWK� EXW QRW D TXDQWLWDWLYH RQH� 7KH
QXPHULFDOO\ SUHGLFWHG FKDUDFWHULVWLF OHQJWK �DURXQG ����� PP� LV VPDOOHU WKDQ WKH
H[SHULPHQWDO RQH �DSSUR[LPDWHO\ �� PP�� 7KHVH UHVXOWV PD\ EH H[SODLQHG E\ WKH
IDFW WKDW D ORDG ZDV DSSOLHG KRUL]RQWDOO\ WR PDLQWDLQ D SRVLWLYH ൙�VWUHVV OHYHO LQ WKH



�
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QXPHULFDO PRGHOV� ZKLFK PLJKW KDYH UHVXOWHG LQ KLJKHU YDOXHV RI ൙�VWUHVV DQG� WKXV�
LQ PRUH GLUHFWLRQDOO\ XQVWDEOH FUDFN SURSDJDWLRQ �L�H� PRUH ZDY\ SDWWHUQ� >��@� )RU
WKH *)53�*)53 DQG VWHHO�*)53� LW VHHPV WKDW WKH FULWLFDO ORDGLQJ FRQGLWLRQV DQG
VWUHVVHV DW FUDFN WLS GLG QRW UHDFK WKH FULWLFDO YDOXHV� DQG WKH FUDFNLQJ GLUHFWLRQ
DORQJ WKH UHPRWH SODQH RII WKH DGKHVLYH FHQWUH�OLQH ZDV NHSW�

���� &RQFOXVLRQV

7KLV VWXG\ DLPHG LQ LQYHVWLJDWLQJ WKH IUDFWXUH RQVHW DQG FUDFN GHIOHFWLRQ LQ DGKH�
VLYH MRLQWV ZLWK ঈH[WUD�WKLFNউ ERQG�OLQHV ��� PP� XQGHU PRGH , ORDGLQJ FRQGL�

WLRQV� 6LQJOH�PDWHULDO �L�H� VWHHO�VWHHO DQG *)53�*)53� DQG EL�PDWHULDO �L�H� VWHHO�
*)53� GRXEOH�FDQWLOHYHU EHDP MRLQWV ERQGHG ZLWK D VWUXFWXUDO HSR[\ DGKHVLYH ZHUH
WHVWHG� 7KH MRLQWV ZHUH PRGHOOHG DQDO\WLFDOO\� 7R OLQN WKH H[SHULPHQWDO ILQGLQJV WR
H[LVWLQJ WKHRUHWLFDO PRGHOV� WKH EHKDYLRXU RI WKH GLIIHUHQW MRLQWV ZDV DOVR DVVHVVHG
QXPHULFDOO\�
7KH <DPDGD
V DQDO\WLFDO PRGHO �EDVHG RQ WKH (XOHU�%HUQRXOOL EHDP WKHRU\ DQG RQ D
EHDP VXSSRUWHG E\ DQ HODVWLF�SODVWLF IRXQGDWLRQ IRU WKH IUHH DQG WKH ERQGHG UHJLRQV
RI WKH DGKHVLYH MRLQW� UHVSHFWLYHO\� JLYHV IDLUO\ JRRG DJUHHPHQWV ZLWK WKH H[SHUL�
PHQWDO UHVXOWV� VSHFLDOO\ WDNLQJ LQWR DFFRXQW WKDW QR SDUDPHWHU ILWWLQJ RU DGMXVWPHQW
ZDV SHUIRUPHG DQG WKH HQWLUH PRGHOV UHO\ RQ SURSHUWLHV PHDVXUHG WKURXJK HLWKHU
WHQVLOH RU IOH[XUDO WHVWLQJ RI FRQVWLWXHQWV�
%RWK WKH LQLWLDOO\ OLQHDU SDUW RI WKH H[SHULPHQWDO ORDG�GLVSODFHPHQW FXUYHV DQG WKH
FULWLFDO IRUFH DW IUDFWXUH RQVHW ZHUH QRUPDOL]HG E\ IROORZLQJ WKH VLPSOH EHDP WKHRU\�
7KHVH VWHSV DOORZ WKH FRPSDULVRQ RI WKH UHVXOWV KHUH SUHVHQWHG ZLWK WKH UHVXOWV RI
DQ\ RWKHU DGKHVLYH MRLQWV� UHJDUGOHVV WKH PDWHULDOV DQG MRLQW JHRPHWU\�
7KH QRUPDOL]DWLRQ RI WKH FULWLFDO IRUFH DW IUDFWXUH RQVHW ZDV PDGH E\ FRQVLGHULQJ
MRLQWV ZLWK YDU\LQJ DGKHVLYH ERQG�OLQH WKLFNQHVV �IURP ��� WR �� PP� DQG E\ GLVWLQ�
JXLVKLQJ EHWZHHQ FRKHVLYH DGKHVLYH PLG�WKLFNQHVV DQG FRKHVLYH FORVH WR LQWHUIDFH
IUDFWXUH RQVHW �ERWK IDLOXUH W\SHV RQO\ KDSSHQHG IRU �� PP WKLFN ERQG�OLQH�� 6LPLODU
YDOXHV RI WKH QRUPDOL]HG FULWLFDO IRUFH DW IUDFWXUH RQVHW ZHUH IRXQG� UHJDUGOHVV RI
WKH ERQG�OLQH WKLFNQHVV� 7KH GLIIHUHQFH EHWZHHQ FRKHVLYH DGKHVLYH PLG�WKLFNQHVV
DQG FRKHVLYH FORVH WR LQWHUIDFH IUDFWXUH RQVHW ZDV OHVV WKDQ ��� IRU WKH MRLQWV ZLWK
D ERQG�OLQH RI �� PP� 7KLV LQGLFDWHV WKDW WKH DGKHVLYH ZDV DEOH WR GHIRUP DV D
UHVSRQVH WR WKH H[WHUQDO ORDGLQJ� HYHQ WKRXJK LQ VRPH FDVHV WKH FULWLFDO VWUHVV ZDV
ILUVW DWWDLQHG LQ D UHJLRQ FORVH WR RQH RI WKH DGKHUHQG�DGKHVLYH LQWHUIDFHV�
)RU ঈH[WUD�WKLFNউ DGKHVLYH ERQG�OLQHV� VXFK DV �� PP WKLFN RQHV� JHRPHWULF GLVFRQ�
WLQXLWLHV� VXFK DV FRUQHUV� DQG PDWHULDO GLVFRQWLQXLWLHV� VXFK DV DGKHUHQG�DGKHVLYH
LQWHUIDFHV� FUHDWH ORFDO VLQJXODULWLHV ZKHUH WKH WKUHVKROG VWUHVV IRU IUDFWXUH RQVHW
LV DWWDLQHG ILUVW� 7R RYHUFRPH WKLV VLWXDWLRQ� D FULWLFDO SUH�FUDFN OHQJWK PXVW EH
GHILQHG� ́ൠFULW�� 7KH GHILQLWLRQ RI ́ൠFULW� IROORZV WKH LGHDOL]DWLRQ RI XQORDGHG UHJLRQ
QHDU FUDFN VXUIDFHV LQ DQ LQILQLWH KRPRJHQHRXV SODWH ZLWK D FUDFN DV SRVWXODWHG E\
$�$� *ULIILWK�
)RU WKH FDVH ൰S � ൲D DQG ́ൠ ! �� DQ HPSLULFDO UHODWLRQ� LQ WHUPV RI JHRPHWULFDO DQG
PDWHULDO SURSHUWLHV RI WKH MRLQWV� WKDW GHILQHV WKH WUDQVLWLRQ EHWZHHQ FRKHVLYH FORVH
WR WKH LQWHUIDFH DQG FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW ZDV IRXQG � IRU
D JLYHQ PDWHULDO PLVPDWFK� WKH VFDOLQJ UHODWLRQ LV �́ൠFULW��߶DGKHU�ኾ ࣩ �൲D�߶DGKHU�� )RU
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́ൠ � ́ൠFULW�� WKH VWUHVV VLQJXODULW\ QHDU WKH EL�PDWHULDO FRUQHU UXOHV RYHU WKH VWUHVV
VLQJXODULW\ DW WKH SUH�FUDFN WLS� 7KH EL�PDWHULDO FRUQHU ZLWK WKH KLJKHVW PRGXOXV
PLVPDWFK� FKDUDFWHUL]HG E\ WKH KLJKHVW 'XQGXUV SDUDPHWHUV� GLFWDWHV WKH UHJLRQ
RI IUDFWXUH LQLWLDWLRQ� IRU ́ൠ ౦ ́ൠFULW�� WKH VWUHVV VLQJXODULW\ DW WKH SUH�FUDFN WLS LV
GRPLQDQW� UHVXOWLQJ LQ FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW�
,Q DOO MRLQWV ZLWK FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW� WKH FUDFNLQJ GL�
UHFWLRQ UDSLGO\ GHIOHFWHG RXW IURP WKH DGKHVLYH OD\HU FHQWUH�OLQH� 3RVLWLYH ൙�VWUHVV
DORQJ WKH FUDFN WLS ZDV QXPHULFDOO\ IRXQG FRQVLGHULQJ �� PP WKLFN ERQG�OLQH� EHLQJ
RQH RI WKH IDFWRUV IRU WKH XQVWDEOH FUDFN SDWK� 7KH FUDFN SURSDJDWLRQ RFFXUUHG WKHQ
DORQJ D UHPRWH SODQH IURP WKH DGKHVLYH FHQWUH�OLQH XS WR WKH ILQDO IDLOXUH�

���� $SSHQGL[ ,

7HQ XQNQRZQ FRHIILFLHQWV DQG WKH SODVWLF ]RQH VL]H DUH REWDLQHG E\ VDWLVI\LQJ
ERXQGDU\ FRQGLWLRQV DW ൶  ൪H�
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7KH PDWKHPDWLFDO GHWDLOV RI WKH VROXWLRQ SURFHGXUH DSSHDU LQ >�@� 7KH UHVXOWV IRU
WKH FDVH ZKHUH WKH ERQGHG UHJLRQ LV VXIILFLHQWO\ ORQJ DUH�
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:KHQ ൪S LV QRW SRVLWLYH� WKH SODVWLF ]RQH GRHV QRW H[LVW� 7KRXJK (T� ���� LV QR
ORQJHU YDOLG� WKH VHW RI HTXDWLRQV (TV� ����� ����� ����� ����� ����� ����� ���� DQG
���� FDQ VWLOO EH VROYHG E\ VHWWLQJ ൪S  � DQG HOLPLQDWLQJ (T� �����
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���� 'DWD DYDLODELOLW\
7KH GDWD UHTXLUHG WR UHSURGXFH WKHVH ILQGLQJV DUH DYDLODEOH DW�
KWWSV���GRL�RUJ�����������������

5HIHUHQFHV
>�@ 5� /RSHV )HUQDQGHV� 0� .� %XG]LN� 5� %HQHGLFWXV� DQG 6� 7HL[�

HLUD GH )UHLWDV� 0XOWL�PDWHULDO DGKHVLYH MRLQWV ZLWK WKLFN ERQG�OLQHV�
FUDFN RQVHW DQG FUDFN GHIOHFWLRQ� &RPSRVLWH 6WUXFWXUHV ��� �������
��������M�FRPSVWUXFW�������������

>�@ =� 3� %D]DQW DQG /� &HGROLQ� 6WDELOLW\ RI VWUXFWXUHV� HODVWLF� LQHODVWLF� IUDFWXUH
DQG GDPDJH WKHRULHV �:RUOG 6FLHQWLILF� ������

>�@ 1� 3HUH]� )UDFWXUH PHFKDQLFV �6SULQJHU� ������

>�@ 6� (� <DPDGD� (ODVWLF�SODVWLF IUDFWXUH DQDO\VLV IRU ERQGHG MRLQWV� (QJLQHHULQJ
)UDFWXUH 0HFKDQLFV ��� ��� �������

>�@ ,62 ���� 3ODVWLFV � 'HWHUPLQDWLRQ RI WHQVLOH SURSHUWLHV� �������

>�@ $� .� .DZ� 0HFKDQLFV RI FRPSRVLWH PDWHULDOV� �QG HG� �&5& 3UHVV� ������

>�@ 0� )� .DQQLQHQ� $Q DXJPHQWHG GRXEOH FDQWLOHYHU EHDP PRGHO IRU VWXG\LQJ
FUDFN SURSDJDWLRQ DQG DUUHVW� ,QWHUQDWLRQDO -RXUQDO RI )UDFWXUH �� �� �������

>�@ &� /� &KRZ� &� :� :RR� DQG -� /� 6\NHV� 2Q WKH GHWHUPLQDWLRQ DQG DSSOLFDWLRQ
RI FRG WR HSR[\�ERQGHG DOXPLQLXP MRLQWV� -RXUQDO RI 6WUDLQ $QDO\VLV ��� ��
�������
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��� 5HIHUHQFHV

>�@ -� -XPHO� 0� .� %XG]LN� DQG 0� (� 5� 6KDQDKDQ� %HDP RQ HODVWLF IRXQGDWLRQ
ZLWK DQWLFODVWLF FXUYDWXUH� DSSOLFDWLRQ WR DQDO\VLV RI PRGH , IUDFWXUH WHVWV�
(QJLQHHULQJ )UDFWXUH 0HFKDQLFV ��� ���� �������

>��@ )� (� 3HQDGR� $ FORVHG IRUP VROXWLRQ IRU WKH HQHUJ\ UHOHDVH UDWH RI WKH VRX�
EOH FDQWLOHYHU EHDP VSHFLPHQ ZLWK DQ DGKHVLYH OD\HU� -RXUQDO RI &RPSRVLWH
0DWHULDOV ��� ��� �������

>��@ -� -� %HQERZ DQG )� &� 5RHVOHU� ([SHULPHQWV RQ FRQWUROOHG IUDFWXUHV� 3URFHHG�
LQJV RI WKH 3K\VLFDO 6RFLHW\ % ��� ��� �������

>��@ $670 ' ���� � 6WDQGDUG WHVW PHWKRG IRU PRGH , LQWHUODPLQDU IUDFWXUH WRXJK�
QHVV RI XQLGLUHFWLRQDO ILEHU�UHLQIRUFHG SRO\PHU PDWUL[ FRPSRVLWHV� �������

>��@ 5� /RSHV )HUQDQGHV� 6� 7HL[HLUD GH )UHLWDV� 0� .� %XG]LN� -� $� 3RXOLV� DQG
5� %HQHGLFWXV� )URP WKLQ WR H[WUD�WKLFN DGKHVLYH OD\HU WKLFNQHVVHV � IUDFWXUH
RI ERQGHG MRLQWV XQGHU PRGH , ORDGLQJ FRQGLWLRQV� (QJLQHHULQJ )UDFWXUH 0H�
FKDQLFV ��� ������� ��������M�HQJIUDFPHFK�������������

>��@ %� '� 'DYLGVRQ DQG 5� $� 6FKDSHU\� (IIHFW RI ILQLWH ZLGWK RQ GHIOHFWLRQ DQG
HQHUJ\ UHOHDVH UDWH RI DQ RUWKRWURSLF GRXEOH FDQWLOHYHU VSHFLPHQ� -RXUQDO RI
&RPSRVLWH 0DWHULDOV ��� ��� �������

>��@ $� 0¸EHUJ� 0� .� %XG]LN� DQG +� 0� -HQVHQ� &UDFN IURQW PRUSKRORJ\ QHDU
WKH IUHH HGJHV LQ GRXEOH DQG VLQJOH FDQWLOHYHU EHDP IUDFWXUH H[SHULPHQWV�
(QJLQHHULQJ )UDFWXUH 0HFKDQLFV ���� ��� �������

>��@ 0� .� %XG]LN DQG 6� +HLGH�-¸UJHQVHQ� %UDQFKLQJ DQG VRIWHQLQJ RI ORDGLQJ SDWK
GXULQJ RQVHW RI FUDFN DW HODVWLF�EULWWOH LQWHUIDFH� 0HFKDQLFV RI 0DWHULDOV ����
� �������
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>��@ 0� .� %XG]LN� -� -XPHO� DQG 0� (� 5� 6KDQDKDQ� ��3RLQW EHDP WHQVLOH WHVW RQ
D VRIW DGKHVLYH� 0DWHULDOV DQG GHVLJQ ��� ��� �������

>��@ -� 'XQGXUV� 'LVFXVVLRQ� উ(GJH�ERQGHG GLVVLPLODU RUWKRJRQDO HODVWLF ZHGJHV
XQGHU QRUPDO DQG VKHDU ORDGLQJঈ �%RJ\� '� %�� ����� $60(-� $SSO� 0HFK��
��� SS� ���ঀ����� -RXUQDO RI $SSOLHG 0HFKDQLFV ��� ��� �������

>��@ '� %� %RJ\� 2Q WKH SUREOHP RI HGJH�ERQGHG HODVWLF TXDUWHU�SODQHV ORDGHG DW
WKH ERXQGDU\� ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG 6WUXFWXUHV �� ���� �������

>��@ =� 6XR DQG -� :� +XWFKLQVRQ� 6DQGZLFK WHVW VSHFLPHQV IRU PHDVXULQJ LQWHUIDFH
FUDFN WRXJKQHVV� 0DWHULDOV 6FLHQFH DQG (QJLQHHULQJ� $ ���� ��� �������

>��@ -� :� +XWFKLQVRQ� 0� (� 0HDU� DQG -� 5� 5LFH� &UDFN SDUDOOHOLQJ DQ LQWHUIDFH
EHWZHHQ GLVVLPLODU PDWHULDOV� -RXUQDO RI $SSOLHG 0HFKDQLFV ��� ��� �������
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DGKHVLYH MRLQW IUDFWXUH� -RXUQDO RI WKH 0HFKDQLFV DQG 3K\VLFV RI 6ROLGV ���
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>��@ 1� $� )OHFN� -� :� +XWFKLQVRQ� DQG =� 6XR� &UDFN SDWK VHOHFWLRQ LQ D EULWWOH
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-RXUQDO RI )UDFWXUH ��� ��� �������

>��@ %� &KHQ DQG '� $� 'LOODUG� 7KH HIIHFW RI WKH 7�VWUHVV RQ FUDFN SDWK VHOHFWLRQ
LQ DGKHVLYHO\ ERQGHG MRLQWV� ,QWHUQDWLRQDO -RXUQDO RI $GKHVLRQ DQG $GKHVLYHV
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���� 6XPPDU\ RI PDLQ ILQGLQJV

7KH HPHUJHQFH RI FRPSRVLWH PDWHULDOV LQ VKLSEXLOGLQJ DQG FLYLO LQGXVWULHV KDV
GULYHQ UHVHDUFK LQWR VWUXFWXUDO DGKHVLYH ERQGLQJ WHFKQRORJ\� +RZHYHU� WKH DS�

SOLFDWLRQ RI DGKHVLYH ERQGLQJ LQ WKHVH LQGXVWULHV SUHVHQWV D FULWLFDO GLIIHUHQFH LQ
FRPSDULVRQ ZLWK WKH UHIHUHQFH LQGXVWULHV� L�H� DHURVSDFH DQG DXWRPRWLYH� 7KH HI�
ILFLHQW SURGXFWLRQ RI ODUJH VWUXFWXUHV OHDGV WR KLJK HQJLQHHULQJ WROHUDQFHV� ZKLFK
FRUUHVSRQGV LQ SUDFWLFH WR DGKHVLYH ERQG�OLQHV RI XS WR �� PP� 7KHVH ঈH[WUD�WKLFNউ
DGKHVLYH ERQG�OLQHV WDNH WKH XVH RI HSR[\�EDVHG VWUXFWXUDO DGKHVLYHV WR D QHZ
FKDSWHU�
7KH JHRPHWULFDO OHQJWK VFDOH RI WKH DGKHVLYH ERQG�OLQH WKLFNQHVV LPSRVHG E\ VKLS�
EXLOGLQJ DQG FLYLO LQGXVWULHV RSHQV D VHULHV RI TXHVWLRQV LQ WHUPV RI UHOLDELOLW\ DQG
SHUIRUPDQFH RI EL�PDWHULDO MRLQWV ZLWK WKLFN DGKHVLYH ERQG�OLQHV� 7KHUH LV VWLOO D ORQJ
SDWK WR JR WKURXJK IRU FHUWLILFDWLRQ RI DGKHVLYH ERQGLQJ DV D SULPDU\ MRLQLQJ PHWKRG
LQ WKHVH LQGXVWULHV� 7KH ZRUN GHYHORSHG LQ WKLV GRFXPHQW JLYHV D FRQWULEXWLRQ LQ
WKDW GLUHFWLRQ�
7KLV GLVVHUWDWLRQ GHDOV ZLWK DGKHVLYH MRLQWV ZLWK ঈH[WUD�WKLFNউ ERQG�OLQHV DQG WKHLU
IUDFWXUH EHKDYLRXU XQGHU PRGH , ORDGLQJ FRQGLWLRQV� 7KH PDLQ UHVHDUFK TXHVWLRQ
LV EURNHQ GRZQ LQWR IRXU VPDOOHU UHVHDUFK TXHVWLRQV� ZKLFK UHVXOWV LQ WKH VWXGLHV
SUHVHQWHG LQ &KDSWHUV � WR �� 7KH VWXGLHV LQYROYH DQDO\WLFDO DQG�RU QXPHULFDO ZRUN
VXSSRUWHG E\ ODERUDWRU\ H[SHULPHQWV�
7KH ILUVW UHVHDUFK TXHVWLRQ LV SXUVXHG LQ &KDSWHU � DQG LW LV IRUPXODWHG DV ঈ+RZ
FDQ SXUH RSHQLQJ PRGH EH FKDUDFWHUL]HG LQ EL�PDWHULDO DGKHVLYH MRLQWV"উ� $ QHZ
GHVLJQ FULWHULRQ IRU FKDUDFWHUL]DWLRQ RI PRGH , IUDFWXUH EHKDYLRXU RI EL�PDWHULDO
'&% DGKHVLYH MRLQWV LV GHYHORSHG� ZKLFK FRQVLVWV RI PDWFKLQJ WKH ORQJLWXGLQDO VWUDLQ
GLVWULEXWLRQV RI WKH GLVVLPLODU DGKHUHQGV DW WKH ERQG�OLQH� LQVWHDG RI PDWFKLQJ WKHLU
IOH[XUDO VWLIIQHVV� 7KH UHVXOWV DQG FRQFOXVLRQV SURYLGHG E\ WKLV UHVHDUFK TXHVWLRQ
DUH DV IROORZV�

঎ ,W LV LGHQWLILHG WKDW PDWFKLQJ WKH ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQV RI WKH GLVVLP�

���
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LODU DGKHUHQGV DW WKH ERQG�OLQH� LQVWHDG RI PDWFKLQJ WKHLU IOH[XUDO VWLIIQHVV�
HOLPLQDWHV PRGH ,, IUDFWXUH FRPSRQHQW DW WKH FUDFN IURQW�

঎ %RWK H[SHULPHQWDO DQG QXPHULFDO ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQV DUH TXLWH
VLPLODU RQ ERWK DGKHUHQGV E\ IROORZLQJ WKH ORQJLWXGLQDO VWUDLQ EDVHG FULWHULRQ�
ZKLOVW D JUHDW GLVFUHSDQF\ LQ WKH ORQJLWXGLQDO VWUDLQ GLVWULEXWLRQV RI WKH WZR
DGKHUHQGV LV IRXQG ZKHQ XVLQJ WKH IOH[XUDO VWLIIQHVV EDVHG FULWHULRQ� 7KH
GLVFUHSDQF\ LQ WKH VWUDLQ GLVWULEXWLRQV LQ WKH UHJLRQ LQ IURQW RI WKH FUDFN WLS
JLYHV WKH LQGLFDWLRQ WKDW WKH DGKHVLYH ZDV ORDGHG XQGHU VKHDU PRGH ZKHQ
DSSO\LQJ WKH IOH[XUDO VWLIIQHVV EDVHG FULWHULRQ�

঎ 7KH IUDFWRJUDSK\ DQDO\VLV VKRZV WKDW WKH IUDFWXUH VXUIDFHV RI WKH ORQJLWXGLQDO
VWUDLQ EDVHG VSHFLPHQ FRPSULVH PRGH , IUDFWXUH IHDWXUHV� ZKLOH WKH IUDFWXUH
VXUIDFHV RI WKH IOH[XUDO VWLIIQHVV EDVHG VSHFLPHQ FRPSULVH PL[HG�PRGH IHD�
WXUHV DV LQGLFDWHG E\ WKH RFFXUUHQFH RI WLWOHG FUDFN JURZWK LQWR WKH DGKHVLYH�

঎ 7KH PL[HG�PRGH UDWLR DW WKH FUDFN IURQW LV UHGXFHG E\ D IDFWRU RI � ZKHQ
XVLQJ WKH SURSRVHG ORQJLWXGLQDO VWUDLQ EDVHG FULWHULRQ LQ FRPSDULVRQ ZLWK WKH
IOH[XUDO VWLIIQHVV EDVHG FULWHULRQ�

঎ 7KH QHZ GHVLJQ FULWHULRQ SURSRVHG KDV KLJK SRWHQWLDO WR EH LQFOXGHG LQ D WHVW
VWDQGDUG IRU FKDUDFWHUL]DWLRQ RI PRGH , IUDFWXUH EHKDYLRXU RI EL�PDWHULDO '&%
DGKHVLYH MRLQWV�

7KH VHFRQG UHVHDUFK TXHVWLRQ LV SXUVXHG LQ &KDSWHU � DQG LW LV IRUPXODWHG DV ঈ:KDW
LV WKH HIIHFW RI WKH ERQG�OLQH WKLFNQHVV RQ WKH IUDFWXUH EHKDYLRXU RI DGKHVLYH MRLQWV
XQGHU RSHQLQJ ORDGLQJ FRQGLWLRQV"উ� 7KH HIIHFW RI WKH DGKHVLYH ERQG�OLQH WKLFNQHVV
RQ WKH PRGH , IUDFWXUH EHKDYLRXU RI HSR[\�EDVHG VWHHO�VWHHO DGKHVLYH MRLQWV LV LQ�
YHVWLJDWHG� $ ZLGH UDQJH RI ERQG�OLQH WKLFNQHVVHV LV VWXGLHG� IURP ��� WR �� PP�
7KH IROORZLQJ UHVXOWV DQG FRQFOXVLRQV DUH GUDZQ IURP WKLV UHVHDUFK TXHVWLRQ�

঎ 7KH FULWLFDO IUDFWXUH HQHUJ\ RI WKH DGKHVLYH MRLQWV ZLWK GLIIHUHQW ERQG�OLQH
WKLFNQHVV LV DIIHFWHG E\� D� WKH FRQVWUDLQW IURP WKH DGKHUHQGV� ZKLFK FRQWUROV
WKH VWUHVV VWDWH DQG WKH GHIRUPDWLRQ ILHOG RI WKH DGKHVLYH PDWHULDO DURXQG
WKH FUDFN WLS DQG WKH UHVXOWDQW FUDFN SDWK� E� WKH PRUSKRORJ\ RI WKH IUDFWXUH
VXUIDFHV�

঎ ,W LV VKRZQ DQDO\WLFDOO\ WKDW WKH FRQVWUDLQW DSSOLHG E\ WKH DGKHUHQGV RQ WKH
DGKHVLYH PDWHULDO GHFUHDVHV ZLWK LQFUHDVLQJ ERQG�OLQH WKLFNQHVV� 7KHUHIRUH�
LQ WKH MRLQWV ZLWK WKH WKLQQHVW DGKHVLYH ERQG�OLQH WKLFNQHVV �RI ��� PP�� WKH
FUDFN IURQW LV PRUH FRQVWUDLQHG DQG WKH ORFDO SHHO VWUHVVHV DUH WKH KLJKHVW�

঎ %\ LQFUHDVLQJ WKH ERQG�OLQH WKLFNQHVV� WKH FRQVWUDLQW HIIHFW IURP WKH DGKHUHQGV
LV UHGXFHG� 6WUHVVHV DW WKH FUDFN WLS DUH ORZHU IRU ODUJHU ERQG�OLQH� ZKLFK
PHDQV WKDW WKH DGKHVLYH XQGHUJRHV PRUH SODVWLF GHIRUPDWLRQ� 7KHUHIRUH� D
JUDGXDO LQFUHDVH RI WKH FULWLFDO IUDFWXUH HQHUJ\ ZLWK LQFUHDVLQJ ERQG�OLQH WKLFN�
QHVV LV H[SHFWHG� +RZHYHU� WKH FULWLFDO IUDFWXUH HQHUJ\ LV LQIOXHQFHG E\ WKH
FUDFN SDWK� ,Q FDVH RI ZDY\ FUDFN SDWK� WKH VWUHVV VWDWH DKHDG RI WKH FUDFN
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WLS YDULHV ZLWK FUDFN WLS ORFDWLRQ DQG� WKXV� LQIOXHQFHV WKH GHYHORSPHQW RI WKH
SODVWLF ]RQH VL]H�

঎ )RU WKLFNHU DGKHVLYH ERQG�OLQHV� WKH VWDELOL]LQJ IDFWRU RI FUDFN JURZWK �L�H�
WKH DGKHUHQGV FRQVWUDLQW HIIHFW� LV UHOLHYH WR VRPH H[WHQW DQG WKH FUDFN SDWK
UDSLGO\ GHIOHFWV RXW IURP WKH PLG�DGKHVLYH WKLFNQHVV� 2YHUDOO� ZDY\ FUDFN
SDWKV DUH REVHUYHG�

঎ 7KH IUDFWXUH VXUIDFHV ZLWK KLJKHU IUHTXHQF\ RI SHDNV DUH H[SHFWHG WR OHDG WR
KLJKHU FULWLFDO IUDFWXUH HQHUJ\ DV WKH WRWDO VXUIDFH DUHD LV ODUJHU DQG� WKXV�
PRUH H[WHUQDO ZRUN LV QHHGHG IRU FUDFN JURZWK�

঎ ,Q WKH DGKHVLYH ERQG�OLQH WKLFNQHVV UDQJH RI ������� PP� WKH PRUSKRORJ\ RI
WKH IUDFWXUH VXUIDFHV DQG WKH VWUHVV VWDWH DKHDG RI WKH FUDFN WLS �UHODWHG ZLWK
ZDY\ FUDFN SDWK� YDU\ ZLWK WKH ERQG�OLQH WKLFNQHVV LQ VXFK D PDQQHU WKDW WKH
FULWLFDO IUDFWXUH HQHUJ\ UHPDLQV DSSUR[LPDWHO\ WKH VDPH�

঎ )RU WKH MRLQWV ZLWK DGKHVLYH OD\HUV RI WKLFNQHVV RI ��� DQG ���� PP� WKRXJK WKH
FUDFN SURSDJDWHV LQ D ZDY\ ZD\ �DOZD\V ZLWKLQ WKH DGKHVLYH OD\HU�� WKH ORZHU
VWUHVVHV DW WKH FUDFN GXH WR LQFUHDVHG ERQG�OLQH WKLFNQHVV UHVXOW LQ KLJKHU
DGKHVLYH SODVWLF GHIRUPDWLRQ� +RZHYHU� WKH DGKHVLYH MRLQWV FULWLFDO PRGH ,
IUDFWXUH HQHUJ\ GHFUHDVHV ZLWK LQFUHDVLQJ ERQG�OLQH WKLFNQHVV IURP ��� WR
���� PP� ,W LV WKRXJKW WKDW WKH IRU ��� PP WKLFN DGKHVLYH ERQG�OLQH� WKH
DGKHUHQGV RIIHU HQRXJK FRQVWUDLQW WR HQKDQFH WKH SODVWLF ]RQH VL]H� ZKLOH IRU
WKH ���� PP FDVH RQO\ RQH RI WKH DGKHUHQGV FRQVWUDLQV WKH FUDFN WLS� UHGXFLQJ
WKH VL]H RI WKH SODVWLF ]RQH�

7KH WKLUG UHVHDUFK TXHVWLRQ LV LQYHVWLJDWHG LQ &KDSWHU � DQG LW LV IRUPXODWHG DV
ঈ+RZ LV WKH IUDFWXUH EHKDYLRXU RI DGKHVLYH MRLQWV XQGHU RSHQLQJ ORDGLQJ FRQGLWLRQV
DIIHFWHG E\ WKH PDWHULDO RI WKH DGKHUHQGV"উ� 7KH HIIHFW RI WKH PDWHULDO RI WKH
DGKHUHQGV RQ WKH PRGH , IUDFWXUH EHKDYLRXU RI DGKHVLYH MRLQWV LV SXUVXHG� 7KH
IROORZLQJ HSR[\�EDVHG DGKHVLYH MRLQW FRQILJXUDWLRQV DUH LQYHVWLJDWHG� VWHHO�VWHHO�
*)53�*)53� VWHHO�*)53� 0RUHRYHU� HDFK FRQILJXUDWLRQ LV SURGXFHG ZLWK DGKHVLYH
OD\HU RI ��� PP �WKLQ ERQG�OLQH� DQG ���� PP �WKLFN ERQG�OLQH�� 7KH UHVXOWV DQG
FRQFOXVLRQV SURYLGHG E\ WKLV UHVHDUFK TXHVWLRQ DUH DV IROORZV�

঎ 7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\ VKRZV WR EH LQGHSHQGHQW RI WKH DGKHUHQG
W\SH DQG MRLQW FRQILJXUDWLRQ �L�H� VLQJOH� RU EL�PDWHULDO� IRU HDFK ERQG�OLQH
WKLFNQHVV�

঎ ,Q WKH MRLQWV ZLWK WKLQ ERQG�OLQH� H[SHULPHQWDO VWUDLQ UHVXOWV UHYHDO D VLPLODU
GHJUHH RI FRQVWUDLQW LPSRVHG WR WKH DGKHVLYH E\ WKH KLJK�PRGXOXV �L�H� VWHHO�
DQG�RU UHODWLYHO\ WKLFN �L�H� FRPSRVLWH� DGKHUHQGV� 7KH VLPLODU FRQVWUDLQW
GHJUHH FRQWULEXWHG WR D VLPLODU VWUDLQ ILHOG DKHDG RI WKH FUDFN WLS DQG� WKXV�
WR VLPLODU FULWLFDO IUDFWXUH HQHUJ\ YDOXHV�

঎ ,Q WKH MRLQWV ZLWK WKLFN ERQG�OLQH� WKH FUDFN JURZV LQ JHQHUDO DORQJ D SODQH
FORVH WR WKH DGKHVLYH�DGKHUHQG LQWHUIDFH FKDUDFWHUL]HG E\ WKH KLJKHVW PDWHULDO



�

��� �� &RQFOXVLRQV DQG IXWXUH ZRUN

VWLIIQHVV PLVPDWFK� 7KH FULWLFDO PRGH , IUDFWXUH HQHUJ\ LQGHSHQGHQFH VKRZV
WKDW WKH DGKHVLYH GHIRUPV VLPLODUO\� HYHQ WKRXJK WKH FUDFN WLS LV FRQVWUDLQHG
LQ RQH VLGH E\ GLIIHUHQW W\SHV RI DGKHUHQGV �L�H� HLWKHU E\ D VWHHO� RU *)53�
DGKHUHQG��

)LQDOO\� WKH IRXUWK DQG ODVW UHVHDUFK TXHVWLRQ LV SXUVXHG LQ &KDSWHU � DQG LW LV
IRUPXODWHG DV ঈ:KDW DUH WKH SDUDPHWHUV FRQWUROOLQJ WKH IUDFWXUH RQVHW ORFXV DQG
FUDFN JURZWK SDWK LQ VLQJOH� DQG EL�PDWHULDO MRLQWV ZLWK ঈH[WUD�WKLFNউ DGKHVLYH ERQG�
OLQHV"উ� 7KH IUDFWXUH RQVHW DQG FUDFN GHIOHFWLRQ LQ DGKHVLYH MRLQWV ZLWK �� PP WKLFN
ERQG�OLQHV XQGHU PRGH , ORDGLQJ DUH LQYHVWLJDWHG� 7KH IROORZLQJ UHVXOWV DQG FRQ�
FOXVLRQV DUH GUDZQ IURP WKLV UHVHDUFK TXHVWLRQ�

঎ )RU ঈH[WUD�WKLFNউ DGKHVLYH ERQG�OLQHV� VXFK DV �� PP WKLFN RQHV� JHRPHWULF
GLVFRQWLQXLWLHV� VXFK DV FRUQHUV� DQG PDWHULDO GLVFRQWLQXLWLHV� VXFK DV DGKHUHQG�
DGKHVLYH LQWHUIDFHV� FUHDWH ORFDO VLQJXODULWLHV ZKHUH WKH WKUHVKROG VWUHVV IRU
IUDFWXUH RQVHW LV DWWDLQHG ILUVW� 7R RYHUFRPH WKLV VLWXDWLRQ� D FULWLFDO SUH�FUDFN
OHQJWK PXVW EH GHILQHG� ́ൠFULW�� 7KH GHILQLWLRQ RI ́ൠFULW� IROORZV WKH LGHDOL]DWLRQ
RI XQORDGHG UHJLRQ QHDU FUDFN VXUIDFHV LQ DQ LQILQLWH KRPRJHQHRXV SODWH ZLWK
D FUDFN DV SRVWXODWHG E\ *ULIILWK�

঎ )RU WKH FDVH ൰S � ൲D DQG ́ൠ ! �� DQ HPSLULFDO UHODWLRQ WKDW GHILQHV WKH WUDQ�
VLWLRQ EHWZHHQ FRKHVLYH FORVH WR WKH LQWHUIDFH DQG FRKHVLYH DGKHVLYH PLG�
WKLFNQHVV IUDFWXUH RQVHW LV IRXQG � IRU D JLYHQ PDWHULDO PLVPDWFK� WKH VFDOLQJ
UHODWLRQ LV �́ൠFULW��߶DGKHU�ኾ ࣩ �൲D�߶DGKHU��

঎ )RU ́ൠ � ́ൠFULW�� WKH VWUHVV VLQJXODULW\ QHDU WKH EL�PDWHULDO FRUQHU UXOHV RYHU
WKH VWUHVV VLQJXODULW\ DW WKH SUH�FUDFN WLS� 7KH EL�PDWHULDO FRUQHU ZLWK WKH
KLJKHVW PRGXOXV�PLVPDWFK� FKDUDFWHUL]HG E\ WKH KLJKHVW 'XQGXUV SDUDPH�
WHUV� GLFWDWHV WKH UHJLRQ RI IUDFWXUH LQLWLDWLRQ�

঎ )RU ́ൠ ౦ ́ൠFULW�� WKH VWUHVV VLQJXODULW\ DW WKH SUH�FUDFN WLS LV GRPLQDQW� UHVXOW�
LQJ LQ FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH RQVHW�

঎ 7KH H[SHULPHQWV VKRZ WKDW� ZKHQ FRKHVLYH DGKHVLYH PLG�WKLFNQHVV IUDFWXUH
RQVHW RFFXUV� WKH FUDFNLQJ GLUHFWLRQ UDSLGO\ GHIOHFWV RXW IURP WKH DGKHVLYH
OD\HU FHQWUH�OLQH� 3RVLWLYH ൙�VWUHVV DORQJ WKH FUDFN WLS LV RQH RI WKH IDFWRUV IRU
XQVWDEOH FUDFN SDWK�

���� 5HFRPPHQGDWLRQV IRU IXUWKHU ZRUN

7KLV GLVVHUWDWLRQ GHDOV ZLWK DGKHVLYH MRLQWV ZLWK ঈH[WUD�WKLFNউ ERQG�OLQHV� ZKLFK
DUH UHOHYDQW IRU VKLSEXLOGLQJ DQG FLYLO LQGXVWULHV� DQG WKHLU IUDFWXUH EHKDYLRXU

XQGHU PRGH , ORDGLQJ FRQGLWLRQV� $ QDWXUDO H[WHQVLRQ WR WKH ZRUN GHYHORSHG LQ
&KDSWHUV � DQG � ZRXOG EH WR LQYHVWLJDWH WKH IUDFWXUH EHKDYLRXU RI WKH VDPH DG�
KHVLYH MRLQW W\SHV XQGHU SXUH PRGH ,, RU PL[HG�PRGH ORDGLQJ FRQGLWLRQV� LQ RUGHU
WR GHWHUPLQH WKH IUDFWXUH HQYHORSH� 0RUHRYHU� LQ &KDSWHU �� WKH ORJLFDO VWHS ZRXOG
EH WR PRGHO WKH ঈH[WUD�WKLFNউ DGKHVLYH MRLQWV ZLWK H[WHQGHG ILQLWH HOHPHQW PHWKRG
�;)(0� WR IXOO\ XQGHUVWDQG WKH FUDFN SDWK VHOHFWLRQ DQG VWDELOLW\�
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,Q WKH ZRUN GHYHORSHG LQ WKLV GLVVHUWDWLRQ� QRQ�DJHG WHVW FDPSDLJQV DUH FDUULHG RXW�
7KH QH[W ORJLFDO VWHS ZRXOG EH WR LQFOXGH WKH HIIHFWV RI HQYLURQPHQWDO KDUVK FRQGL�
WLRQV� UHSUHVHQWDWLYH RI LQ�VHUYLFH FRQGLWLRQV RI FLYLO DQG VKLSEXLOGLQJ DSSOLFDWLRQV�
)DFWRUV VXFK DV WHPSHUDWXUH DQG PRLVWXUH DIIHFW WKH SHUIRUPDQFH RI DQ\ DGKHVLYH
MRLQW� 7KHUHIRUH� WKLV VWHS LV HVVHQWLDO IRU DVVHVVLQJ WKH GXUDELOLW\ RI UHDO OLIH ERQGHG
VWUXFWXUHV�
7KH LQWHUIDFHV LQ DQ DGKHVLYH MRLQW DUH D FULWLFDO SRLQW� 'XH WR WKH KLJK VXUIDFH
HQHUJLHV RI WKH VXUIDFHV RI WKH DGKHUHQGV� ZDWHU PROHFXOHV FDQ DFFXPXODWH DORQJ
WKH LQWHUIDFH� ,Q D EL�PDWHULDO FRPSRVLWH�PHWDO DGKHVLYHO\ ERQGHG MRLQW� WKH GHJUD�
GDWLRQ PHFKDQLVPV DQG WKH ZDWHU GLIIXVLRQ SURFHVV WKDW RFFXU DW WKH DGKHVLYH�
FRPSRVLWH LQWHUIDFH DUH GLIIHUHQW IURP WKRVH WKDW RFFXU DW WKH DGKHVLYH�PHWDO LQ�
WHUIDFH� 7KH TXDOLWDWLYH DQG TXDQWLWDWLYH FKDUDFWHUL]DWLRQ RI WKH ZDWHU GLIIXVLRQ
SURFHVV LV ZHOO DGYDQFHG IRU DGKHVLYH�PHWDO LQWHUIDFHV� +RZHYHU� WKH VFHQDULR LV
GLIIHUHQW IRU DGKHVLYH�FRPSRVLWH LQWHUIDFHV� 5HVHDUFK RQ WKH FKDUDFWHUL]DWLRQ RI WKH
ZDWHU GLIIXVLRQ SURFHVV LQ DGKHVLYH�FRPSRVLWH ZRXOG EH LQWHUHVWLQJ�
)RU D UHOLDEOH DSSOLFDWLRQ RI WKH DGKHVLYH ERQGLQJ WHFKQRORJ\ LQ VKLSEXLOGLQJ DQG
FLYLO LQGXVWULHV� PRUH UHOLDEOH QRQ�GHVWUXFWLYH LQVSHFWLRQ WHFKQLTXHV DUH QHHGHG WR
TXDQWLI\ WKH ERQGHG UHJLRQV VWUHQJWK WKURXJKRXW WKHLU VHUYLFH OLIHWLPH LQ RUGHU WR
SUHYHQW FDWDVWURSKLF IUDFWXUH� )XUWKHUPRUH� EHWWHU SUHGLFWLRQ PRGHOV DUH QHHGHG IRU
WKH EHKDYLRXU RI DGKHVLYH MRLQWV XQGHU PXOWL�D[LDO ORDGLQJ DQG KDUVK HQYLURQPHQWDO
FRQGLWLRQV� 6R IDU� QR SUHGLFWLYH PRGHO KDV EHHQ GHYHORSHG WKDW LV VXIILFLHQWO\ UHOL�
DEOH DQG JHQHUDOO\ DSSOLFDEOH WR DOORZ FHUWLILFDWLRQ RI DGKHVLYH ERQGLQJ DV D SULPDU\
MRLQLQJ PHWKRG�





$FNQRZOHGJHPHQWV

, ZRXOG OLNH WR H[SUHVV P\ JUDWLWXGH WR P\ VXSHUYLVRUV 'U� 6RILD 7HL[HLUD GH )UHLWDV�
'U� 0LFKDO %XG]LN DQG 'U� -RKDQQHV 3RXOLV� ZLWKRXW ZKRP QRQH RI WKLV ZRXOG
KDYH EHHQ SRVVLEOH� , RZH WKHP D GHEW RI JUDWLWXGH IRU WKHLU LQYDOXDEOH JXLGDQFH�
HQFRXUDJHPHQW DQG FRQWLQXRXV VXSSRUW WKURXJK WKH SDVW \HDUV� , ZRXOG DOVR OLNH
WR DFNQRZOHGJH P\ SURPRWRU 3URI�'U�LU� 5LQ]H %HQHGLFWXV�
, ZRXOG OLNH WR DFNQRZOHGJH HYHU\RQH LQYROYHG LQ 'XUDERQG SURMHFW � 0�L DQG 712
FROOHDJXHV� DQG DOO LQGXVWULDO SDUWQHUV� 7KDQN \RX YHU\ PXFK IRU WKH IUXLWIXO FRQVRU�
WLXP PHHWLQJV DQG IRU JLYLQJ PH WKH RSSRUWXQLW\ RI VKDULQJ P\ UHVHDUFK ILQGLQJV LQ
WKH FOXVWHU PHHWLQJV DQG 0�L FRQIHUHQFHV�
, DP JUDWHIXO WR 'U� 0LFKDO %XG]LN IRU UHFHLYLQJ PH DV D YLVLWLQJ VFKRODU LQ KLV
UHVHDUFK JURXS DW WKH 8QLYHUVLW\ RI $DUKXV� , ZRXOG OLNH WR WKDQN DOO WKH SHRSOH LQ
WKH 0HFKDQLFV RI ,QWHUIDFHV DQG $GKHVLRQ 5HVHDUFK *URXS IRU ZHOFRPLQJ PH ZLWK
RSHQ DUPV DQG PDNLQJ P\ VWD\ HQMR\DEOH�
7KDQN \RX ,OLDV� -RKQ�$ODQ DQG 1LHOV IRU ZHOFRPLQJ PH VR ZHOO DW WKH RIILFH� 7KDQN
\RX %UDP� &KDQWDO� &KHOVH\� &KLUDJ� &RUQHOLV� )DEULFLR� +RQJZHL� /HLOD� /XFDV� 0DULD�
0DULR� 0DUR� 0HJDQ� 0RKDPHG� 1LFRODV� 1LNRV� 3DS� :DQGRQJ� ;L IRU \RXU IULHQGO\
YLEH DQG IRU WKH UHOD[LQJ FRIIHH�EUHDNV� , ZRXOG OLNH WR WKDQN VRPH VSHFLDO IHOORZV
� &DUOLWRV� &ODULVVD� )UDQVFLVFR� -XOLDQ� 1HVWRU� 1LNDV� 3HGUR� 7LPR� 9LROHWD � IRU DOO
WKH ORYHO\ PRPHQWV RI IULHQGVKLS�
, ZRXOG OLNH WR JLYH D YHU\ VSHFLDO WKDQNV WR P\ GHDUHVW ER\IULHQG 7LDJR� +H JDYH
PH KLV VXSSRUW IURP WKH GD\ WKDW , IRXQG RXW DERXW WKH 3K' YDFDQF\ XS WR WKH GD\
RI WKH GRFWRUDO GHIHQFH� +H ZDV DOZD\V WKHUH WR JLYH PH FRQVWUXFWLYH IHHGEDFN DQG
WR VKDUH KLV H[SHUWLVH� +H ZDV DOVR DOZD\V WKHUH WR OLVWHQ WR P\ ERULQJ 3K'�UHODWHG
H[LVWHQWLDO FULVHV� +LV XQFRQGLWLRQDO ORYH EURXJKW D VSHFLDO OLJKW LQWR P\ OLIH DQG
PDGH WKLV MRXUQH\ PXFK HDVLHU�
/DVW EXW QRW OHDVW� , ZRXOG OLNH WR WKDQN P\ GHDUHVW SDUHQWV ,VDEHO DQG )DXVWLQR�
DQG P\ GHDUHVW VLVWHUV &KHLOD� 6DEULQD DQG 'DQLHOD IRU WKHLU ORYH DQG VXSSRUW�
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/LVW RI 3XEOLFDWLRQV

��� 5� /RSHV )HUQDQGHV� 0� .� %XG]LN� 5� %HQHGLFWXV� 6� 7HL[HLUD GH )UHLWDV� 0XOWL�
PDWHULDO DGKHVLYH MRLQWV ZLWK WKLFN ERQG�OLQHV� FUDFN RQVHW DQG FUDFN GHIOHFWLRQ� &RP�
SRVLWH 6WUXFWXUHV ���� ������ �������

��� 5� /RSHV )HUQDQGHV� 6� 7HL[HLUD GH )UHLWDV� 0� .� %XG]LN� -� $� 3RXOLV� 5� %HQHGLFWXV�
5ROH RI DGKHUHQG PDWHULDO RQ WKH IUDFWXUH RI EL�PDWHULDO FRPSRVLWH ERQGHG MRLQWV�
&RPSRVLWH 6WUXFWXUHV ���� ������ �������

��� 5� /RSHV )HUQDQGHV� 6� 7HL[HLUD GH )UHLWDV� 0� .� %XG]LN� -� $� 3RXOLV� 5� %HQHGLFWXV�
)URP WKLQ WR H[WUD�WKLFN DGKHVLYH OD\HU WKLFNQHVVHV� IUDFWXUH RI ERQGHG MRLQWV XQGHU
PRGH , ORDGLQJ FRQGLWLRQV� (QJLQHHULQJ )UDFWXUH 0HFKDQLFV ���� ���� �������

��� 5� /RSHV )HUQDQGHVࣄ� :� :DQJࣄ� 6� 7HL[HLUD GH )UHLWDV� '� =DURXFKDV� 5� %HQHGLFWXV�
+RZ FDQ SXUH 0RGH , IUDFWXUH EH REWDLQHG LQ ERQGHG FRPSRVLWH�PHWDO '&% MRLQWV�
D ORQJLWXGLQDO VWUDLQ�EDVHG FULWHULRQ� &RPSRVLWHV 3DUW %� (QJLQHHULQJ ���� �������
�������
FR�ILUVWࣄ DXWKRU

���


