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� 3URI� RI 5 & 6WUXFWXUHV� )DFXOW\ RI (QJLQHHULQJ� 6KRXEUD� =DJD]LJ 8QLYHUVLW\� (J\SW
� $VVRFLDWH 3URI� RI 5 & 6WUXFWXUHV� )DFXOW\ RI (QJLQHHULQJ� 6KRXEUD�

=DJD]LJ 8QLYHUVLW\� (J\SW
� $VVW� 3URI� RI 5HLQIRUFHG &RQFUHWH� +RXVLQJ DQG %XLOGLQJ 5HVHDUFK &HQWHU� (J\SW

� 'HPRQVWUDWRU� )DFXOW\ RI (QJLQHHULQJ� 6KRXEUD� =DJD]LJ 8QLYHUVLW\� (J\SW
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7KH XVH RI FDUERQ ILEHU UHLQIRUFHG SRO\PHU �&)53� ODPLQDWHV DV DQ HIIHFWLYH DQG
YHUVDWLOH WHFKQLTXH IRU VWUHQJWKHQLQJ UHLQIRUFHG FRQFUHWH VWUXFWXUHV KDV GHYHORSHG

H[WHQVLYHO\ LQ UHFHQW \HDUV� 7KH SUHVHQW VWXG\ LQYHVWLJDWHV WKH VKHDU UHVSRQVH�
LQFOXGLQJ WKH ORDG�FDUU\LQJ FDSDFLW\ DQG PRGH RI IDLOXUH� RI VLPSO\ VXSSRUWHG

UHLQIRUFHG FRQFUHWH 7�EHDPV VWUHQJWKHQHG ZLWK &)53 IDEULFV� 7KH H[SHULPHQWDO
SURJUDP FRQVLVWHG RI HLJKW ODUJH�VFDOH VLPSO\ VXSSRUWHG EHDPV VXEMHFWHG WR D

V\PPHWULFDO DUUDQJHPHQW RI WZR SDWFKHV RI ORDGV� 7KH YDULDEOHV LQYHVWLJDWHG LQFOXGH
WKH VKHDU VSDQ WR HIIHFWLYH GHSWK UDWLR� D�G DQG WKH PHWKRG RI VKHDU VWUHQJWKHQLQJ XVLQJ

&)53 IDEULFV� 7HVW UHVXOWV LQGLFDWHG WKDW WKH FRQWULEXWLRQ RI &)53 IDEULFV WR WKH VKHDU
FDSDFLW\ ZDV VLJQLILFDQW� 7KH JDLQ LQ VKHDU VWUHQJWK UDQJHG IURP ��� WR ����

GHSHQGLQJ PDLQO\ RQ WKH SDUDPHWHUV LQYHVWLJDWHG� 5HVXOWV ZHUH FRPSDUHG ZLWK WKH
SUHGLFWLRQV IROORZLQJ WKH VKHDU SURYLVLRQV RI $&, &RPPLWWHH ���� 7KH FRPSDULVRQ

UHYHDOHG WKDW WKH SURYLVLRQV DUH FRQVHUYDWLYH�
.H\ZRUGV� 6KHDU 6WUHQJWKHQLQJ� 5& 7�%HDPV� &RPSRVLWH 0DWHULDOV� &)53 )DEULFV
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6WUHQJWKHQLQJ RI 5& VWUXFWXUHV XVLQJ HSR[\�H[WHUQDOO\�ERQGHG ILEHU�UHLQIRUFHG

SRO\PHU �)53� FRPSRVLWHV KDYH UHFHQWO\ JDLQHG DFFHSWDQFH LQ WKH FRQVWUXFWLRQ ILHOG�
)53 FRPSRVLWHV SUHVHQW PDQ\ DGYDQWDJHV SDUWLFXODUO\ ZLWK UHJDUG WR UHVLVWDQFH WR

FRUURVLRQ DQG HDVH RI H[HFXWLRQ� +RZHYHU� WKH XVHG FRPSRVLWH PDWHULDO V\VWHP PD\
QHHG D SURWHFWLYH V\VWHP IRU ILUH UHVLVWDQFH >�@� $V D UHVXOW� H[WHQVLYH UHVHDUFK ZRUN RQ

YDULRXV DVSHFWV KDV EHHQ SXEOLVKHG LQ WKH ODVW GHFDGH >�@� 0RVW RI WKH UHVHDUFK VWXGLHV�
KRZHYHU� ZHUH XQGHUWDNHQ IRU IOH[XUDO VWUHQJWKHQLQJ DQG IRU UHWURILW RI FLUFXODU

FROXPQV� ,QYHVWLJDWLRQV RQ VKHDU VWUHQJWKHQLQJ ZLWK )53 DUH IHZ DQG PRVWO\ OLPLWHG WR
EHDPV ZLWK UHFWDQJXODU FURVV�VHFWLRQ DQG D VKHDU VSDQ WR HIIHFWLYH GHSWK UDWLR EHWZHHQ

��� DQG ��� >���@�



5HLQIRUFHG FRQFUHWH 7�EHDPV UHSUHVHQW D PRUH FKDOOHQJLQJ FRQGLWLRQ FRPSDUHG WR

UHFWDQJXODU EHDPV DV WKH IODQJH UHGXFHV WKH ZHE KHLJKW DYDLODEOH IRU )53 ERQGLQJ�
.KDOLID HW DO� >�@ SUHVHQWHG WHVW UHVXOWV RI ILYH 7�EHDPV VWUHQJWKHQHG LQ VKHDU ZLWK

&)53 IDEULFV LQ WKH IRUP RI VLGH VWULSV RU 8�ZUDSV ZLWK DQG ZLWKRXW HQG DQFKRU� $OO
VSHFLPHQV ZHUH WHVWHG DV VLPSOH EHDPV ZLWK D VKHDU VSDQ WR GHSWK UDWLR� D�G RI ��

'HERQGLQJ RI &)53 ZDV UHSRUWHG WR EH WKH FDXVH RI IDLOXUH IRU DOO WHVW EHDPV H[FHSW
WKH EHDP WKDW ZDV VWUHQJWKHQHG ZLWK 8�ZUDSV DQFKRUHG DW WKH FRUQHU RI IODQJH�ZHE�

,QFLGHQWDOO\� WKH 8�DQFKRU VFKHPH SUHVHQWHG E\ .KDOLID HW DO� >�@ ZDV LPSUDFWLFDO�
([SHULPHQWDO LQYHVWLJDWLRQ FRQGXFWHG E\ 'HQLDXG DQG &KHQJ >�@ RQ ILYH 7�EHDPV

VWUHQJWKHQHG H[WHUQDOO\ LQ VKHDU XVLQJ WKUHH W\SHV RI )53� XQLD[LDO JODVV ILEHU� XQLD[LDO
FDUERQ ILEHU DQG WULD[LDO JODVV ILEHU� \LHOGHG FRPSDUDEOH UHVXOWV� 'HVSLWH WKH 8�ZUDSV

ZHUH H[WHQGHG XQGHUQHDWK WKH IODQJH WR SURYLGH D PLQLPXP DQFKRUDJH OHQJWK RI ���
PP� WKH W\SLFDO IDLOXUH PRGH ZDV FKDUDFWHUL]HG E\ GH�ERQGLQJ DQG SHHOLQJ RI WKH )53

VKHHWV DERYH WKH FRQFUHWH VKHDU FUDFN� 2Q WKH RWKHU KDQG� ZUDSSHG 7�EHDPV ZLWK DQ
D�G UDWLR RI � ZDV UHSRUWHG >��@ WR EH W\SLFDOO\ IDLOHG LQ GLDJRQDO FRPSUHVVLRQ

IROORZLQJ SHHOLQJ DQG UXSWXUH RI &)53 IDEULF QHDU WKH EHDP VXSSRUW� DOWKRXJK WKH\
ZHUH VWUHQJWKHQHG ZLWK 8�ZUDSV RI XQDQFKRUHG HQGV� 6LQFH WKH SUHPDWXUH IDLOXUH RI

ERQGHG &)53 IDEULF WKURXJK SHHO�RII ZDV UHSRUWHG WR EH WKH FRPPRQ FDXVH RI IDLOXUH�
LW LV HVVHQWLDO WR EH DZDUH RI WKH VWUHQJWKHQLQJ PHWKRG DGRSWHG� )XUWKHU� JRRG

SUHSDUDWLRQ RI WKH FRQFUHWH VXUIDFH EHQHDWK WKH IDEULF DV ZHOO DV HIILFLHQW DQFKRUDJH IRU
WKH IDEULF LQ UHJLRQV RI VWUHVV FRQFHQWUDWLRQ LV EHQHILFLDO�

7KH REMHFWLYH RI WKLV VWXG\ ZDV WR HYDOXDWH WKH SHUIRUPDQFH RI H[WHUQDOO\ ERQGHG

&)53 IDEULFV LQ HQKDQFLQJ WKH ORDG�FDUU\LQJ FDSDFLW\ LQ VKHDU RI UHLQIRUFHG FRQFUHWH
7�EHDPV� 7KH VWXG\ SUHVHQWV WKH H[SHULPHQWDO UHVXOWV RI 7�EHDPV VWUHQJWKHQHG ZLWK

&)53 IDEULFV� 5HODWLQJ WR WKH VKHDU VSDQ�WR�HIIHFWLYH GHSWK UDWLR� WKH HIIHFWLYHQHVV RI
YDULRXV EXW SUDFWLFDO VWUHQJWKHQLQJ VFKHPHV ZDV LQYHVWLJDWHG� ,Q DGGLWLRQ� WKH

FRPSOLDQFH RI $&, ��� SURYLVLRQV >��@ ZLWK UHVSHFW WR WKH VKHDU VWUHQJWKHQLQJ RI 7�
EHDPV ZDV DOVR UHYLHZHG�

(;3(5,0(17$/ 352*5$0

7KH PDLQ SDUDPHWHUV VWXGLHG LQ WKLV LQYHVWLJDWLRQ DUH WKH HIIHFW RI VKHDU VSDQ WR
HIIHFWLYH GHSWK UDWLR� DQG WKH PRVW HIIHFWLYH VKHDU VWUHQJWKHQLQJ VFKHPH LQFOXGLQJ

&)53 HQG DQFKRUDJH�

7HVW 6SHFLPHQV
(LJKW UHLQIRUFHG FRQFUHWH EHDP VSHFLPHQV ZHUH WHVWHG DQG FODVVLILHG LQWR WZR VHULHV

LGHQWLILHG 6� DQG 6� GHSHQGLQJ RQ WKH VKHDU VSDQ WR HIIHFWLYH GHSWK UDWLR �D�G�� 7KH D�G
UDWLR ZDV ���� IRU WKH EHDPV RI 6HULHV 6� DQG ���� IRU WKH EHDPV RI 6HULHV 6�� 7KH

VSHFLPHQV ZHUH GHVLJQHG WR IDLO LQ VKHDU� DQG KDG LGHQWLFDO GLPHQVLRQV DQG
UHLQIRUFHPHQW� UHIHU WR )LJ� ��



)LJ� � 7\SLFDO FRQFUHWH GLPHQVLRQV DQG VWHHO UHLQIRUFHPHQW

6WUHQJWKHQLQJ &RQILJXUDWLRQ

&RQVLGHULQJ WKH VWUHQJWKHQLQJ SDWWHUQ� HDFK EHDP RI 6HULHV 6� KDG D UHVHPEOLQJ RQH LQ
6HULHV 6�� 7KH FRUUHVSRQGLQJ VSHFLPHQV RI 6HULHV 6�� %�� %�� %�� DQG %� LQ 6HULHV 6�

DUH %�� %�� %�� DQG %�� UHVSHFWLYHO\� %HDP 6SHFLPHQV %� DQG %� ZHUH WHVWHG ZLWKRXW
&)53 UHLQIRUFHPHQW WR VHUYH DV FRQWURO VSHFLPHQV� 7KH UHVW RI WKH EHDP VSHFLPHQV

ZHUH UHLQIRUFHG ZLWK H[WHUQDOO\ ERQGHG &)53 VWULSV KDYLQJ XQL�GLUHFWLRQDO ILEHUV LQ
WKH IRUP RI 8�ZUDSV� 7KH VXUIDFH RI WKH FRQFUHWH EHQHDWK WKH ZUDSV ZHUH URXJKHQHG

DQG WKHQ OHYHOHG EHIRUH VWLFNLQJ RQ WKH ZUDSV XVLQJ HSR[\ DGKHVLYH� 7KH 8�ZUDSV ZHUH
WHUPLQDWHG XQGHUQHDWK WKH EHDP IODQJH IRU 6SHFLPHQV %� DQG %�� ZKHUHDV WKH\ ZHUH

H[WHQGHG ��� PP FHPHQWHG WR WKH IODQJH LQWUDGRV IRU 6SHFLPHQV %�� %�� %�� DQG %��
,Q DGGLWLRQ� 6SHFLPHQV %� DQG %� KDG ��[��[� PP VWHHO DQJOHV ULYHWHG WR WKH EHDP DW

WKH ZHE�IODQJH LQWHUVHFWLRQV WR DYRLG GHERQGLQJ RI WKH &)53 IDEULF� )LJXUH � VNHWFKHV
WKH DIRUHPHQWLRQHG VWUHQJWKHQLQJ SDWWHUQV�

7KH PHFKDQLFDO SURSHUWLHV RI WKH PDWHULDOV XVHG� LQFOXGLQJ FRQFUHWH� VWHHO

UHLQIRUFHPHQW� DQG &)53 VWULSV� DUH VXPPDUL]HG LQ 7DEOH �� 'HWDLOHG FKDUDFWHULVWLFV RI
WKH PDWHULDOV DQG WKH PHWKRG RI IDEULFDWLRQ RI WKH WHVW EHDPV DUH SUHVHQWHG HOVHZKHUH

>��@�



)LJ� � 6WUHQJWKHQLQJ VFKHPHV
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7HVW 6HWXS DQG ,QVWUXPHQWDWLRQ
7KUHH /LQHDU 9ROWDJH 'LVSODFHPHQW 7UDQVGXFHUV �/9'7V� ZHUH DUUDQJHG DW PLGVSDQ

WR PRQLWRU WKH GHIOHFWLRQ RI WKH EHDP DQG WR PHDVXUH WKH FRPSUHVVLYH DQG WHQVLOH
VWUDLQV LQ FRQFUHWH� $Q DGGLWLRQDO /9'7 ZDV IDVWHQHG DW WKH PLGGOH RI WKH VKHDU VSDQ

WR PHDVXUH WKH GLDJRQDO VWUDLQ LQ WKH FRQFUHWH� (OHFWULFDO UHVLVWDQFH VWUDLQ JDXJHV ZHUH
IDVWHQHG WR WKH VSHFLPHQ¶V ORQJLWXGLQDO EDUV� VWLUUXSV� DQG &)53 IDEULFV WR PHDVXUH WKH

VWUDLQV DW GLIIHUHQW ORDGLQJ OHYHOV� )LJ� �� $OO LQVWUXPHQWV ZHUH FRQQHFWHG WR D KLJK�
VSHHG GDWD DFTXLVLWLRQ V\VWHP WKDW PDGH LW SRVVLEOH WR PRQLWRU WKH UHVSRQVH RI WKH

VSHFLPHQV WKURXJKRXW WKH WHVW�



)LJ� � ,QVWUXPHQWDWLRQ RI WHVW VSHFLPHQV� D� /9'7¶V RQ FRQFUHWH VXUIDFH� E� 6WUDLQ
JDXJHV RQ VWHHO 5)7� F� 6WUDLQ JDXJHV RQ ILEHUV

7HVW 3URFHGXUH

$OO VSHFLPHQV ZHUH WHVWHG XQGHU D V\PPHWULFDO DUUDQJHPHQW RI WZR�SDWFK ORDGV
DSSOLHG DW WKH EHDP¶V WRS IDFH� DV VKRZQ LQ )LJ� �� 7KH ORDGV ZHUH LPSRVHG XVLQJ

GLVSODFHPHQW�FRQWUROOHG PRYHPHQWV RI K\GUDXOLF MDFNV IROORZLQJ D VSHFLILHG
GLVSODFHPHQW KLVWRU\� 6SHFLPHQV ZHUH QRW ORDGHG QRU SUH�FUDFNHG EHIRUH VWUHQJWKHQLQJ

WKHP UHSUHVHQWLQJ WKH FDVH RI XSJUDGLQJ UDWKHU WKDQ UHWURILWWLQJ� 7HVWLQJ ZDV
WHUPLQDWHG ZKHQ WKH ORDG DW D JLYHQ GLVSODFHPHQW ZDV GHJUDGHG WR DERXW ��� RI WKH

XOWLPDWH ORDG� L�H� DERXW ��� ORVV LQ WKH YHUWLFDO ORDG�UHVLVWLQJ FDSDFLW\�

5(68/76 $1' ',6&866,21

7HVW %HDPV RI 6HULHV 6� �D�G ����

)RU WKH FRQWURO 6SHFLPHQ %�� VKHDU FUDFNLQJ FRPPHQFHG LQ WKH PLGGOH RI WKH VKHDU
VSDQV DW D ORDG RI ��� N1� 7KH IRUPDWLRQ RI QHZ LQFOLQHG FUDFNV ZLWK ZLGHQLQJ RI WKH

ROG RQHV FRQWLQXHG XS WR IDLOXUH� 7KH WHVW EHDP IDLOHG LQ D PRGH RI VKHDU IDLOXUH
FKDUDFWHUL]HG E\ FRQFUHWH VSDOOLQJ LQ WKH EHDP ZHE DQG ORFDO FUXVKLQJ QHDU WKH

VXSSRUW� 7KH XOWLPDWH ORDG ZDV ��� N1� $W IDLOXUH� WKH VWUDLQ LQ WKH ORQJLWXGLQDO WHQVLRQ
EDUV UHPDLQHG EHORZ WKH \LHOG YDOXH� 2Q WKH RWKHU KDQG� WKH VWUDLQ LQ WKH VWHHO VWLUUXSV

UHDFKHG WKH \LHOG VWUDLQ DW ��� RI WKH XOWLPDWH ORDG DV VKRZQ LQ )LJ� ��
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)LJ� � 9DULDWLRQ RI VWUDLQ LQ VWHHO VWLUUXSV RI 6HULHV 6�

5HIHUULQJ WR WKH REVHUYHG EHKDYLRU RI WHVW 6SHFLPHQV %�� %�� DQG %�� WKH VKHDU

VWUHQJWKHQLQJ XVLQJ &)53 VWULSV ZLWK GLIIHUHQW WHFKQLTXHV KDG D VOLJKW HIIHFW RQ WKH
RQVHW RI VKHDU FUDFNLQJ DV LQGLFDWHG LQ 7DEOH �� 7KH HQKDQFHPHQW LQ WKH FUDFNLQJ ORDG

RI 6SHFLPHQV %� DQG %� ZDV ��� DQG �� UHVSHFWLYHO\� UHYHDOLQJ WKDW WKH
VWUHQJWKHQLQJ SDWWHUQ KDG SUDFWLFDOO\ QR HIIHFW RQ WKH FUDFNLQJ ORDG� <HW� UHGXFLQJ WKH

VSDFLQJ EHWZHHQ WKH VWULSV RI WKHVH VSHFLPHQV E\ ��� UHVXOWHG LQ DQ LQFUHDVH RI ���
LQ WKH FUDFNLQJ ORDG� UHIHU WR 6SHFLPHQ %�� ([SHULPHQWDO GDWD UHSRUWHG RQ EHDPV ZLWK

UHFWDQJXODU FURVV�VHFWLRQ >�@ VKRZHG WKDW WKH LQIOXHQFH RI &)53 IDEULFV RQ WKH
LQLWLDWLRQ RI WKH VKHDU FUDFNLQJ ZDV LQVLJQLILFDQW�

7DEOH �� 7HVW VSHFLPHQV DQG UHVXOWV
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2Q WKH RWKHU KDQG� WKH HQKDQFHPHQW LQ WKH ORDG�FDUU\LQJ FDSDFLW\ LQ VKHDU IRU

6SHFLPHQV %�� %�� DQG %� ZDV ���� ���� DQG ��� UHVSHFWLYHO\� DV VKRZQ LQ 7DEOH ��
$OO VSHFLPHQV H[KLELWHG D PRGH RI VKHDU IDLOXUH� 7KH W\SLFDO EHKDYLRU DV WKH VSHFLPHQV

ZHUH DSSURDFKLQJ WKH IDLOXUH� ZDV FKDUDFWHUL]HG E\ FUXVKLQJ RI WKH ZHE FRQFUHWH
IROORZHG E\ FXUOLQJ DQG UXSWXUH RI VRPH RI WKH ZUDSV� 3DUWLDO SHHOLQJ RI WKH ZUDSV ZDV

REVHUYHG LQ %HDP %� DW DERXW ��� RI WKH XOWLPDWH ORDG� )LJ� �� )RU DOO VSHFLPHQV� WKH
PD[LPXP VWUDLQ LQ WKH VWHHO VWLUUXSV H[FHHGHG WKH \LHOG YDOXH ZKHUHDV WKH VWUDLQ LQ WKH

ZUDSV ZDV IDU EHORZ WKH XOWLPDWH YDOXH� 7KH PD[LPXP VWUDLQV UHFRUGHG LQ WKH ZUDSV
ZHUH �� DQG �� RI WKH XOWLPDWH VWUDLQ IRU %HDPV %� DQG %�� UHVSHFWLYHO\� )LJXUH �

VKRZV WKH ORDG YHUVXV VWUDLQ LQ WKH &)53 ZUDSV SRLQWLQJ RXW WKH GHSHQGHQF\ RI WKH
UHVXOWV REWDLQHG ZLWK WKH VWUDLQ JDXJHV RQ WKHLU SRVLWLRQ UHODWLYH WR WKH FUDFNV� 7KH

VWUDLQ JDXJH VLWXDWHG DORQJ WKH ZUDSV RI %HDP %� ZDV LQRSHUDWLYH�

5HIHUULQJ WR )LJ� �� WKH VWUHQJWKHQHG EHDPV IROORZHG D FRPSDUDEOH ORDG�GHIOHFWLRQ
SDWWHUQ XS WR IDLOXUH HYHQ WKRXJK WKHLU VWUHQJWKHQLQJ VFKHPH ZDV GLIIHUHQW� 7KH VKRZQ

EHKDYLRU UHYHDOV WKH H[SHFWHG GHFOLQH LQ GXFWLOLW\ RI WKH VWUHQJWKHQHG EHDPV� 7KH
PLGVSDQ GHIOHFWLRQ RI 6SHFLPHQV %�� %�� DQG %� ZDV DERXW ��� RI WKDW RI WKH FRQWURO

VSHFLPHQ DW LWV XOWLPDWH �SHDN� ORDG�

7HVW %HDPV RI 6HULHV 6� �D�G ����
7KH RYHUDOO EHKDYLRU RI WKH FRQWURO 6SHFLPHQ %� ZDV FRPSDUDEOH WR WKDW RI 6SHFLPHQ

%�� 7KH VKHDU FUDFNLQJ LQLWLDWHG LQ WKH PLGGOH RI WKH VKHDU VSDQ DW D ORDG RI ���� N1�
7KH ORDG�FDUU\LQJ FDSDFLW\ RI WKH VSHFLPHQ ZDV OLPLWHG E\ D PRGH RI VKHDU IDLOXUH DW D

ORDG RI ��� N1� 7KH PD[LPXP VWUDLQ LQ WKH ORQJLWXGLQDO WHQVLRQ EDUV ZDV EHORZ WKH
\LHOG YDOXH� ZKHUHDV WKH VWUDLQ LQ WKH VWHHO VWLUUXSV UHDFKHG WKH \LHOG VWUDLQ�

&RPSDUHG WR WKH UHVXOWV RI 6SHFLPHQ %�� WKH HQKDQFHPHQW LQ WKH VKHDU FUDFNLQJ ORDG

RI WHVW 6SHFLPHQV %�� %�� DQG %� ZDV ���� ���� DQG ��� UHVSHFWLYHO\� ZKHUHDV WKH
HQKDQFHPHQW LQ WKH ORDG�FDUU\LQJ FDSDFLW\ LQ VKHDU ZDV ����� ���� DQG ���

UHVSHFWLYHO\� DV VKRZQ LQ 7DEOH �� 6SHFLPHQV %� DQG %� H[KLELWHG D PRGH RI VKHDU
IDLOXUH FKDUDFWHUL]HG E\ VSOLWWLQJ RI WKH ZHE FRQFUHWH DORQJ WKH OLQH MRLQLQJ WKH ORDG

SDG DQG WKH EHDP VXSSRUW� IROORZHG E\ KRUL]RQWDO UXSWXUH RI WKH &)53 VWULS QHDU WKH
VXSSRUW� 7KH IDLOXUH RI 6SHFLPHQ %� DSSHDUHG WR EH GXH WR GHERQGLQJ RI WKH ZUDSV�

3HHOLQJ RI WKH VWULS DW WKH PLGGOH RI WKH VKHDU VSDQ ZDV REVHUYHG DW DERXW ��� RI WKH
XOWLPDWH ORDG� DV VKRZQ LQ )LJ� �� )RU DOO VSHFLPHQV� WKH PD[LPXP VWUDLQ LQ WKH VWHHO

VWLUUXSV H[FHHGHG WKH \LHOG YDOXH ZKHUHDV WKH VWUDLQ LQ WKH ZUDSV ZDV IDU EHORZ WKH
XOWLPDWH YDOXH� )LJXUH � LOOXVWUDWHV WKH ORDG YHUVXV PLGVSDQ GHIOHFWLRQ UHODWLRQVKLSV IRU

6HULHV 6� EHDPV�

&RPSDULVRQ RI WHVW UHVXOWV HYLQFHV WKDW WKH HIIHFWLYHQHVV RI &)53 ZUDSV LQ HQKDQFLQJ
WKH VKHDU FDSDFLW\ RI WHVW VSHFLPHQV ZDV GLUHFWO\ SURSRUWLRQDO WR WKH VKHDU VSDQ WR

GHSWK UDWLR� D�G� 6XFK D FRUUHODWLRQ PD\ MXVWLI\ WKH RFFXUUHQFH RI GHERQGLQJ IDLOXUH IRU
6SHFLPHQ %� �D�G ���� ZKHUHDV WKH SDUDOOHO 6SHFLPHQ %� �D�G ���� IDLOHG LQ VKHDU�

7KHUHIRUH� LW LV UHFRPPHQGHG WR H[WHQG WKH HQGV RI WKH 8�ZUDSV SDUDOOHO DQG FHPHQW
WKHP WR WKH IODQJH LQWUDGRV� SDUWLFXODUO\ IRU EHDPV ZLWK PRGHUDWH D�G UDWLRV� )XUWKHU�

SURYLGLQJ IDVWHQLQJ DQJOHV IRU &)53 ZUDSV DW WKH IODQJH�ZHE LQWHUVHFWLRQ LV EHQHILFLDO�
6SHFLPHQV SURYLGHG ZLWK VXFK DQJOHV �%� DQG %��� SUDFWLFDOO\ DWWDLQHG WKH VKHDU
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)LJ� � 0RGHV RI IDLOXUH� D� 7\SLFDO IDLOXUH� E� 3HHOLQJ �%��� F� 'HERQGLQJ �%��



)LJ� � 9DULDWLRQ RI VWUDLQ LQ &)53 ZUDSV RI 6HULHV 6�

FDSDFLWLHV RI WKH FRUUHVSRQGLQJ VSHFLPHQV ZLWKRXW FRUQHU DQFKRUV �%� DQG %�� HYHQ

WKRXJK WKH ODWWHU KDG ��� H[FHVV LQ ILEHU UDWLR� ,Q WKH UDQJH RI WKH D�G LQYHVWLJDWHG� DQ
XWPRVW LQFUHDVH RI ��� LQ WKH HIIHFWLYHQHVV RI &)53 IDEULF ZDV DFKLHYHG� 7HVW GDWD

SUHVHQWHG E\ .KDOLID DQG 1DQQL >�@ SRLQWHG RXW WKH LQIOXHQFH RI WKH D�G UDWLR RQ WKH
VKHDU FRQWULEXWLRQ RI &)53 ZUDSV IRU VSHFLPHQV ZLWK D�G UDWLRV RI � DQG �� 7KH

FRQWULEXWLRQ ZDV UHSRUWHG WR LQFUHDVH ZLWK LQFUHDVLQJ D�G UDWLR� ,W LV REYLRXV WKDW WKH
VLJQLILFDQFH RI YHUWLFDO FRPSUHVVLYH VWUHVVHV RQ WKH VKHDU UHVSRQVH RI WKH EHDP SUHYDLOV

RQ DV WKH D�G UDWLR GHFUHDVHV� $ FORVH LQYHVWLJDWLRQ RI WKH H[SHFWHG WZR�GLPHQVLRQDO
VWUHVV FRQGLWLRQ UHVXOWLQJ IURP WKH LQWHUDFWLRQ RI FRPSUHVVLYH VWUHVVHV ZLWK WKH

FRH[LVWHQW VKHDU VWUHVVHV� PD\ VXJJHVW WKH XVH RI &)53 IDEULFV ZLWK EL�GLUHFWLRQDO
ILEHUV IRU VKHDU VWUHQJWKHQLQJ RI EHDPV ZLWK D�G UDWLRV FORVH WR ����� 5HVXOWV UHSRUWHG

E\ &KDDOODO HW DO� >��@ RQ 7�EHDPV ZLWK DQ D�G UDWLR RI � DQG VWUHQJWKHQHG LQ VKHDU
XVLQJ EL�GLUHFWLRQDO &)53 IDEULF� DUH LQFRQVLVWHQW DV WKH XWPRVW HQKDQFHPHQW LQ WKH

VKHDU FDSDFLW\ ZDV UHSRUWHG WR EH ������

)LJ� � /RDG YHUVXV PLGVSDQ GHIOHFWLRQ RI 6HULHV 6�
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)LJ� � /RDG YHUVXV PLGVSDQ GHIOHFWLRQ RI 6HULHV 6�

&203$5,621:,7+ $&,���� 6+($5 3529,6,216

$FFRUGLQJ WR $&,���� >��@� WKH VKHDU VWUHQJWK RI EHDPV VWUHQJWKHQHG ZLWK )53
ODPLQDWHV LV HVWDEOLVKHG E\ WKH LQGLYLGXDO VKHDU FRQWULEXWLRQV RI FRQFUHWH� VWHHO VWLUUXSV�

DQG )53 ODPLQDWHV� 7KH VKHDU SURYLVLRQV VHW E\ $&,���� IRU 5& VHFWLRQV ZHUH
DFFHSWHG WR OLPLW WKH FRQWULEXWLRQV RI FRQFUHWH DQG VWHHO UHLQIRUFHPHQW� 7KH &)53

ODPLQDWHV ZHUH KDQGOHG DV LI LW ZHUH DGGHG VKHDU UHLQIRUFHPHQW KDYLQJ LWV RZQ
FKDUDFWHULVWLFV� 7KXV� WKH FRQWULEXWLRQ RI &)53 UHLQIRUFHPHQW WR WKH VKHDU VWUHQJWK� 9I

PD\ EH H[SUHVVHG DV�

I

IIXIY

I V

G�FRVVLQ��I5$

9

� DD �

 « ���

ZKHUH $IY  FURVV�VHFWLRQDO DUHD RI ILEHU VWULS RQ ERWK VLGHV RI ZHE

5  UHGXFWLRQ IDFWRU IRU XOWLPDWH VWUHQJWK� H[HUFLVHG
IRU WHVW EHDPV WR EH ����

IIX  XOWLPDWH VWUHQJWK RI ILEHU

D  LQFOLQDWLRQ DQJOH RI VWULS ZLWK UHVSHFW WR WKH EHDP D[LV
GI  HIIHFWLYH GHSWK RI VWULS

VI  VSDFLQJ RI ILEHU VWULSV

(TXDWLRQ ��� ZDV DSSOLHG WR WKH WHVW VSHFLPHQV� 7KH DQDO\WLFDO UHVXOWV DV FRPSDUHG WR
WKH WHVW UHVXOWV DUH VXPPDUL]HG LQ 7DEOH �� 7KH H[SHULPHQWDO VKHDU FRQWULEXWLRQ RI

ILEHUV WR WKH VWUHQJWK RI D VSHFLILF EHDP LV ILJXUHG DV WKH GLIIHUHQFH EHWZHHQ LWV ORDG�
FDUU\LQJ FDSDFLW\ DQG WKDW RI WKH FRQWURO EHDP� $ FORVH H[DPLQDWLRQ RI WKH UHVXOWV
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UHYHDOV WKDW WKH VKHDU SURYLVLRQV RI $&, &RPPLWWHH ��� DFFHSW WKH GHERQGLQJ RI ILEHUV
DV WKH GRPLQDQW PRGH RI IDLOXUH IRU VWUHQJWKHQHG EHDPV� 7R WKH SRLQW� DOO WHVW

VSHFLPHQV IDLOHG DV D UHVXOW RI UXSWXUH RI ILEHUV� H[FOXGLQJ 6SHFLPHQ %� WKDW IDLOHG DV D
FRQVHTXHQFH RI GHERQGLQJ RI VRPH RI WKH &)53 ZUDSV� 7KH SUHGLFWLRQV IRU 6HULHV 6�

EHDPV �D�G ���� UDQJHG IURP ��� WR ��� RI WKH WHVW UHVXOWV� ZKLFK DUH FRQVLGHUHG YHU\
FRQVHUYDWLYH� ,Q 6HULHV 6� �D�G ����� WKH VKHDU FRQWULEXWLRQ �9I� IRU 6SHFLPHQ %�

SURYLGHG ZLWK IDVWHQLQJ DQJOHV� ZDV ���� $FFHSWDEOH SUHGLFWLRQV ZHUH DFKLHYHG IRU
6SHFLPHQV %� DQG %� ZKHUH 9I LV JLYHQ LQ 7DEOH � DV ��� DQG ��� RI WKH WHVW GDWD

UHVSHFWLYHO\� ,Q FRQFOXVLRQ� WKH UHTXLUHPHQWV SURYLGHG E\ $&, ��� IRU VKHDU
VWUHQJWKHQLQJ FDQ EH FRQVHUYDWLYHO\ DSSOLHG WR 5& EHDPV XVLQJ VWUHQJWKHQLQJ PHWKRGV

SUHVHQWHG LQ WKLV LQYHVWLJDWLRQ�

7DEOH �� &RPSDULVRQ EHWZHHQ WHVW UHVXOWV DQG $&,���� SUHGLFWLRQV

([SHULPHQWDO 5HVXOWV $&,����
6SHFLPHQ 9F�9V

�N1�

9I H[S

�N1�

9I WK

�N1�

9I WK � 9I H[S
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&21&/86,216

,Q YLHZ RI WKH OLPLWHG WHVWV SUHVHQWHG LQ WKLV VWXG\� WKH IROORZLQJ FRQFOXVLRQV FDQ EH

GUDZQ�

�� 5HJDUGOHVV WKH VWUHQJWKHQLQJ SDWWHUQ� WKH VKHDU VWUHQJWKHQLQJ XVLQJ &)53 IDEULF KDG
D PLQRU HIIHFW RQ WKH VKHDU FUDFNLQJ ORDG� +RZHYHU� D UHGXFWLRQ LQ WKH VSDFLQJ

EHWZHHQ WKH VWULSV E\ DERXW ��� UHVXOWHG LQ DQ LQFUHDVH LQ WKH FUDFNLQJ ORDG RI ���
DQG ��� IRU EHDPV ZLWK D�G UDWLR RI ��� DQG ��� UHVSHFWLYHO\�

�� 7KH FRQWULEXWLRQ RI &)53 IDEULFV WR WKH VKHDU FDSDFLW\ LV VLJQLILFDQW DQG GLUHFWO\
SURSRUWLRQDO WR WKH VKHDU VSDQ WR HIIHFWLYH GHSWK UDWLR� 7KH LQFUHDVH LQ WKH VKHDU

FDSDFLW\ UDQJHG IURP ��� WR ��� IRU EHDPV ZLWK D�G RI ��� DQG IURP ��� WR ����
IRU EHDPV ZLWK D�G RI ����

�� ([WHQGLQJ WKH HQGV RI WKH 8�ZUDSV EHQHDWK WKH IODQJH LQWUDGRV� DQG SURYLGLQJ
IDVWHQLQJ DQJOHV IRU WKH ZUDSV DW WKH IODQJH�ZHE LQWHUVHFWLRQ DUH EHQHILFLDO�

6SHFLPHQV SURYLGHG ZLWK VXFK DQJOHV� SUDFWLFDOO\ DWWDLQHG WKH VKHDU FDSDFLWLHV RI
WKH FRUUHVSRQGLQJ VSHFLPHQV ZLWKRXW FRUQHU DQFKRUV HYHQ WKRXJK WKH ODWWHU KDG

��� H[FHVV LQ ILEHU UDWLR�



�� &)53 ZUDSSLQJ OLPLWV WKH VWUDLQV DQG OHDGV WR D ORFDO GHFUHDVH LQ GXFWLOLW\� 7KHUH LV
D QHHG IRU D GHVLJQ FULWHULRQ WR SURYLGH WKH PLQLPXP DOORZDEOH GXFWLOH EHKDYLRU IRU

VWUHQJWKHQHG EHDPV�
�� $V WKH VKHDU SURYLVLRQV RI $&, &RPPLWWHH ��� DFFHSW WKH GHERQGLQJ RI ILEHUV DV WKH

GRPLQDQW PRGH RI IDLOXUH IRU VWUHQJWKHQHG EHDPV� WKH SUHGLFWLRQV RI $&, ��� IRU
WKH WHVW VSHFLPHQV ZHUH FRQVHUYDWLYH� 7KH SUHGLFWLRQV IRU EHDPV ZLWK D�G RI ���

UDQJHG IURP ��� WR ��� RI WKH WHVW UHVXOWV� ZKHUHDV IRU EHDPV ZLWK D�G RI ���
UDQJHG IURP ��� WR ����

$&.12:/('*(0(17

7KH DXWKRUV ZRXOG OLNH WR DFNQRZOHGJH 0%UDFH (J\SW IRU SURYLGLQJ WKH &)53 IDEULFV
DQG WKH DGKHVLYH PDWHULDO� 7KH DXWKRUV ZRXOG DOVR OLNH WR H[WHQG WKHLU JUDWHIXO WKDQNV

WR WKH VWDII LQ WKH 5HLQIRUFHG &RQFUHWH /DERUDWRU\ DW WKH +RXVLQJ DQG %XLOGLQJ
5HVHDUFK &HQWHU LQ (J\SW�

5()(5(1&(6

�� 6ZDPL� 5�� DQG *DXO� 5�� ������� ³5HSDLU DQG 6WUHQJWKHQLQJ RI &RQFUHWH 0HPEHUV
ZLWK $GKHVLYH %RQGHG 3ODWHV�´ $&, 63����� 86$�

�� %HQPRNUDQH� %�� DQG 5DKPDQ� +�� HGV�� ������� ³'XUDELOLW\ RI )LEHU 5HLQIRUFHG
3RO\PHU �)53� &RPSRVLWH IRU &RQVWUXFWLRQ�´ 3URFHHGLQJV RI WKH )LUVW ,QWHUQDWLRQDO

&RQIHUHQFH RQ 'XUDELOLW\ RI &RPSRVLWHV IRU &RQVWUXFWLRQ� 6KHUEURRNH� 4XHEHF�
&DQDGD� $XJ� ���� ��� SS�

�� 0DOHN� $�� DQG 6DDGDWPQHVK� +�� ������� ³$QDO\WLFDO 6WXG\ RI 5HLQIRUFHG &RQFUHWH
%HDPV 6WUHQJWKHQHG ZLWK :HE�%RQGHG )LEHU 5HLQIRUFHG 3ODVWLF 3ODWHV RU )DEULFV�´

$&, 6WUXFWXUDO -RXUQDO� 9� ��� 1R� �� 0D\�-XQH� SS� ��������
�� 7ULDQWDILOORX� 7�� ������� ³6KHDU 6WUHQJWKHQLQJ RI 5HLQIRUFHG &RQFUHWH %HDPV

8VLQJ (SR[\�%RQGHG )53 &RPSRVLWHV�´ $&, 6WUXFWXUDO -RXUQDO� 9� ��� 1R� ��
0DUFK�$SULO� SS� ��������

�� 0DKIX]� ,�� 6DUNDQL� 6�� DQG 5L]N� 7�� ������� ³([SHULPHQWDO DQG 7KHRUHWLFDO
,QYHVWLJDWLRQ RI WKH %HKDYLRU RI 5HLQIRUFHG &RQFUHWH 6WUXFWXUHV 8SJUDGHG 8VLQJ

)LEHU 5HLQIRUFHG 3RO\PHUV�´ 7KH 6HFRQG 0LGGOH (DVW 6\PSRVLXP RQ 6WUXFWXUDO
&RPSRVLWH IRU ,QIUDVWUXFWXUH $SSOLFDWLRQV� +XUJKDGD� (J\SW� SS� ��������

�� .KDOLID� $�� DQG 1DQQL� $�� ������ � ³5HKDELOLWDWLRQ RI 5HFWDQJXODU 6LPSO\
6XSSRUWHG 5& %HDPV ZLWK 6KHDU 'HILFLHQFLHV 8VLQJ &)53 &RPSRVLWHV�´

&RQVWUXFWLRQ DQG %XLOGLQJ 0DWHULDOV� 9RO� ��� 1R� �� SS� ��������
�� $KPHG� 2�� DQG 9DQ *HPHUW� '�� ������� ³6KHDU %HKDYLRU RI 5& %HDPV

6WUHQJWKHQHG %\ /RQJLWXGLQDO &)53 /DPLQDWHV�´ 7KH 6HFRQG 0LGGOH (DVW
6\PSRVLXP RQ 6WUXFWXUDO &RPSRVLWH IRU ,QIUDVWUXFWXUH $SSOLFDWLRQV� +XUJKDGD�

(J\SW� SS� ��������
�� .KDOLID� $�� %HODUEL� $�� DQG 1DQQL� $�� ������� ³6KHDU 3HUIRUPDQFH RI 5&

0HPEHUV 6WUHQJWKHQHG ZLWK ([WHUQDOO\ %RQGHG )53 :UDSV�´ 3URF�� ��WK :RUOG
&RQIHUHQFH RQ (DUWKTXDNH (QJLQHHULQJ� -DQ ��� )HE ��� $XFNODQG� 1HZ =HDODQG�

SDSHU ������ SS



�� 'HQLDXG� &�� DQG &KHQJ� 5�� ������� ³6KHDU %HKDYLRU RI 5HLQIRUFHG &RQFUHWH 7�
%HDPV ZLWK ([WHUQDOO\ %RQGHG )LEHU�5HLQIRUFHG 3RO\PHU 6KHHWV�´ $&, 6WUXFWXUDO

-RXUQDO� 9� ��� 1R� �� 0D\�-XQH� SS� ��������
��� &KDDOODO� 2�� 6KDKDZ\� 0�� DQG +DVVDQ� 0�� ������� ³3HUIRUPDQFH RI 5HLQIRUFHG

&RQFUHWH 7�*LUGHUV 6WUHQJWKHQHG LQ 6KHDU ZLWK &DUERQ )LEHU�5HLQIRUFHG 3RO\PHU
)DEULF�´ $&, 6WUXFWXUDO -RXUQDO� 9� ��� 1R� �� 0D\�-XQH� SS� ��������

��� $&, &RPPLWWHH ���� ������ ³*XLGH IRU WKH 'HVLJQ DQG &RQVWUXFWLRQ RI ([WHUQDOO\
%RQGHG )53 6\VWHPV IRU 6WUHQJWKHQLQJ &RQFUHWH 6WUXFWXUHV�´ $PHULFDQ &RQFUHWH

,QVWLWXWH� )DUPLQJWRQ +LOOV� 0LFK�� -DQXDU\� �� SS�
��� 0RKDPHG� 0�� �GXH ������ ³6KHDU 3HUIRUPDQFH RI 5& 7�EHDPV 6WUHQJWKHQHG ZLWK

&DUERQ )LEHU 5HLQIRUFHG 3RO\PHU /DPLQDWHV�´ 0�6F� 7KHVLV� 'HSDUWPHQW RI &LYLO
(QJLQHHULQJ� =DJD]LJ 8QLYHUVLW\� &DLUR� (J\SW�


