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$ WKHVLVY VXEPLWWHG WR WKH )DFXOW\ DQG WKH %RDUG
OLQHV LQ SDUWLDO IXOILOOPHQW RI WKH UHTXLUHPHQWYV IRL
OHWDOOXUJLFDO DQG ODWHULDOV (QJLQHHULQJ

*ROGHQ &RORUDGR
'DWHEBBBBBBBBBBBBBBBBBBB

*ROGHQ &RORUDGR
'DWHEBBBBBBBBBBBBBBBBBBB
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6LJQBEBBBBBBBBBBBBBBBBBBBBBI
/ILQGVD\ *ROHP

6LJQBEBBBBBBBBBBBBBBBBBBBBBI

‘U .LS )LQGOH\
7KHVLV $GYLVRL

6LJQBEBBBBBBBBBBBBBBBBBBBBBI

‘U $QJIXV 5RFNHW)
SURIHVVRU DQG +H

*HRUJH 6 $QVHOO 'HSDUYV
OHWDOOXUJLFDO DQG ODWHUL



$%675%&7

5HFHQW LQFUHDVHYV LQ WKH &RUSRUDWH $YHUDJH )XHO |
LQFUHDVHG IRFXV RQ OLJKWZHLJKW P DW® SIDIUAWL FRI® XV H SLUH
KDUGHQHG VWHHOV 3+6 KDYH EHHQ LGHQWH IRBGVDXKY®HWDE
PDLQWDLQLQJ RU SRVVLEO\ LPSURYLQJ YHKLRODHPQIB\LKQ S RU I
WKH PHFKDQLFDO EHKDYLRU RI 3+6 ZLWK UHV SHRAW MAFD 6 KBR J
WKHLU SURSHU XVH ,Q WKLV ZRUN 0Q% $0O 6LGARIMWH®@ \EOTL
WLPHV DQG WHPSHUDWXUHV WR SURGXFH D DX EH KD YSWRUR U
ZDV HYDOXDWHG XVLQJ VPRRWK VLGHG WHQWH\D\WM L\@ B VIVQ G JI UC
WHVWLQJ OHWULFV VXFK DV QRWFK WHQVLOBPHPHIQRIWK Q
ZKLFK LV EDVHG RQ WKH IUDFWXUH PHFKD @HQYWS WHUAHWHU F
GHULYHG IURP GRXEOH HGJH QRWFK WHQVLWH DDV W RG J VDR \
DV D IXQFWLRQ RI SURFHVVLQJ FRQGLWLRQV $BGWWRIJROP)
EHQGLQJ VORSH DQG HQHUJ\ IRU IUDFWXUH ZHUKPWRMXUHG
PHDQV IRU HYDOXDWLQJ PHFKDQLFDO EHKDYLRU

,QFUHDVLQJ WKH DXVWHQLWL]LQJ WHPSHDDMW X QHWIX®G KF
PHDVXUHG SULRU DXVWHQLWH JUDLQ VL]PWKRZHVYBOVR QIQ¥D\
WKH WKLFNQHVV RI WKH FRDWLQJ LQWHWBQMX® HROWQBI\GIIW K C
ZLWK LQFUHDVLQJ SULRU DXVWHQLWH JUDLQ WWHABORV HERWK
PLQLPDO GLIIHUHQFH ZDV REVHUYHG LQ WKHPNQWDE® QGRDQ 1L
DW PD[LPXP ORDG DQG HQHUJ\ IRU IUDFWX® HLGKULQFUHBM LE
SULRU DXVWHQLWH JUDLQ VL]H LQ WKH FRDWH®XBH&EDQG DOV
EHKDYLRU IRU WKH f& IRU PLQXWHV DXVWHQLWL]LQJ FR
VPRRWK VLGHG WHQVLOH WHVWLQJ 7KH GURS LQ PHFKDQLFD
REVHUYHG ZKHQ WKH FRDWLQJ ZDV UHPRYHG ZRBLFK VXJJHVW
GHJUDGH WKH PHFKDQLFDO EHKDYLRU RI 3+6 %HQWGXDBJOH D
LQ EHQG WHVWLQJ DOVR GHFUHDVHG IRU WHKIIR Q/\P DDKOLHFKWZ BV |
QRW REVHUYHG LQ DQ\ Rl WKH RWKHU WHVW LMK RFRGAMVIKRGLVF Do
WKDW GLIITHUHQFHYV LQ WKH VWUHVV \DW G Q/\® X B Q& BAW\Y WHHL D VI
GLVFHUQ GLIIHUHQFHV EHWZHHQ PLFURVW UXRMQUHG D/NWHEOR
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&+$37(5 ,1752'8&7,21«««
&+%$37(5 %$&.*5281
,QWURGXFWLRQ
+RW 6WDPSLQJ 3URFHVV
0Q% $OOR\ IRU +RW 6WDPSLQJ $SSOLFDWLRQV
)DFWRUV ,QIOXHQFLQJ 3UHVV +DUGHQHG 6WHHO 7RX
ODUWHQVLWH OLFURVWUXFWXUH
3ULRU $XVWHQLWH *UDLQ 6L]H
,QIOXHQFH RI 6HFRQG 3KDVH 3DUWLFOHV
JUDFWXUH OHFKDQLFV 7RXJKQHVV 3DUDPHWHUYV
BWUHVV ,QWHQVLW)\ )DEWRU
- ,QWHJUDO
(VWHQWLDO :RUN RI JUDFWXUH
&UDFN 7LS 2SHQLQJ 'LVSODFHPHQW
7RXJKQHVV 7THVWLQJ LQ 6KHHW
(IITHEFW RI 1RWFK 5DGLXV RQ 7RXJKQHVV 7HVWL
BWDFNHG &KDUS\ 7THVWLQJ
ORGLILHG &RPSDFW 7HQVLOH 7HVWLQJ
'URS :HLJKW 7HVWLQJ
'RXEOH (GJH 1RWFK 7HQVLOH 7HVWLQJ
JUHH %HQG 7THVWLQJ

&RPSDULVRQ RI 6WUHVY DQG 6WUDLQ 6WDWHYV
THVWLQJ OHWKRGV

6XPPDU\ RI 7TRXJKQHVV 7HVWLQJ OHWKRGV IRU 6
ODWHULDOV

LY



&+$37(5 (;3(5,0(17%$/ 352&('85(
,QWURGXFWLRQ
0Q0% 3ULRU $XVWHQLWH *UDLQ *URZWK ,QYHVWLJD
BHOHFWLRQ RI $XVWHQLWL]LQJ 3DBRPHWHUV IRU +R
'LODWRPHWU\ IRU &ULWLFDO 7UDQVIRUPDWLRQ 7HP?
3ULRU $XVWHQLWH *UDLQ 6L]H $QDO\VLV
OHFKDQLFDO 7HVWLQJ

6PRRWK 6LGHG 7THQVLOH 7HVWLQJ

'RXEOH (GJH 1RWFK 7HQVLOH 7HVWLQJ :LWK
‘'LJLWDO ,PDJH &RUUHODWLRQ

JUHH %HQG 7THVWLQJ
BWULSSHG &RDWLQJ 7HVWLQJ

&+$37(5 5(68/76 ',6&866,21 + ,1)/8(1&( 2) $867(1,7,=
3$5$0(7(56 21 $O 6L &2$7(' 35(66 +$5'(1(' 67((/
0,&526758&785( 0(&+$1,&%$/ 3523(57,(6

,QWURGXFWLRQ
OLFURVWUXFWXUDO (YDOXDWLRQ
&ULWLFDO 7UDQVIRUPDWLRQ 7HPSHUDWXUHYV
3ULRU $XVWHQLWH *UDLQ 6L]H
$V 4XHQFKHG ODUWHQVLWLF OLFURVWUXFWXUH
$0 6L &RDWLQJ (YROXWLRQ
OHFKDQLFDO %HKDYLRU 'XULQJ 6PRRWK 6LGHG 7HQV
OHFKDQLFDO %HKDYLRU LQ WKH &RDWHG 6WDW
OHFKDQLFDO %HKDYLRU ZLWK WKH &RDWLQJ 6W
OHFKDQLFDO %HKDYLRU 'XULQJ 'RXEOH (GJH 1RWFK
OHFKDQLFDO %HKDYLRU LQ WKH &RDWHG 6WDW
OHFKDQLFDO %HKDYLRU ZLWK WKH &RDWLQJ 6W
OHFKDQLFDO %HKDYLRU 'XULQJ JUHH %HQG 7THVWLQ.
OHFKDQLFDO %HKDYLRU LQ WKH &RDWHG 6WDW
OHFKDQLFDO %HKDYLRU ZLWK WKH &RDWLQJ 6W



(YDOXDWLRQ RI &RDWLQJ &UDFNV LQ 6PRRWK 6LGHG

(YDOXDWLRQ RI )DFWRUV ,QIOXHQFLQJ 3UHVV +DUGH
6WUHQJIJWK DQG 7TRXJKQHVYV

&+$37(5 6800%5< $1' &21&/86,216
5()(5(1&(6

$33(1',; $ 0(&+$1,&%/ %(+$9,25 2) 81&2$7(' 3+6 352&(66("
$7 f& )25 0,187(6
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YJLIXUH
YJLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

YLIXUH

JLIXUH

YJLIXUH
YJLIXUH

JLIXUH

JLIXUH

/1,67 2) ),*85(6

6FKHPDWLF FRPSDULQJ WKH LQGLUHFW DQG GLU
SURFHVVLQJ PHWKRGYV

&&7 FXUYH IRUD 0Q% DOOR\
3ORW RI PDUWHQVLWH EORFN ZLGWK DV D IXQFW
JUDLQ VL]H IRU ERWK D )H & DOOR\ DQG D )H & O

([DPSOH RI D VWDFNHG &KDUS\HWWDIRSOH XVHG WR
LQ VKHHW PDWHULDOV

(IH"THFW Rl SULRU DXVWHQLWH JUDLQ VL]H RQ WKF
IRUD ORZ FDUERQ PDUWHQVLWLF VWHHO

D 7KH HIIHFW RI DXVWHQLWL]LQJ WLPH DQG WH
LPSDFW HQHUJ\ IRU D UDQJH RI WHVW WHPSHUDWXUFL

DOOR\ E 7KH HIIHFW RI SULRU DXVWHQLWH JUDLQ \
HQHUJ\ IRU D VWDQGDUG 0Q% DOOR\ DQG D QLRELX
WHVWHG DW f& DQG f&

D 30RW RI '"(17 HORQJDWLRQ DV D IXQFWLRQ RI
VLIH IRU SUHVV KDUGHQHG VWHHOV ZLWK WKLFNQHV'
WR PP E 30RW RI EHQG DQJOH DV D IXQFWLRQ R
IRU D PP SUHVV KDUGHQHG VWHHO KHOG IRU PLQ

7KH UHODWLRQVKLS EHWZHHQ GLPSOH VL]H DQG
GXFWLOH IUDFWXUH LQ VWHHOV

3ORW VKRZLQJ WKH SRVW XQLIRUP VORSH PHDVX
DQJOH FXUYH GXULQJ EHQG WHVWLQJ DV D IXQFWLRC
RI FHPHQWLWH LQ WKH PLFURVWUXFWXUH

7L1 SDUWLFOH ORFDWHG DW WKH FHQWHU RI
D SURPLQHQW LQLWLDWLRQ VLWH

6FKHPDWLFDS/ORWXQKkRAIRKIYI RI PDWHULDO WKLFNQ

6FKHPDWLF SORW RI ORDG YHUVXV GLVSODFHPH(
FUDFN ERGLHV ZLWK WKH H[FHSWLRQ RI WKH FUDFN
ORDGHG WR D IL[HG ORDG WR GHWHUPLQH WKH YDOX

D 'RXEOH HGJH QRWFK VSHFLPHQ JHRPHWU\ FRI
GHWHUPLQDWLRQ RI WKH HVVHQWLDO ZRUN RI IUDFW
ZRUN RI IUDFWXUH DV D IXQFWLRQ RI OLIJDPHQW OHQ
ORZ DOOR\ VWHHO VKRZLQJ WKDXM WBK® HVVHQWLDO Z
EH REWDLQHG IURP WKH OLQHDU ILW WR WKH GDWD

(QIJILQHHULQJ VWUHVV YHUVXV VWUDLQ FXUYHV |
WR SURGXFH GLITHUHQW PLFURVWUXFWXUHY WKDW L
PDUWHQVLWH 0O EDLQLWH % IHUULWH EDLQLWH )

D O
IRU PLFURYRLG FR
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YLIXUH

JLIXUH

JLIXUH

JLIXUH

YJLIXUH
YJLIXUH

YLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

OHDVXUHG HVVHQWLDO ZRUN RI IUDFWXUH YDOXH&
PLFURVWUXFWXUHY GHYHORSHG IRUD 0Q% DOOR\

3ORW FRPSDULQJ WKH IUDEFEWXUH HQHUJ\ YDOXHV
FDOFXODWLRQVY DQG WKH HVVHQWLDO ZRUN RI IUDFW
7KH VSHFLILF HVVHQWA4 DIOV ZROMR RMKIRDE WKW H HIHUHQ

30RW RI WKH*H QKQGEISHHPHOWHYTRBWHH IUDFWXUH
DV D IXQFWLRQ Rl WKH WKLFNQHVV RI DQ DOXPLQXP

D 7KH HITHFW RI QRWFK URRW UDGLXV RQ WKH |
WRXJKQHVY LQ RLO TXHQFKHG $,6, VWHHO E 7KI
QRWFK URRW UDGLXV RQ WKH &72' DW WKH RQVHW RI
IRU D ORZ FDUERQ VWUXFWXUDO VWHHO

ORGLILHG FRPSDFW WHQVLORBMWSFOY/MWLRPY JHRPHWL

7\SLFDO RSWLFDO LPDJH VKRZH Q¥ KRZ WKH FUDF
FRPPRQO\ PHDVXUHG LQ D PRGLILHG & 7 WHVWLQJ V

3ORW RI WKH FUDFN WLS RSHQLQJ DQJOH PHDVX!
HIWHQVLRQ 7KH FRQYHUJHQFH DW ODUJHU FUDFN H]|
WKH FULWLFDO FUDFN WLS RSHQLQJ DQJOH

D ([DPSOH VDPSOH JHRPHWU\ XVHG IRU D[LDO F
E ([DPSOH VDPSOH JHRPHWU\ XVHG IRU EHQG FUDVK

([DPSOH RI GHIRUPHG '3 VKHHW VWHHO VDPSOL
WHVWLQJ DQG E EHQG FUDVK WHVWLQJ

D 30RW RI WULD[LDOLW\ DV D IXQFWLRQ RI HTX
WKUHH GLITHUHQW QRWFK UDGLL RI PP PP DQG
E /RDG GLVSODFHPHQW FXUYHV IRU WKH WKUHH GLI
VKRZLQJ DOVR GLIIHUHQFHV LQ WKH XEWSOBGBRHQW
QRWFK WHQVLOH VDPSOHV RI FRQVWUXFWLRQ VWHHC
SORWYV

6WUHQJIJWK DV D IXQFWLRQ RI WHPSHULQJ WHPSH
DQG VKDUS QRWFK WHQVLOH EDUV PDFKLQHG RXW RI

6FKHPDWLF RI WKH EHQG WHVWLQJ VHW XS IRU V
DFFRUGDQFH ZLWK WKH 9'$ VWDQGDUG

D 30RW RI VLGH LPSDFW FUDVK LQGH[ DV D IXQ
DQJOH PHDVXUHG GXULQJ IUHH EHQG WHVWLQJ IRU E
XQFRDWHG SUHVV KDUGHQHG VWHHOV E 3O0ORW RI W
PHDVXUHG GXULQJ D[LDO FUDVK WHVWLQJ YHUXV WK
DQJOH PHDVXUHG IURP IUHH EHQG WHVWLQJ VKRZLQ.
EHWZHHQ WKH WZR PHDVXUHPHQWYV

JUDFWXUH VWUDLQ DV D IXQF@WRRBGRI VWUHVV W
ILQH JUDLQ VWHHO ZLWK GHVLJQDWLRQ =6W(

YLLL



JLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

YLIXUH

JLIXUH

YLIXUH

JLIXUH

YLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

BURJUHVVLRQ RI SULRU DXVWHQLWH JUDLQ VL]H
DXVWHQLWL]LQJ WHPSHUDWXUH IRUD 0Q% $O 6L FI

/ILIJKW RSWLFDO PLFURJUDSKYV RI WKH DV TXHQFK
WKH 0Q% DOOR\ WKDW ZDV KHDW WUHDWHG DW WK
DQG KHOG DW WHPSHUDWXUH IRU PLQXWHYV

/ILIJKW RSWLFDO PLFURJUDSKYV RI WKH DV TXHQFK
0Q% DOOR\ WKDW ZDV KHDW WUHDWHG DW "

$QDO\WLYV SODQH LQ D QRQ GHIRUPHG ( WHQVLO
DXVWHQLWH JUDLQ VL]H DQDO\VLV FRQGXFWHG

6DPSOH JHRPHWU\ IRU VPRRWIK VLGHG WHQVLOH
ZLWK WKH $670 ( VWDQGDUG

D 6DPSOH JHRPHWU\ IRU '"(17 VDHVQVP®J ZLWK DC
E '(17 WHVWLQJ VHW XS SHUIRUPHG RQ WKH ,QVWU X

'LJLWDO LPDJH FRUUHODWLRQ ',& FRQWRXU PD¢
WKH WHQVLOH D[LV IRU WKH '(17 VDPSOH XVLQJ D Z
FRQQHFWLRQ HPSKDVL]LQJ WKH PRUH V\PPHWULFDO |
D SLQ FRQQHFWLRQ

6WUDLQ FRQWRXU PDS RI D '(17 VDPSOH JHQHUD)
WKH DQDO\VLY ORFDWLRQ IRU QRWFK GLVSODFHPHQV

D 30RW RI GLVSODFHPHQW YHUVXV WLPH IRU D
VDPSOH SURFHVVHG DW f& IRU PLOQXWHYV E 30R
WLPH DW WKH YHU\ EHIJLQQLQJ RI WKH WHVW IRU WK}

THVWLQJ VHW XS IRU WKH I[UHH EHQG WHVWLQJ X
WHVWLQJ IUDPH

5HSUHVHQWDWLYH ORDG YHUVXV EDQGHQJ DQJO|
FRQGLWLRQ JHQHUDWHG IURP WKH IUHH EHQG WHVW]|
RI D WKH EHQGLQJ DQJOH DW SHDN ORDG DQG E W
38%6

/ILIJKW RSWLFDO PLFURJUDSK RI WHKHRWJPK QW L F N (
DQRG E DIWHU DWWHPSWLQJ WR FKHPLFDOO\ UHPRYF
VKHHW SURFHVVHG DW f& IRU PLQXWHYV

/ILIJKW RSWLFDO PLFURJUDSK RI WKH JURXQG VXU
RI' D 3+6 VKHHW SURFHVVHG DW f& IRU PLQXWHYV

D /LJKW RSWLFDO PLFURJUDSK RI WKH JURXQG
SURFHVVHG DW f& IRU PLOQXWHV E $ SORW VK
LQ KDUGQHVYV DV D IXQFWLRQ RI WKH GLVWDQFH IURI

+HDWLQJ SRUWLRQ RI WKH GLODWRPHWU\ FXUYH
DQG WWHPSHUDWXUHVY RI WKH 0Q% DOOR\

WKH
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YLIXUH

YLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH
JLIXUH

YLIXUH

JLIXUH

JLIXUH

YLIXUH

JLIXUH

YLIXUH

JLIXUH

&RROLQJ SRUWLRQ RI WKH GLODWRPHWU\ FXUYH
vwbuUw WHPSHUDWXUH IRU 3+6 KHDW WUHDWHG DW |
E f& IRU PLOQXWHV EHIRUH TXHQFKLQJ

3ORW RI WKH GHSHQGHQF\ RI WYXWH®WW\HQVLWH
JUDLQ VL]H IRU D & 0Q 1L VWHHO

D 30RW Rl SULRU DXVWHQLWH JUDLQ VL]H DV D

WHPSHUDWXUH IRU WKH 0Q% DOOR\ E /LJKW RSW

f& + PLQXWH FRQGLWLRQ VKRZLQJ WKH DEQRUP]|
JUDLQ JURZWK

SULRU DXVWHQLWH JUDLQ VL]H RMIFRRJRWWUXFW XU
SURFHVVHG LQ WKLV VWXG\

$V TXHQFKHG PDUWHQVLWLF PLBMURVWUXFWXUH |
D f& IRU PLOQXWHYV E f& IRU PLOQXWHYV D
IRU PLQXWHYV

+RW VWDPSHG PLFURVWUXFWXUHMRI DOO DXVWtl

SHSUHVHQWDWLYH PLFURJUDSKV RI WKH DOXPLQ
WKH D DV UHFHLYHG FRQGLWLRQ DQG E IROORZLQ
WUHDWPHQW

3ORW RI WKH DYHUDJH FRDWL@QFWKRBRDNRIHVV PHELC
DXVWHQLWL]LQJ WHPSHUDWXUH

, QWHUGLIIXVLRQ OD\HU FRPSDULVRQ ,'/ IRU D
E f& IRU PLOQXWHYV DQG F f& IRU PLQXW

(QJLOQHHULQJ VWUHVYV YHUVXV HQJLQHHULQJ VWL

VWUDLJKW VLGHG WHQVLOH WHVWLQJ IRU FRQGLWLR

PLOQXWHYV f& + PLOXWHV f& £+ PLQXWHYV
PLQXWHYV

D +DOO 3HWFK SORW RI RIT'VHW \LHOG VWUH
URRW RI SULRU DXVWHQLWH JUDLQ VL]H 3%$*6 DQG I
WHQVLOH VWUHQJWK YHUVXV WKH LQYHUVH VTXDUH

+DOO 3HWFK SORW RI RINTVHW \LIBPOE VWUHQJW
URRW RI SULRU DXVWHQLWH JUDLQ VL]H VKRZLQJ GLI
N IRURWKHU PDUWHQVLWLF DOOR\V LQ FRPSDULVRQ

vWHPSHUDWXUH DV D IXQFWLRQ RI WKH DPRXQW RI
VA\VWHP

3ORW RI D VWUDLQ WR IDLOXUH DQG E SRVW X
RI SULRU DXVWHQLWH JUDLQ VL]H IRU WKH $670 ( Wt



JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

YLIXUH

YLIXUH

JLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

D (QJLQHHULQJ VWUHVV YHUVXV VWUDLQ FXUY}

f& + PLQ DQG f& + PLQXWH FRQGLWLRQV

DUHD XQGHU WKH HQJLQHHULQJ VWUHVV YHUVXV VWI
RI SULRU DXVWHQLWH JUDLQ VL]H

(QIJILQHHULQJ VWUHVV VWUDLQ FXUYHV IRU SUHV
D f& IRU PLQXWHYV E f& IRU PLOQXWHYV L
IRU PLOQXWHV VKRZLQJ WKH FRDWHG GDWD VWULSE
DGMXVWHG WR QHJOHFW WKH FRDWLQJ WKLFNQHVYV

D 30RW RI RITVHW \LHOG VWUHQJWK DV D IX
URRW RI SULRU DXVWHQLWH JUDLQ VL]H IRU WKH $0
E 30RW RI XOWLPDWH WHQVLOH VWUHQJIJWK DV D IX(
RI SULRU DXVWHQLWH JUDLQ VL]H IRU $0 6L FRDWHG

D 30RW RI VWUDLQ WR IDLOXUHIRY D IXQFWLRQ
ERWK WKH $0 6L FRDWHG PDWHULDO DQG WKH VWUL S
XQLIRUP HORQJDWLRQ DV D IXQFWLRQ RI SULRU DXV\
FRDWHG DQG VWULSSHG PDWHULDO

/IRDG GLVSODFHPHQW FXUYHV IRU WKUHH RI WKH
GRXEOH HGJH QRWFK WHQVLOH WHVWLQJ

D 30RW RI XOWLPDWH WHQVLOH VWUHQJWK IRU
DQG WKH GRXEOH HGJH QRWFK WHQVLOH JHRPHWU\ LC
URRW RI SULRU DXVWHQLWH JUDLQ VL]H E 30RW RI
QRWFK WHQVLOH VDPSOHYV DV D IXQFWLRQ RI SULRU

(IM'HFW RI SULRU DXVWHQLWH JUDM)ALRL]H RQ WKF
EHWZHHQ QRWFK WHQVLOH VWUHQJIJWK DQG VPRRWK

6FKHPDWLF RI ORKUTV FLUFOH IRU WKH VPRRWK
‘(17 VDPSOH JHRPHWULHYV IRU ERWK WKH ORZ DXVW|
DQG KLIJK DXVWHQLWL]LQJ WHPSHUDWXUH FRQGLWLR

D )UDFWXUH VXUIDFH RI D GRXEOH HGJH QRWEFK
SURFHVVHG DW f& IRU PLOQXWHYV LQGLFDWLQJ W
DKHDG RI HLWKHU QRWFK WLS DV ZHOO DV WKH VODC
SHUFHQW IODW IUDFWXUH RQ WKH IUDFWXUH VXUIDF|
VDPSOH DV D IXQFWLRQ RI SULRU DXVWHQLWH JUDLQ

3ORW RI QRWFK GLVSODFHPHQW DV D IXQFWLRQ

S8OWLPDWH WHQVLOH VWUHQUWRIRWWD IXQFWLRQ
SULRU DXVWHQLWH JUDLQ VL]H IRU WKH VPRRWK VLG
JHRPHWULHYVY LQ WKH FRDWHG DQG VWULSSHG FRQGL

3ORW RI QRWFK VWUHQJIJWK UDWLRRYV D IXQFWLR
ERWK WKH $0 6L FRDWHG DQG VWULSSHG PDWHULDO

SHUFHQW IODW IUDFWXUH RQ WKH BGWRXXEOH HGJH
IXQFWLRQ RI SULRU DXVWHQLWH JUDLQ VL]H IRU ERW
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JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH
JLIXUH

YLIXUH

JLIXUH

3ORW RI QRWFK GLVSODFHPHQW DV D IXQFWLRQ
WKH $O0 6L FRDWHG DQG WKH VWULSSHG FRDWLQJ PD

SHSUHVHQWDWLYH ORDG GLVSO@QEHPHQW FXUYH\
FRQGLWLRQV HYDOXDWHG LQ WKLV VWXG\

D $EVROXWH YDOXH RI WKH SRVW XQLIRUP EHQ
SULRU DXVWHQLWH JUDLQ VL]H E OD[LPXP ORDG PH
WHVWLQJ DV D IXQFWLRQ RI SULRU DXVWHQLWH JUDL

3ORW RI EHQG DQJOH DW WKH SHDNQOWRWLJSE DV D |

3ORW RI WKH WRWDO DUHD X@QW HFX WKHDBEHDR G WH
IXQFWLRQ RI SULRU DXVWHQLWH JUDLQ VL]H

,QLWLDWLRQ DQG SURSDJDWLRQ DHHD DV D IXQF

D 30RW RI EHQG DQJOH DV D IXQFWLRQ RI SULR
FRDWHG DQG VWULSSHG PDWHULDO E 30RW RI EHQ
PHDVXUHG WKLFNQHVV IRU HDFK VSHFLILF WHVW RQ
FRQGLWLRQV HYDOXDWHG LQ WKH VWULSSHG FRQGLV

3ORW RI SRVW XQLIRUP EHQGLQJ VORSH DV D IXC(
VLIH IRU ERWK WKH VWULSSHG DQG WKH FRDWHG PD\

D 30RW RI WRWDO DUHD XQGHU WKH ORDG GLV!¢
VWULSSHG PDWHULDO E 30RW RI WKH DUHD XQGHU
WR FUDFN LQLWLDWLRQ DV D IXQFWLRQ RI SULRU DX\
DQG VWULSSHG PDWHULDO

J)LIXUH 6FKHPDWLF RI VPRRWK VLGHG WHIXQH OH VSHFLPF
IRU HYDOXDWLQJ WKH FRDWLQJ IROORZLQJ WHVWLQJ
J)LIXUH /ILIJKW RSWLFDO PLFURJUDSKVWWWKH BRRHGW XG
UHJLRQ RI WKH VPRRWK VLGHG WHQVLOH VDPSOHYV
JLIXUH $ 3ORW RI SULRU DXVWHQLWH JUDLXUWVH]H DV D IXC
IRU WKH XQFRDWHG PDWHULDO LQ FRPSDULVRQ WR W
JLIXUH $ 3ORW RI D RITVHW \LHOG VWUM@IWK DQG E
IXQFWLRQ RI WKH LQYHUVH VTXDUH URRW RI SULRU L
PDWHULDO LQ FRPSDULVRQ WR WKH $O0 6L FRDWHG P
JLIXUH $ 3ORW RI D VWUDLQ WR IDLOXUH DQG E SRVW X

JLIXUH $

RI SULRU DXVWHQLWH JUDLQ VL]H IRU WKH XQFRDWH
WKH $O0 6L FRDWHG PDWHULDO

D 30RW RI WKH QRWFK WHQVLOHLPWWHQJWK FR
WHQVLOH VWUHQJWK IRU ERWK WKH XQFRDWHG DQG
LQYHUVH VTXDUH URRW RI SULRU DXVWHQLWH JUDLQ
DV D IXQFWLRQ RI SULRU DXVWHQLWH JUDLQ VL]H IR

[LL



JLIXUH $ 3ORW QRWFK GLVSODFHPHQW DV D IXQFWLRQ RI
XQFRDWHG PDWHULDO FRPSDUHG WR WKH FRDWHG PI

JLIXUH $ S3ORW EHQG DQJOH DW PD[LPXP ORDLDGHDV D IXQFYV
IRU WKH XQFRDWHG PDWHULDO FRPSDUHG WR WKH FI

[LLL
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5HODWLYH &RPSRVLWLRQ RI D 0Q% $OOR\
&RPSDULVRQ RI 7TRXIJKQHVYV 7THVWLQJ OHWKRGV Il
0Q% $0O 6L &RDWHG &KHPLFDO &RPSRVLWLRQ

&KHPLVWU\ RI WKH 0Q% $OOR\ IRU 6LPXODWHG

$XVWHQLWL]LQJ SDUDPHWHUV IRU WKH 0Q% %C
*ULQGLQJ 'HSWK SHU 6LGH RI 6DPSOH

SULRU $XVWHQLWH *UDLQ 6L]H IRU (DFK $XVWHQ!|
OHFKDQLFDO 3URSHUWLHYV IURPMPGPRRWK 6LGHG
OHFKDQLFDO 3URSHUWLHV 1WRR IRXXERDWHZIH 1R\
OHFKDQLFDO 3URSHUWLHYV IURP )UHH %HQG 7HV)
OHFKDQLFDO B3URSHUWLHV IURPSEHEBERRWK 6LGHG

OHFKDQLFDO 3URSHUWLHV |1WRR IR >6E\OH. $S 8K 1R\

OHFKDQLFDO 3URSHUWLHYV IURP J)UHH %HQG 7HV)

[LY



$&.12:/('*(0(176

, ZRXOG OLNH WR WKDQN WKH VSRQVRUV Rl WKH $GYDQF
5HVHDUFK &HQWHU IRU WKHLU FRQWLQXHG VXSSRUWVDQG JX|
, ZRXOG OLNH WR JLYH D VSHFLDO WKDQNWY WR HH® HT & DSPR\W
DQG IDFLOLWLHYV GXULQJ P\ VXPPHUV LQ JUDGXIWW®RE& VFKRRO |
%URZQ DQG ODWW (QORH IRU WKHLU LQVLJKW LQWR P\ ZRUN
DOVR OLNH WR WKDQN *HVWDPS IRU SURFHVRRQDQEDQWKH PI
SDUWLEXODU 3DX0O %HODQJHU DQG .DWDULQMHYVLIQVVIR®GIRU
VKLSPHQW Rl WKH PDWHULDO , ZRXOG OLN H\ WHRUDKEHN@RLZDIH G .
PH JURZ LQ P\ XQGHUVWDQGLQJ RI IUDFWXUH PHRKDQLFV DQC
SURMHFW $OVR , ZRXOG OLNH WR DFNQRZOHGJH P\ FRPPLW\
'U 'DYLG ODWORFN IRU WKHLU FRQWLQXDO VXSBRUM HQ@ WKL
IRU KLV KHOS ZLWK GLODWRPHWU\ WHVWLQJ QGUAD QO RRN KH UW
-DFREV IRU KLV KHOS ZLWK DOO RI P\ WHVWYL QUPVYIOW DXEG )LQD
IULHQGV IRU DOZD\V EHLQJ WKHUH IRU PH ZKHQ , Q/HHHHIiGHG DG
KRZ PXFK , KDYH OHDUQHG DQG JURZQ

[Y
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O9HKLFOH OLJKWZHLIJKWLQJ HITRUWYV KDY HGXHPW ROWMIGHD K
LQFUHDVH LQ UHTXLUHG IXHO HFRQRP\ VWDLQGHD® ®WY YIDIA OHV
RSWLRQV IRU DFKLHYLQJ OLJKWHU YHKLFOH PDHV¥KLWUHIHFWXUH\
KDUGHQHG VWHHOV 3+6 KDYH EHHQ LPSOHPHQWHSLO@WR \P D
> @ 3+6 ZLWK PDUWHQVLWLF PLFURVWUXFW XKIGHW RS RWK WK H (
DGYDQFHG KLJK VWUHQJWK VWHHOV ZKLF &SFOOLN 1D WIKRHPV D & X\W
KLIJIKHU VWUHQJWK FRPHVY DW WKH H[SHQVH RLJXRWYHB SHUDQJX
IRUPDELOLW\ GXULQJ WKH KRW VWDPSLQJ SURFHVV WR SURG

6 XFFHVVIXO LPSOHPHQWDWLRQ RI WKHVH RIWKRGILDAWUH
WKHLU PHFKDQLFDO EHKDYLRU DV LW UHODMMHY WRQI EEBHF W X U |
FRQWUROOHG E\ SDUWLFXODU PLFURVWU X E WX UTRD® WH.W XU HV
EHKDYLRU DQG VHFRQG SKDVH SDUWLFQHVYHYGFKIOLQV ER QDRCS@\R
WR LPSURYH WKH UHVLVWDQFH WR IUDFWXUHQWHWKHOH W B %
FDQ VLPXOWDQHRXVO\ FKDQJH WKURXJK GUILRUHRQE ANV D@ OO
TKHUHIRUH LVRODWLQJ HDFK LQGLYLGXDO 1Q BHREGYM LIFXI@OW H

$OVR PHDVXULQJ GLIIHUHQFHV LQ WRXJKQHVV RI 3+6 VR
PHWKRGV EHFDXVH VKHHW PDWHULDOYV @K ¥ WU SILEDIQUDFWRXR H
WRXJKQHVV WHVWYV BHYHUDO VWXGLHV KNYHZYRXJKWVW R FIG |
UHVLVWDQFH WR FUDFN LQLWLDWLRQ DQG S U FESHII® WIHR/QVLQ 5
> @ DQG QRWFK WHQVLOH WHVWLQJ > K®RG+RAHYKHHW PIH
WRXJKQHVV KDV QRW \HW EHHQ HVWDEOLVKHGW)LQUWKHUPRU
PHWKRGRORJ\ WKDW UHODWHY WR WKH ORD®IHE FIRQIG EWDR R
FRQGLWLRQV DQG LV DEOH WR GLIIHUHQWIQIW W IDROEOWR\ SURFH

7KLV VWXG\ IRFXVHVY RQ GHWHUPLQLQJ WKH LQIOXHQFH F
PHFKDQLFDO SURSHUWLHYV 6HYHUDO DXVMHDVWOHRW HGHWKH
SULPDULO\ YDU\ WKH SULRU DXVWHQLWHXMLRIQQOVL\HHU KR HF XK
ZDV DOVR YDULHG WKURXJK GLITHUHQFHWYQO DVXVW HNWMNGN]L Q.



HYDOXDWHYV GLIIHUHQW WHVWLQJ PHWKRGWFEQ QLW RBLEHKBLYA
EHWZHHQ WKH YDULRXV DXVWHQLWL]LBW SRGD PHVOMEW H @ CL;
VPRRWK VLGHG WHQVLOH WHVWLQJ GRXEOHQHGJBFERRVFK WH
WKHVH WHVWLQJ PHWKRGV KDYH GLITHUHQWOXDWHRE BRD & KW
LQIOXHQFH Rl ORDGLQJ FRQGLWLRQV RQ P HEKDLRLF B EGHKDW
LQFOXGHG VWUHQJWK GXFWLOLW\ QRWFKH WRVEWRFNW\ HQ
LQLWLDWLRQ DV PHDVXUHG WKURXJK QRWFK GLVSODFHPHQW

7KH WKHVLVY RXWOLQH LV DV IROORZV &KDSWHU GHWDL
KDUGHQHG VWHHO WRXJKQHVV DV ZHOO DV WRKJWQE Y \P HAKKIR (
LQIOXHQFH RI SULRU DXVWHQLWH JUDLQ VL] D\QDLDHER QX S
SUHYLRXV VWXGLHV RQ YDULDWLRQ LQ WRXJKQHVV GXH WR V
SUHVHQWHG $GGLWLRQDOO\ VHYHUDO UKW ¥R WHRX\W KRQ MW
DSSOLFDELOLW\ DQG OLPLWDWLRQV IRW XWH VW)L § & HPHHW PRGN
FRPPRQO\ XVHG IRU VKHHW PDWHULDOV DUH SUHVHQWHG

&KDSWHU FRQWDLQV WKH H[SHULPHQWDO GHVLJQ DQG ¢
PHWKRGRORJ\ XVHG WR VHOHFW WKH DXVWHQHOM L@ WEDRUYDP
LQYHVWLIJDWLRQ LV SUHVHQWHG 7KH W8WWLIQIWLIHN B GRIW K
LV GHVFULEHG DQG WKH PHWKRG XVHG WR FPPWX®DBWH GLIIH
GLVEXVVHG DV ZHOO 6RPH WHVWV ZHUH DOVR SAHGRXWRAHG ZL
XVHG WR VWULS WKH FRDWLQJ RIl WKH VXUIDFH LV SURYLGH(

5HVXOWYVY DQG GLVFXVVLRQ DUH SURYLGHG LQ &KDSWHU
DXVWHQLWL]LQJ SDUDPHWHUV RQ SUHVV KD UWGHQW G HQ\ MHKODR
WRXJKQHVYV DUH FRPSDUHG EHWZHHQ VPRRWIKQVLGBG WHQHV L (
EHQG WHVWLQJ DV D IXQFWLRQ RI WKH PHIRQM HG \&U HRUG D X V
EHWZHHQ WKH GLIITHUHQW WHVWLQJ PHWKRBWDUH GLVFXVVH
PLFURVWUXFWXUH DQG ORDGLQJ FRQGLWLRQV RQ WKH PHDV>
LQYHVWLIJDWLRQ DUH SURYLGHG LQ &KDSWHU
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7KLV FKDSWHU GHVFULEHV WKH KRW VWDPSLQJ SURFHVYV
FRPPRQ DOOR\LQJ VWUDWHJI\ XVHG IRU VWHHON WKDW JR WK!
$GGLWLRQDOO\ D OLWHUDWXUH UHYLHZ RI | HHORUMWFRQWUR
GLVEXVVHG /LQHDU HODVWLF DQG HIDO®WRVEE \DHDYWHE WRE DK
FRPPRQ WHVWLQJ PHWKRGYV IRU HYDOXDWLQJ W RIX\U KQHMO B Q
DUH FRPSDUHG

+27 67%$03,1* 352&(66

+RW VWDPSLQJ IRU SUHVV KDUGHQLQJ ZDV ILIRMWEKHYHO
KLIJK WHPSHUDWXUH IRUPDELOLW\ RI DXVDAEHQILWN WQ DRUBOO
PDUWHQVLWH XSRQ TXHQFKLQJ )LJXUH VKRZVY D VFKHPDW
VWDPSLQJ LQYROYHV DXVWHQLWL]LQJ DNEH®B &N DDWX D HW MREIHQ
WKH KHDWHG EODQN WR D GLH DQG ILQDOOS VU WXICQVW @ H R\
SURGXFH D KDUGHQHG PLFURVWUXFWXUH 7KHUH KUH WZR Sl
LOQFOXGH WKH LQGLUHFW DQG GLUHFW SURFIR®VYQJIKMKIHQGLUH
PDWHULDO WR SURGXFH WKH LQLWLDO SDU@LGMULARHQYLRQV K
WHPSHUDWXUH DQG ILQDOO\ KRW VWDPSLQNUXR VEXRIE OFRHS Wi
SDUW GLPHQVLRQV 7KLV SURFHVV LV QRW DV FRPRRQO\ XVH
FRDWHG 0Q% DOOR\V WKDW UHTXLUH VRPHOQRZXMHPBWDDW
HPEULWWOHPHQW 7KH PRUH FRPPRQO\ XVHG LOQGYRWHNWDO S
LV VLPLODU WR WKH LQGLUHFW SURFHVV GENXW DQR LU QU WWDKH E
WR DQ DXVWHQLWL]LQJ WHPSHUDWXUH W\SLFDOOWHHWWHH Q
PLFURVWUXFWXUH ZLWKRXW DOORZLQJDRWHUILPE®OVYHDHRKHM\ND MQ
DXVWHQLWL]LQJ WHPSHUDWXUH WKH EODQW I¥KLKWH KRB OBNWILR
DOORZV IRU IXOO DXVWHQLWL]DWLRQ DQG VRRH PKRWPHRUHDQQ ] D\



WKHQ WUDQVIHUUHG WR WKH GLH DQG VWDPSHG@WWQG TXHQF
JHRPHWU\ DQG GHVLUHG KDUGHQHG PLFURVWUXFWXUH

i W =TT T
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JLIXUH 6FKHPDWLF FRPSDULQJ WKH LQGLPHMK PG >G @U |

0Q% $//2< )25 +27 67%$03,1* $33/,&%$7,216

0Q% LV D VWHHO DOOR\ FRPPRQO\ XVHG LQ KRW VWDP S
KDUGHQDELOLW\ KLJK VWUHQJWK DQG JRR@ IRPOHELOLW)\ L
VKRZV D W\SLFDO FRPSRVLWLRQ RI 0Q% 7KIDSER@DU\ DOOTF
PDQJDQHVH ERURQ DQG WLWDQLXP &DUERQ QVYWSK DRWHUO\ |
KRW VWDPSLQJ DQG FDQ DOVR DVVLVW ZDWK GRZHU®QJ WKH
+DUGHQDELOLW\ LV DFKLHYHG WKURXJK WKH DGGLWNVRQ RI P
EH SUHVHQW WR SUHYHQW WKH FRXSOLQJ RI ERURQ DQG QLW
ZKLFK ZRXOG UHGXFH WKH HIIHFWLYHQHVV RDERER@® QW DL KD
PDQJDQHVH DQG VLOLFRQ ZKLFK DFW WR \D/QU B Q BIW K H @/ KARKXH] |
LV NHSW UHODWLYHO\ ORZ WR UHGXFH WKH SB® IEGWUDGHRU
EHQGDELOLW\ > @ )RU WKLV DOOR\ WKH IHUULWH H SSHOUKPLGON
WR ORQJHU WLPHY GXH WR WKH ERURQ DGGLWLRQW\ARLDXDORZ
FRROLQJ UDWH )LJIXUH VKRZV D &&7 FXUYH IIRQU DUD WGI%N D
DFKLHYH D IXOOLQJ PDUWHQVLWLF PLFURVWUXFWXUH LV  f¢

0Q% FDQ EH UHFHLYHG DV D KRW UROOHG RMWHBERDG DUWRC
LQ WKH FROG UROOHG VWDWH ZLWK D PLBRRRVRMDUXEF WXHUAHGR I |
VWUHQIJWK DQG WHQVLOH VWUHQJIJWK LQ WKLR YOWVRAKR D UH



DXVWHQLWL]LQJ DQG TXHQFKLQJ WR IR U P H DL H QWA W H Q JWKKH
LQFUHDVH WR DERXW 03D DQG 03D UHVSHFWLYHO\ >

EH SURGXFHG ZLWK RU ZLWKRXW WKH SUMMNQFHRXOGH XUIDF
DOXPLQXP VLOLFRQ RU JLQF ZKLFK SURYLGH FXGWWQRW LUH®
DV ZHOO DV FRUURVLRQ UHVLVWDQFH GXULQJ WKH VHUYLFH

7DEOH i$SSUR[LPDWH &RPSRVLWLRQ RI D 0Q%
ZW SFW & 0Q 6L 1L &U 7L $0 1 6 3
O Q % ” ” ”
900 ==o
200 N 27 K/s
O 700 AN A{XSO%
= 600 \ 5 —_— AP\
~ \ \ /A*;B \
o 500 Y .
= \ \‘\ : A: austenite
© 400 a1 =7 F: ferrite
5300 """""" \("*-" 1l;i.pearlite .
o \ : martensite
& 200 +—Quenching \4‘7 1
100 in K/s 1100127 02|
HV \475‘.470 150\
0 : —— r
0.1 1 10 100 1000
Time tins
JLIXUH &&7 FXUYH IRU D 0Q% DOOR\ > @
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TRXIJKQHVV EHKDYLRU LQ SUHVV KDUGHQHGSWWRIFH®V LIQJ L
DQG PLFURVWUXFWXUH ,Q SDUWLFXODU BUVRBRIXS/ WKOQVMW H
SDUWLFOHVY KDYH EHHQ LQYHVWLIJDWHG HQ ©WWH ODWROUIK Qg \
7TKHUHIRUH WKHVH WZR LWHPV ZLOO EH G L\GFERXAWYIHR DXQJAX K H L
DVSHFWV RI WKH PDUWHQVLWLF PLFURVW UWQRMNUIARGX WHK® W F D (
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3UHVV KDUGHQHG VWHHOV DUH FRPSULVHG Rl ODWK PDU
FKDUDFWHULVWLFDOO\ DOLJQ WKHPVHO QW SIDXMDHOH.ONV W R RD
3DUDOOHO ODWKY KDYH VLPLODU F U \WDWDHG REAL Bl @\R 2 VDLQRIQW
ERXQGDU\ :KHQ SDUDOOHO ODWKYV KDYH VICP DODWKFHIVDWB O O
KDELW SODQH D EORFN LV FUHDWHG %ORFNV@KHIKHSDUDW
PLVRULHQWDWLRQ DQJOHV EHWZHHQ WKHP BIGMOIFHQW EORF
PDUWHQVLWH DUH GHVLJQDWHG DV D SKOPNHWH £ RR DIGHDW LIHW |
PD\ EH FRQVLGHUHG DV D VLQJOH JUDLQ RXQRADVYIMDO >G@Y /G K
PDUWHQVLWH LV DOVR FKDUDFWHUL]HCHEALDKY BUVBRFDGLRQF
DQG WUDSSLQJ Rl FDUERQ DWRPV LQ WKH RFWDKKGUDO VLWH
WKHVH PDUWHQVLWLF PDWHULDOV +RZW Y.QUG MAUH BV HG GELVFO
IRU WKHVH PDWHULDOV EHFDXVH WKHUKLLUY HL FMWHDG @ FOHN I

$QRWKHU LPSRUWDQW FRQVLGHUDWLRQVH® SIRA. @DUERQ
UHVXOWLQJJWRIPKHIOWXUHYV $XWRWHPSHULQJ LV FKDUDFW &
FDUELGHV RU FHPHQWLWH LQ PDUWHQVERRORQH U UR B MDXMNWK
> @ :LWKLQ WKH WHPSHUDWXUH UDQJH IRU PDUWWHNQMLWH IR
IRUP FDUELGHV WKDW DUH FKDUDFWHULVWDKVRR WHPSHWIHGE A
EH FRQWUROOHG E\ WKH GHSUHVVLRQ RI WKK-H FARIRUD/A B Q VULDAAHH \
WKURXJK WKH PDUWHQVLWH IRUPDWLRQ UDQJH WXWRWHPSH!
WHPSHUDWXUH WR DERXW f& > @ WHKHDWDRWH LY | GHISH) IRD
DPRXQW Rl WLPH IRU FDUELGH IRUPDWLRQ LV UHGXFHG

35,25 $867(1,7( *5%,1 6,=(

JRU PDQ\ VWHHO DOOR\V UHILQHPHQW RJWK H XIW DLAYV RL ]
LPSURYHV WRXJKQHVV ,Q PDUWHQVLWLF R@®\HPRQ\SIUG RWHIBX '
ZKHQ HYDOXDWLQJ VWUHQJIJWK DQG WRADKQYMNV X QAAW SIHWIHQBHG |
DQJOH ERXQGDULHY > @ 3ULRU DXVWHEHWHNIUQMYLHLHIABYV
PDUWHQVLWLF VWHHOV EHFDXVH RI WKH O LMDH®UWWHHIDLDA IOR DM
DQG EORFN ZLGWK WKHUH LV DOVR D OLQHQ W UHODAWMWA BQ¥KIE



VL]H )LJIXUH VKRZV D OLQHDU UHODWLRQVKLISQEHWH B4H8Q E
WR YHU\ ODUJH SULRU DXVWHQLWH JUDLQ VL]HV IRU WZR OR:

Block Width, um

BULRU $XVWHQLV

J)LIXUH ODUWHQVLWH EORFN ZLGWK DV D IXQFWLRQ Rl St
& DOOR\ DQG D )H & 0Q DOOR\ > @

BHYHUDO VWXGLHYV KDYH HYDOXDWHG WKH WHID@®/ LRQVK L
WRXJKQHVV VSHFLILFDOO\ IRU SUHVV KDUGHQHG VWHHOV %l
DXVWHQLWH JUDLQ UHILQHPHQW WKURXJK WKHWIBGLWLRQ RI
SURSHUWLHYV Rl SUHVV KDUGHQHG VWHHOV KD @S\ 7lKH-5 D BWF LI
HQHUJ\ ZDV QRW VSHFLILHG EXW WKH DVXXWPXWHRQ ZK/L WK ZW
EH GHWDLOHG IXUWKHU LQ 6HFWLRQ &KDUSNKHHVWLQJ L
FRQYHQWLRQDO PHWKRG EXW WKH VDPSOHNNBIGHWRRIFSAK Y bl G
SUHYHQW EXENOLQJ )LJXUH VKRZV DQ H[DPSOH RI D VWDF
WKH HIITHFW Rl UHILQHG SULRU DXVWHQLWH JUDMD VLf& RQ W
IRU D ORZ FDUERQ PDUWHQVLWLF VWHHO 7K HSIHREIUWRY WG Z\DR/,
DWWULEXWHG WR JUDLQ UHILQHPHQW ZKLFK LQFUHDVHV WKI
EULWWOH IUDFWXUH $OVR D ILQHU JUDLQ VLIHZERREKIHVSRQC
DVVLVWV ZLWK GLOXWLQJ WKH FRQFHQWUDWLRQ RG VHJUHJID
QLWURJHQ > @

7KH LPSURYHPHQW RI &KDUS\ LPSDFW HQHUJ\ WKURXJK J
VWHHOV ZDV IXUWKHUHW WHR WLIR WIO® E\W:ZQUH HYDOXDWHG



VWDQGDUG 0Q% DOOR\ DQG D VLPLODU 0Q% DOOR\ ZLWK
DXVWHQLWH JUDLQ VL]I]H 7KH VWDQGDUG 0Q% QDPSOHV ZHL
f& IRU PLQ DQG f& IRU PLQ 7KH DOOR\ ZLWK DGG'
f& IRU PLQXWHV 6WDFNHG &KDUS\ WHVWLQIVZDV FRQGXF

/ A
o ¥ o

A4 \ 4

r 9
A 4

J)LIXUH ([DPSOH RI D VWDFNHG &KDUS\BADIR S@H VXWHHW W R
PDWHULDOV > @

200 T I T T I T I T
Martensite 0.15%C _|
HV10: ~420

120 -

PAGS Refined Steel i
Conventional Steel

CVN Energy at -40 °C, J

0 Il I Il I Il I Il I Il
10 20 30 40 50 60

Prior Austenite Grain Size, um

JLIXUH (IM'HFW RI SULRU DXVWHQLWH JUDU @ WIRA RDUWR &
PDUWHQVLWLF VWHHO > @

JLIXUH D VKRZV WKH &KDUS\ LPSDFW HQHUJ\ FXUYH IF
SURFHVVHG DW WKH WKUHH GLIITHUHQW BR®®WHQWW H] QQ R BMLXFF
PLFURDOOR\HG VWHHO :KHQ FRPSDULQJ WK HSW®LIRKUDIQWW B QE
JUDLQ VL]H FRQGLWLRQV WKHUH LV RQO\ D YEHUYPDQ®G GLII



ORZHU VKHOI HQHUJ\ IRU WKH VWDQGDUG DKM\ HR RRUHLF RV
REVHUYHG ZLWK WKH QLRELXP PLFURDOOR\HG W@HHIQ DWJIX U

DQG f& DIJDLQVW SULRU DXVWHQLWH JUDLQ VD|®GIOIRWU ER)
ZLWK DGGHG QLRELXP $JDLQ DQ LQFUHDVH LQ WKH &91 HQH
PLFURDOOR\HG VWHHO DW ERWK WHVW W BDFrSHW W XBXW HGKW
UHILQHG SULRU DXVWHQLWH JUDLQ VL]H LQ WKH QLRELXP PL!

60 I I
NE | _ _
2 - ~ —
50— g
B . 3] .
e | =
5 | . B
<
K40~ 1 ? 1
3 . 3 -
g- i @ MIN/MIN
= 30 & NOM/NOM E |
E A MAX/MAX ] © | 1E OLFUR
Q r @ Nb Microalloy - L DOOR\HG 6WDQGDUG 0QY
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-150 -100 -50 0 50 100

Temperature, °C SULRU $XVWHQLV
D
JLIXUH D 7KH HIITHFW RI DXVWHQLWL]LQPYDLPW BQEUNH

IRUD UDQJH RI WHVW WHPSHUDWXUHYV IRU WKH VWDC(
RI SULRU DXVWHQLWH JUDLQ VL]IH RQ WKH &KDUS\ LP
DOOR\ DQG D QLRELXP PLFURDOOR\HG VWHHO WHVWFL

,Q FRPSDULVRQ WR &KDUS\HW 00 WM \VBEMIKIDWRG WRBRHIHF
DXVWHQLWH JUDLQ VLIH RQ GRXEOH HGJH QRWFHFKRMHQVLOH
SUHVV KDUGHQHG VWHHOV ZLWK VLPWODRG DKAE FN@I0V VBHO/OR \Qx
SURFHVVHG DW GLITHUHQW DXVWHQLWL]LQXQWH RS HWDLWXYUHYV
DXVWHQLWH JUDLQ VLIHV 'RXEOH HGJH QRWHHKVWHWLWA\WH
SHUIRUPHG )LJXUH D SORWYV '"(17 HORQJDWLRQHKIDLQVW
SURFHVVLQJ FRQGLWLRQ 7KH PHWKRG XVHG IRRQPBIWYV XULQJ
ZKLFK WKH PHDVXUHPHQW ZDV WDNHQ ZHUHOQ RGW PASHHOF\L HLAH G
ZLWK LQFUHDVLQJ SULRU DXVWHQLWH JUBU@HE JIHKQ K RPHYHU
FRQGLWLRQV DW SULRU DXVWHQLWH JUDLQ V]HNVZEMORZ —



DWWULEXWHG WR IHUULWH UHPDLQLQJ LQLMKMLRIQOFB R VRVKBIREWV
VHIJUHJDWLRQ )LJXUH E SORWV EHQG DQJOHPPIJDKBMW DX
KHOG IRU PLQXWHV IRU DOO WHPSHUDW X U HYJ O6-. RSLHFIJUH@D\V W ¢
ZLWK LQFUHDVLQJ DXVWHQLWL]LQJ WHP SH UWIXWKYHHRD @ G LVQKKR
LQVWDQFHYV DQ LQFUHDVH LQ SULRU DX\FWHQVW H Q ULPDHDY X UH:
SURSHUWLHY DQG WKXV IXUWKHU HPSKDVL]HV WKH SRVVLEO}
VWUXFWXUH LQ SUHVV KDUGHQHG VWHHOV
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YLIXUH D '(17 HORQJDWLRQ DV D IXQFWLRQ RIQSGLRU D

VWHHOV ZLWK WKLFNQHVVHV YDU\LQJ IURP PP WR
IXQFWLRQ RI DXVWHQLWL]LQJ WHPSHUDWXUH IRU D
PLQXWHYVY DW HDFK WHPSHUDWXUH > @

1)/8(1&( 2) 6(&21' 3+$6( 3$57,&/(6

BHFRQG SKDVH SDUWLFOHV KDYH EHHQ LGHQWQILHG DV S
DVVRFLDWHG ZLWK GXFWLOH IUDFWX KB U®HBBMNG P\U WOV D DR/
VHFRQG SKDVH SDUWLFOHV KDYH RQ SURSRQWREE FBQFKLQ
7KH FRQWUROOLQJ PHFKDQLVP IRU XOW QPDQ MW KBILO XJDH HQ WR
PDWHULDO EHWZHHQ YRLGV 7KH ORFDOIZNDWRIR QLRINDKH RW U
FRDOHVFHQFH RI YRLGY DQG FRQVHTXHQWO\ GHVDMUHRIDION L R
% D Q GHW BB®GHOHG WKLV ORFDOL]HG GHIRUPDWLRQ EHKDYLRU
YDULHW\ Rl YRLG VLWXDWLRQV > @ 7KH\ IRKQDBWHIGDIL WKH (
ODUJH YRLGV LV ODUJHO\ GHSHQGHQW RQ WKH YRLG VSDFLQ



PD[LPXP VKHDU DQG WKH GHJUHH RI VWRHGY WSS R PLAPLDA H |

PLQ GLDPHWHU DQG ODUJHU ZHUH QRW RR)GYGZWW®RHFD XV H
DSSUR[LPDWHO\ YRLG GLDPHWHUV DSDUW DG N ® OVRRVLW
LQYHVWLIDWHG WKH HIIHFW RI LQFOXVLRQ VSDPHLURD RE& WHKID
DOXPLQXP DOOR\V )LJXUH VKRZV WKH GL ®HDVXARHG BOPSK
VL]H WKURXJK IUDFWRJUDSK\ DQG WKH L@FQQHR QW BXFL QQ F
GLVWDQFH LQ D plODWY VKHHW ZLWK WHKISHVFQRWQ HOT® 0O A W R R
DFWXDO VSDWLDO LQFOXVLRQ GLVWDQBISHD @ D % WRSHN W D @/
ILUVW DQG WKHQ SURJUHVVLYHO\ IRUP DW VPDOOHU SUHFLSL
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J)LIXUH 7KH UHODWLRQVKLS EHWZHHQ GLP3SOBIFWAHMDQDQG
VHYHUDO DOXPLQXP DOOR\V > @

)XUWKHU LQYHVWLIJDWLRQ RI WKH HIIHFWGRRWRBIWICR® X V
DQG FUDFN SURSDJDWLR QHAD VBW Q G\X MAWHKE \E \W2RMHD QKW KR UV
HIITHFW Rl FHPHQWLWH VL]H RQ WKH SRVW XQLIRW@ BH®RGGLQJ
WHVWLQJ DQG WKH PHDVXUHPHQW Rl SRVW XQQ RUFVEHRGLQ.

7KUHH GLIIHUHQW PDWHULDOV ZHUH HYDOXIPWHMWUYKLFK
D PRGLILHG 0Q% DOOR\ ZLWK ZW 0Q DQG ZW &U DQG

ZW 6L 7KH WHQVLOH VWUHQJWKYV Rl WKH XWKRHH PDWHULI
03D WKURXJK SRVW WHPSHULQJ RI WKH GLH TXHQFKHG VKHH\



WKDW WKHUH ZDV D GLUHFW FRUUHODWLR Q LEHWZMHRSHFHPHQ
YLIXUH SORWV WKH PHDVXUHG SRVW XQLIRUP VMDRSWR DV D
VKRZ WKLV WUHQG /DUJH SRVW XQLIRUP EHQG WRIXVRO@ISWY D
> @ 7KH GLUHFW FRUUHODWLRQ EHWZHHQ BHPLHQMIISW R \WH &H
EDVHG RQ ODUJHU VHFRQG SKDVH SDUWDRFDGOE DOBDRIZLQHQW U
SURSDJDWLRQ
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$YHUDJH 'LDPHWHU

JLIXUH 3O0RW VKRZLQJ WKH SRVW XQLIRUP VORSH PHDVX
GXULQJ EHQG WHVWLQJ DV D IXQFWLRQ RI WKH DYHU
PLFURVWUXFWXUH IRU WKUHH GLITHUHQW VWHHO DO (

6DYLF DQG +HFWRU VKRZHG PLFURVWUXFWQG DBXD\WVWKH F
SDUWLFOHYV DQG ODUJH GLPSOHV )LIJXUH XUURKRZZGLQQ HH[OHA
SDUWLFOH DQG VXEVHTXHQW ILQH GLPSOHV RXWE8LGH RI WKD
/I DUJH SDUWLFOHV VXFK DV 7L1 SDUWWHO®HW\ ZRIOW KU B B B/UHLLO
7KH UHGXFWLRQ LQ GXFWLOLW\ DULVHV IURK WWHVNDFWXUH
FROQOFHQWUDWLRQ WKDW LQFUHDVHYV WKH ORFDO VWUDLQ QHL



20 um
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4 FR < e
YLIXUH 7L1 SDUWLFOH ORFDWHG DW VDKSURHPQWHQW | D O
LOQLWLDWLRQ VLWH IRU PLFURYRLG FRDOHVFHQFH >

)5$&785( 0(&+$1,86 728*+1(66 3$5%$0(7(56

7KLV VHFWLRQ GHVFULEHV GLIITHUHQW 1UDFWXUMKPHFKDQ
IUDFWXUH WRXJKQHVV SDUDPHWHUYV HQ S DUWHATLXFOUGHD W KADRAH GDL
HODVWLF FRQGLWLRQV DUH PDLQWDLQHG P HF KUGLHFWY \B B SURD
RQO\ OLPLWHG DPRXQWV Rl SODVWLFLW\ D WHNSIHW P IOW W HI® BW
LV RIWHQ DFFRPSDQLHG E\ HIWHQVLYH BRQBMBW FLED VIHEG L\ KG
HODVWLF IUDFWXUH PHFKDQLFV DUH QR WP B ®/S$IQIVF DIDCFHK 2W K-
LQWHJUDO FUDFN WLS RSHQLQJ GLVSODGRP HRW | DIFGN M VU YAHW
RFFXU XQGHU HODVWLF SODVWLF FRQGLWLRQV ZKLFK DUH P
SODVWLFLW\ LV VWLOO OLPLWHG IRU \GPRHD RH W/H BIW H LSFDSUD\ PHH
WKH FRQFHSWV GHYHORSHG IRU OLQHDU RQD VDK FRR QUGK MALHF
IUDFWXUH WRXJKQHVV SDUDPHWHUV LV GHRVZAULEHG LQ PRUH

675(66 ,17(16,7< )$&725

,Q OLQHDU HODVWLF IUDFWXUH PHFKDQ ICFR/D GALKQHY V.W U H V\
XVHG WR GHVFULEH WKH DPSOLWXGH RI WKH EVDSFINUWL S XONDU
XVHIXO EHFDXVHBOWRRZALQRU. DOO FRPSRQHQWYV RI VWUHVV VW
FDOFXODWHG DW WKH FUDFN WLS, bV @D QOTFXIDVDMRHB/ i HEGIHNHF U L |
DSSOLH® MWWHKWVFUDIFN ZVM B ®IQFAHQVLRQOHVYV FDOLEUDWLRQ
GHSHQGHQW RQ JHRPHWU\



-, L ésé: E:E;

7KH PDIJQLWKG K RSIHQGHQW XSRQ WKH ERG\ JHRPHWU\ FI
ORDGLQJ FRQILIXUDWLRQ )YDXUHV LQVRKRIYLMRXGH ZLWK PDW
30DQH VWUHVV FRQGLWLRQV KDDYW DUDRAWMNBW RRQU WWKH. @ HPIDWAKH
GHJUHH RI WKLV HIIHEW FKDQJHV ZLWK WKLFGIQHYND R FAYRI U
FULWLFDO YDOXH ZKHUH WKHUH LV QR ORQ MWKHDWKH.FMQG N G F
LQFUHDVHV 7KLV WKLFNQHVV LO®KSHY GHDW MDDOXE ER QWHWLD
SODQH VWUDLQ IUDFWXUH WRXJKQHVV FMKRIUGEDI} DY RHEHL Q
GHVFULEHG LQ WHUPV RI GLITHUHQFHV W® W MDUICH VAWV IVD D WEI\ G
WKLFNQHVV WKH VWUHVV VWDWH F DIV ER F&BWHG VWA B V VS DO
LV KLJK $V WKH WKLFNQHVV LQFUH RWHHVR WIX 5 & BMQUHH VW M TV IDQV
ZKLFK LV DVVRFLDWRBPAIDVUK ® WR2MKLQ PDWHULDOV DQG WK
IRU GHWHUPLQDWLRQ Rl WKH FULWLFDO VWUHVV LQWHQVLW\

Plane Transition Plane
|, Stress + Behavior + Strain

Specimen Thickness

J)LIXUH 6FKHPDWLFDS/ORWXQKkRAIRKIYI RI PDWHULDO WKLFNQ

([SHULPHQWDO GHWHUPLQDWLRQHR X IMKHHV P W X U L BIOH BR\GD
PDWHULDO VXFK WKDW WKH SODVWLF |JRQHKI-KMBBFRPW®&H FU
GLPHQVLRQV > @ (TXDWLRQ VKRZV KRZ WK H%RVQWRKP WK
PDWHULDOZWKLWKGHAMG WK R W KH W DVWKID A UTHRR BW QKWK D QC
\LHOG VWUHQJWK RI WKH PDWHULDO



8VLQJ WKLV HTXDWLRQ IRU D ZW & VWHHO ZIOWB DQGHOG \
.,& RI O3D¥P > @ WKH PLQLPXP UHTXMWHWBGWAEKRXAGQ HWH |IRE
7KLY WKLFENQHVV LV GRXEOH WKH WKLEN&HAKHWWS VRACHHD\VX Wt
SUHVV KDUGHQHG VWHHOV

- ,17(*5%/

7KH - LQWHJUDO ZDV GHYHORSHG E\ - 5 5LFHQHDU WR |
HODVWLF PDWHULDOV 7KLV SDUDPHWHU VHHWNWHWR HQWHQG LF
SDUDPHWHU WR HODVWLF SODVWLF FRQGQWIHR QD O 7 iH O DIVDHAGH
HQHUJ\ LQ WKH YLFLQLW)\ RI D FUDFN LQ WK H LSQUMNHIIFO LR1 B (
DWWUDFWLYH SDUDPHW MK E ¥ FIDOXH VALPQ EHUON RV HG W R W |
WLS VWUHVV ILHOGYV DQG DOVR WR WKH FUDKNY MVRS$S RBSG QLKL
FRQWH[W DVVXPHV VPDOO DPRXQWV RI SODWVW IWLGS H BR/WIPRMW |
- LQWHJUDO LV WKXV PDGH YDOLG DV D IUDFWXQHQSIIMKD P HW
SDUDPHWHUV LQ WKH VSHFLPHQ VXFK DV FWRFNQO/KYHWIK BY
VLIQLILFDQWO\ H[FHHG WKH LQFUHPHQWD ® EQDFIN WWWE KR SH Q
DPRXQW Rl SODVWLF GHIRUPDWLRQ ZLWK UHVSHFW WR WKH F

([SHULPHQWKDOUD\FWHUL]HY WKH HQHUJ\ UHOHDVH DW I1UD
VLIQLILFDQW VWDEOH WHDULQJ FUDFN HKWB@Q\VLIRRO XV H& IRWXL
GHWHUPLQLQJ WKH LV QWKHHIV /O XK@ BN WKH G\W R M V WAYKHHF W R U
GLVSODFHPHQ®AMWHDB VORI IWEGLQFUHPHQW DORQJ WKH LQWHJL

¢
L+19@ Feo—f@;
{

- FDQ EH FDOFXODWHG DQDO\WLFDOOFNXVEQBHGLRDR®H ROHMHRB
FDOFXODWHG H[SHULPHQWDOO\ E\ ORDOGARV W DWHIH® O ZD &
JLIXUH VKRZVY D VFKHPDWLF RI D ORDG GHVGSDOXHMRHQW F X



7KLY PHWKRG HVVHQWLDOO\ VXPV XS WKH K g FGJH PHOHANDMNO FOUD
OHQJIJWKV XS WR WKH IL[IHG ORDG DQG WKDW VPGV GHILQHC
JHRPHWU\ FRPELQDWLRQ

P
a
------------------------ a+Aa
-Av =JAa
dp
(5
da/p
v
JLIXUH 6FKHPDWLF SORW RI ORDG YHUVXV GLMWSKODFHPH(

WKH H[FHSWLRQ RI WKH FUDFN OHQJWK WKDW DUH O
YDOXH RI - > @

(66(17,%/ :25. 2) )5$&785(

(VVHQWLDO ZRUN RI IUDFWXUH ZDV GHYHORGBGWXL\W D IULC
SODVWLF PDWHULDOV LQFOXGLQJ WKLRQHKHHAR P OIRWMVHKUHLLD DM F
PHFKDQLFV PRGHOV LQ WKDW LW GRHVDORW QJ HARKLIAKH FW IQHE G |
GLIILFXOW WR GHWHFW DQG PHDVXUH LQ GXFSAIRGH WViD®&/ MAUKLED/
WKH WRWDO ZRUN RI IUDFWXUH FDQ EH ZULWWHQ DV WKH VX|
UHODWHG WR WKH HQHUJ\ IRU SODVWLF RRURI MPHET WXUIDHHAFR
GXULQJ GXFWLOH IUDFWXUH 7KLV FRQFWHISMW S\ VDAHWKW WR
FDQ FKDUDFWHUL]H WKH VWUDLQ WRHUJIQ WHOHBVHSIO GXWILEJC
DQRG WKH HQHUJ\ IRU WKH FUHDWLRQ RI QHZ VXUIDFEYV > @ |
IRU WKH WRWDO : 4 RAKNZEHYUW Ik W XIWVN HQW L ZOLY RWIKNHRQ RWWOD FW X L
HVVHQWLDO /SD\D WKIHF ZIRI DN Y QWK @ HHDIWVHKU L D DVWEK VKD @ H VID F IV
WKDW GHSHQGV RQ WKH VKDSH RI WKH SODVWLF J]RQH > @

9¢ L S,.1E S .6



7KLV HTXDWLRQ FDQ WKHQ EH QRUPDOL]HG W\ R HR FEXRWW W R
REWDLQ WKH VSHFLILFE H\YZVKHDXDWDIOR DR UNVRIR ZWVD WK M UHS HFLILF
RI IUDFWXUH UHODWLRQVKLS > @ WKH WHUPY LQ WKBWIKQ

7KH EHQHILW RI ZULWLQJ WKH HTXDWLRQ LRWNKIRY IRUP L
IUDFWXUH WR EH GHWHUPLQHG H[SHULPHQWDOO\

S LS ESU

(VWVHQWLDO ZRUN RI IUDFWXUH LV GHWHU RIRMBKHEB HULP
VKHHW VSHFLPHQ )LJXUH D VKRZV DRWPHWEBDYALFGRIRMK H
HVVHQWLDO ZRUN RI IUDFWXUH WHVWLQJ ¥KWH ZARXE OHGHE& $H
VKDUS QRWFK IURP ZKLFK D IDWLJXH SUH FUDFQJLVKIQLWLDW
GHHS QRWFK FUHDWHY D ORFDOL]JHG SODVWG&HRWLH QIROHBHDWZ |
OLJDPHQW DUHD 7KLV HYDOXDWLRQ W HBKQIHWXHQWH DX 1 D PN Q/
OHQJWKV 7KH PLQLPXP OLJDPHQW OHQJWK VKRXIOIF EBHWR
DQG WKH ODUJHVW OLJDPHQW FDQ EH QR J®& H DXWH U HDR/IRQ DRW
WKHVH ERXQGDU\ FRQGLWLRQV LV WKDW WR B\HDWXDHPXYWH B
FRPSOHWHO\ \LHOGHG EHIRUH FUDFN L CBLONDLDHV Y R/Q HDVQVG \WWKDHW
WKH GLIIHUHQW OLJDPHQW JHRPHWULHVY WKH VBPSOHV DUH
GLVSODFHPHQW FXUYH )JURP WKLV FXUYMNOWWH GVRW DMK I FDUN
XQGHU WKH FXUYH 7KLV DUHD LV D IXQFWLRQ RQ W OHH Q 1L WIXP |
WHVWHG D GLIIHUHQW WRWDO ZRUN RI | ZREW XRIHI FDRWEH I& H
SORWWHG DJDLQVW OLJDPHQW OHQJWK D IQMQWRUWKHOG BN R
WKHQ EH UHODWHG WR (TXDWLRQ 7KHUH I RKUH HTWXBIWH\RQH Q
LV VLPSO\ WKH \ LQWHUFHSW RI WKH OLQHDPSIQW RMRKRX NV & B
HVVHQWLDO ZRUN RI IUDFWXUH ZDV FDOFX@DWHG IRU D FROC

(VWHQWLDO ZRUN RI IUDFWXUH LV DOVR DEOH WR GHWHF
GLIIHUHQW PDWHULDOV WKDW PD\ QRW EH RERUR %D WHR P DWK |
DO> @ FRQGXFWHG D VWXG\ RQ D 0Q% ORZ DOOR\HG ERURGC
SURFHVVLQJ FRQGLWLRQV WR YDU\ WKH UH¥X@WWQ X PWKUR W\



ZHUH FRPSDUHG LQ WHUPV RI WKH HQJDYHAHQQ DV WUKH ¥ H/DW
HVVHQWLDO ZRUN RI IUDFWXUH )LJXUH VWRDY. QY FSUMWNQ
WKH ILYH GLITHUHQW PLFURVWUXFWXUHWQWIOWHZRUNRRSDD
IRU HDFK RI WKH GLITHUHQW PLFURVWUXFWXGHW KHDWD ®XDWHG
EDLQLWH PDUWHQVLWH PLFURVWUXFWXUH KRDAH 0 RHAHH Q\RXDK
RI [ UDFWXUH YDOXH FRPSDUHG WR WKH PDWWH@\EWKFWILG U\
VKRZQ LQ WKH IORZ FXUYH EHLQJ VXSHULRU $GIGH WW RZQ VIO \
D EDLQLWLF PLFURVWUXFWXUH HYHQ WHWRWX MWW R HQD BXIDY XQAL
WKH KLIJKHVW

$OVR PDQ\ UHVHDUFK VWXGLHV KDYH VKRZBWXKMHW WKH
UHODWHY ZHOO WR WKH - -t Q@WAHWA\B OFDW GAUMHFINVIXQHGL B WH R
H[SHULRMBWWDOV FKDQJH LQ FUDFN OHQJWK SORW WRZDUGV W
SURFHGXUH LV FORVHO\ UHODWHG WR WKH SURRHR&XNURI GHVF
IUDFWXUH +FQ® W KXON V ZFt D@ H)E DLWWK SORWV IUDFWXUH F
IXQFWLRQ RI OLJDPHQW OHQJWK IRU H[SHULPHQWW FRQGXFW
FRQFHSW DQG WKH - LQWHJUDO ([SHULP H®KWD /G R WPKINV KURDGA\
RQO\ GLIIHU IURP WKH PHDVXUHG YDOXH IRIHBVVHGW@DO ZRL
7KH GLIIHUHQFH LV EHOLHYHG WR EH D IXQFWLRQ RI WKH RS\
LQLWLDWLRQ RYHUHVWLPDWLQJ WKH MQIRQL B MW R BH®RL WK FHH
YDOXHV LV EHQHILFLDO EHFDXVH GHWHUPLQDRILGWW OR | HDR/H HL
IRU WKLQ VKHHW PDWHULDOV WKDQ XVLQJ WKH - LQWHJUDO

&5%$&. 7,3 23(1,1* ',63/$&(0(17

JRU GXFWLOH PDWHULDOV FUDFN WLS RSHQL@WGQVSODF
PDWHULDO WRXJKQHVV &72' LV WKH PHDVXUMHIYV ®IL¥VFSODFHPH:
GHIRUPDWLRQ QRUPDO WR WKH FUDFN SODQH W @HI®%OHG O
PHDVXULQJ WKLY GLVSODFHPHQW D PHDVXHUWLRDOWRRQFHQ & X2/
FDQ EH HITHFWLYHO\ UHODWHG WR . DQG - $V WWDWHG DERY
PHFKDQLFV WR GHWHUPLQH WKH IUDFWXUH GWRRIJKDQE VX ORDIV\DH
VWUHVY DQG VWUDLQ ILHOGY DKHDG RI D FHPHNW L® K&LQFH
PHDVXUHG GLVSODFHPHQW GLUHFWO\ DKHDQG}t WIQN FUDFN V



GLVSODFHPHQW WKDW RFFXUV DKHDG RI WKL ¥SOBRHKHR WLD
UHJLRQ VXUURXQGLQJ WKH FUDFN WLS 7KHUHIRIRW E\ PHDVX
FDOFXODWLQJ WKH &72' D PHDVXUH RI WX K& AV VWIDRD 8 & R
FDQ EH GHWHUPLQHG LQ D VLPLODU ZD\ WRNL BIQW\ -DBW WXL B U
WLS $GGLWLRQDOO\ &72' LV QRW OLPLWHRZ D QMGKVERRQANVY IX
FUDFN IURQW FRQVWUDLQW LV PDLOQWDLQHG DQG VWDEOH FU
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JLIXUH D 'RXEOH HGJH QRWFK VSHFLPHQ JHR@®HRWU\ FRF

WKH HVVHQWLDO ZRUN RI IUDFWXUH > @ E 6SHFLIL
OLJDPHQW OHQJWK IRU D FROG UROOHGDRZRWNOR\ V
RI lUDRZWKN® EH REWDLQHG IURP WKH OLQHDU ILW WHF

Engineering Stress, MPa

(QILQHHULQJ 6

J)LIXUH (QILQHHULQJ VWUHVYV YHUVXV VWUDLQ FXUYHYV |
GLITHUHQW PLFURVWUXFWXUHYVY WKDW LQFOXGHG EDL
EDLQLWH % IHUULWH EDLQLWH )% DQG IHUULWH ¢



JLIXUH

JLIXUH
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JUDFWXUH HQHUJ\ YAFORXHX REWIDR@QWHOGQGBRP WZR
IUDFWXUH DW FUDFN LQLWLDWLRQ DV D IXQFWLRQ RI
WHQVLOH VDPSOHV 7KH VSHFLZL AL \DVORMRWLKORDZ D RIRN
UHIHUHQFH > @

‘HOOV GHYHORSHG WKH &72' SDUDPHWHW\WBFAfR/UHQG WKI
DSSURDFK LQWR HODVWLF SODVWLF \LHOGLQJIDMRER®L VWICRIDN



XVHG IRU &72' ./ LZKHUHVWUHVV LQWHQVLW\LM PMKR U R PR
PRGXOX¥ LVQWKH PDWHULDO \LHOG VWUHQJWK 7KJIRQHTXDWL
VL]H DV ZHOO DV WKH HODVWLF GLVSODILIQRMHNVS DR LR QV

v -6
| L=——

Eléi%

$ JHOQOHUDOL]J]HG UHODWLRQVKLS EHWZHHQ &7QJ DNKGI - KDV
'XJGDOH PRGHO RI D VWULS GHIRUPDWLRQ JRQH WWS M/WKIHH FFW D
SODVWLFLW\ > @ (TXDWLRQ VKRZV WKH HTXDWLRQ XVHG
(L (s —
(a Z
7KLY HTXDWLRQ WDNHY LOQWR DFFRXQW WRMW EFRQWVKLW LESHWX H |
VWUDLQ DQG GLV&ROGBPBROAWW7RULILQDWHY IURP WKH FUDFN
FDOFXODWLQJ WKH ¢ LQWHRERQOWOVWDRM VEHWRZ HH Q DQG WKDW

SODVWLFLW\ BH[BB@HQWD O WKDWPLV' SKVHIF WO X I GIDXWOFW R
WKDW WKH UHODWLRQVKLS LQ (TXDWLRQ EHFRPHYVY HTXDO

,Q ERWK WKH UHODWLRQVKLSV IURP (TXDWLRQ DQG (T
FDQ LQIOXHQFH WKH PHDVXUHG FUDFN WLS R3HEOL@DB LLWSOD
DSSUR[LPDWHO\ HTXDO WR WKH GHSWK RI WKH VIOHDWHWRUB FW
WKH SHUFHQW RI WKH VDPSOH WKLFEN Q HN\NGV WK WK H. W R ® DIQH \
WKH PDWHULDO )LJXUH VKRZV KRZ WKH S B WHHGQW RI Q\DKW | L
VODQW IUDFWXUH SHUFHQWDJH FK D @NXU L RIKWORXIRELHDWWH G
DQ DOXPLQXP DOOR\ > @ 7KLV SORW L QG LFDWHW WKBLD \K HI
ZLWK D SUHGRPLQDWHO\ VODQW IUDFWXRFLD S+ I DWKH @B
SODVWLF JRQH VL]H DQG WKXV ODUJH &72' YDOXHYV
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YLIXUH (QHUJ\ "y HDPI® \SHH UPMQW VTXDUH IUDEFWXUH DV D

RI DQ DOXPLQXP DOOR\ VDPSOH > @

728*+1(66 7(67,1* ,1 6+((7

7KLY VHFWLRQ GLVFXVVHV WKH GLIITHUHQ VA WHAYXVULH JRRIH V
HYDOXDWLQJ WRXJKQHVY LQ VKHHW PDWEXKOMMN W R LFVJKD WKH L
SHUIRUPDQFH $GGLWLRQDOO\ WKH HITHFW R IEQIR®Y ¥ KRWDIGL X\
GLVFXVVHG VLQFH VHYHUDO WHVWLQJ PHWKREK 6RPHKRYV VHI
WKH WHVWLQJ PHWKRGV GHVFULEHG LQ WKLVIMHFWLRQ DUH .
6HFWLRQ 6RPH RWKHU WHVWLQJ PHWKRGV WVWX\FWHBHDWWLQRS
SURYLGH PHWULFV WKDW FDQ UHODWH WR FRPSRQHQW OHYH

())(&7 2) 127&+ 5%$',86 21 728*+1(66 7(67,1* 5(68/76

,Q WUDGLWLRQDO IUDFWXUH WRXJKQHYVYV HNGHWW LFQUOH D BAM LI
KLIK VWUHVV FRQFHQWUDWLRQ DKHDG RIWKRHA G WXHNV BDRQR W
VSHFLPHQ FDQ EH XVHG WR GHWHUPLQH D 1UDBPMWX\WUHPW AR JK Q
QRWFK URRW UDGLXV 2QH RI WKH LQLWLDO VWEXGWHRMWKDW
DARQ WZR VHWV RI RLO TXHQFKHG $,6, VWHHO WKDW XQG&H
7KH \LHOG VWUHQJWK DQG WHQVLOH VWAUR & HDU KW ZNHWHHD MHPFHMD V
FRQGLWLRQV ,Q SDUWLFXODU &KDUX Q RVRMKF K R/ADW SUDHOW IZ KU



IURP D IDWLJXH SUH FUDFN UDGLXV WR PP DQRPMOWHIEG L
&KDUS\ PDFKLQH 7KH DSSDUHQW &\RDW L.G-HW BB RIXQUHGW R X JK D
DQG SORWWHG DJDLQVW QRWFK URRW UDGLXV )LOWBRLDOD

FRQGLWLRQV HYDOXDWHG 7KLV ILIXUH VKRZV WX\DW[LRW ¥R W
EHORZ ZKLFK WKH DSSDUHQW IUDFWXUH W RBXWHDHKVYD®RKHHYV QF
PDWFKHGDOXHY PHDVXUHG XVLQJ IDWLJXH SUH FUDFRHG VSH
LQGLFDWH D ODUJH GLIIHUHQFH LQ WKWVEQUWAFQG®LWD G QXVIE
VDPH PDWHULDO &KLSSHUILHOG DQG .QRWW K/ KRRMG UD 8L RNC
DQG WKH FUDFN RSHQLQJ GLVSODFHPHQ® D \® RZKFDRG@RW WU
VWHHO ZLWK D \LHOG VWUHQJWK RI DSSUR[LROGWHQRW FB3BDHX
WHVW VSHFLPHQV ZHUH PDFKLQHG ZLWK GLIIHDBI)W QRWFK U
VXIILFLHQWO\ ODUJH WR PDLQWDLQ SODQH VWRD URRRQGLWL
UDGLXV7RK® FUDFN RSHQLQJ GLVSODFHPHQW DOVRKREEHDUV \
WKH UHODWLYH PHDVXUH RI WRXJKQHVV LV LQGHSHQGHQW R
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67$&.(" &+$53< 7(67,1*

&KDUS\ WHVWLQJ LV D FRPPRQ WHVWLQJ WHBK®QLTXH XVH
PDWHULDO FDQ DEVRUE XSRQ LPSDFW 7 KN HG DR N UHRE KD U LHXG
WRXJKQHVV EHWZHHQ GLIIHUHQW PDWHUERQG XHFWIHAL R ODY 3
WHVWLQJ RQ WKLQ VKHHW PDWH UL DXCH VAOHH BHF G XIOIGF ® 6 Y GV WM
GXULQJ WHVWLQJ 6WDFNHG &KDUS\ WHVWLROGHRKQNKXEBWK
DSSOLFDWLRQV WR SURYLGH VXIILFLHQW WK QBNQIHRKY WP DHFON
6KHHW VDPSOHV DUH PDFKLQHG ZLWK WKHKHN MMMD QERUW K& R
VDPSOH DFFRUGLQJ WR WKH $670 ( VWDQGDUGRXV@®\ WKH VS
VKRZQ LQ )LIXUH 7KH WKLENQHVV GLPHQVLRQ KRZHYHU
UHTXLUHG WR SUHYHQW EXFNOLQJ VLQFH BWPIHWQ &L RIQFXXDTX I
IRU WKH VWDQGDUG 7KH VKHHWY DUH KH O\Z WHRQ HMKKH U KZH AWK
DQG WR PLQLPL]JH WKH DPRXQW RI HQHUJ\ GL WKL QWREBHEHRN 2
ULYHWVY DQG WKHLU VSDFLQJ DUH VHOHFWHG GHWLIHBNR R Z KIDR
WKH QRWFK WRZDUGYV WKH ULYHW DQG VKKR® X\OHGULRU WKH
VWDFNHG VDPSOH FRQILJXUDWLRQ DUH WKH VDPRDRLWY) GHVFUL
GLIIHUHQFH LV WKDW WKH PHDVXUHG WRSBRQ@HYYHRQG LVLGD P
OHQJWK IURP WKH QRWFK WR WKH HQG RI WKB Q@W$OH &DOF
SURYLGHV D PHDVXUH RI LPSDFW HQHUJ\ RQ D SHU VKHHW EC

,Q DGGLWLRQ WR WKH VWDQGDUG &KDUS\ WRWWWHHIGVHW
ZLWK VWUDLQ JDXJHV WR SURYLGH ORDG WLPH LQIRUPDWLRQ
VWDQGDUG DQG VWDENHG &KDUS\ VHW XSV > @ HBWVXQUNWKH
FDQ EH FDOFXODWHG ZKLFK LV GLUHFEWOQ U & KDW3H GV R WLIKQH
> @ 7KH HQHUJ\ DEVRUEHG GXULQJ WHVWLQJ BDQDBH WHKSH U
FUDFN SURSDJDWLRQ HQHUJ\ 7KH DUHD XQGHU WKH ORDG W|I
GHVLJQDWHG DV WKH FUDFN LQLWLDWLR 6XHUQHULY MR RLKHNV
ZLWK WKH FUDFN SURSDJDWLRQ HQHUJ\

02',),(' &203$&7 7(16,/( 7(67,1*

,Q IUDFWXUH PHFKDQLFV EDVHG WRXJKQHMPWNYWLYJ PF
VRPHWLPHV XVHG IRU PHDVXULQJ GLI|HNH® WUWDRNJIWQS \RS R



GLVSODFHPHQW ,Q WKLQ VKHHW PDWHHMWOY¥J @¥HKHGMDPRGLO U
WR WKH ORZ FRQVWUDLQW FRQGLWLRQV EXKXY¥L\WKVDRBMWILD B X\
SODWHV WR SUHYHQW EXFNOLQJ RI WKH VK3HHW O) VIDX¥BH H V
JHRPHWU\ DQG VHW XS XVHG IRU PRGLILHGGOAR PP/ MM Q M HC
WR EH DW OHDVW PP ZLGH VR WKDW WKH OLJDRHQMpGRU G|
RI WKH VDPSOH WR WKLFNQHVV UDWLR LV JUHDMWO\WUOWRE DI B\
VLPLODU JOREDO FUDFN IURQW FRQVWUDL@W BRU WKLMWW\LIQB S
WKLFN PDWHULDOV WKLV WHVWLQJ PHWKRG QVQXIVBIGJPBILR®\
FUDFN WLS RSHQLQJ GLVSODFHPHQW 7HVWKQNKWHSHELOLFDWL
VWDQGDUG > @

C (T) Specimen Crack Viewing
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(o) (o)
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Holes
/ (e)
Anti Buckling Plates
(Front and Back)
JLIXUH ORGLILHG FRPSDFW WHQVLORB WSHOV/DWLY 3HRP HWL

JRU WKLV W\SH RI WHVWLQJ WKH VDPB 0 HGHVHEW VAL WXWL
LQILQLWHVLPDOO\ VPDOO UDGLXV DKHDG RILRIQHWRD B K RQ@ HGK €
FUDFN &UDFN WLS PRWLRQ LV W\SLFDOO\ PRQLWRUHG XVLQJ
REWDLQHG FDQ EH XVHG WR RSWLFDOO\ PHDVXUHDWKH FUDFEN
H[DPSOH RI KRZ WKH FUDFN WLS RSHQLQJ DO@WHGLNVIPHQVWUF
FUDEN H[WHQVLRQ VXFK WKDW D FULWLFDO BRP$IWDOXH FDQ
LQGHSHQGHQW RI FUDFN OHQJWK DW KLJKHU YDOXHV RI FUDF
RSHQLQJ DQJOH DV D IXQFWLRQ Rl WKH FUDFN7D$H ®DWK HAKR Z|
RFFXUV DV FUDFN OHQJWK LQFUHDVHV 7K HUBUEMMXILAD O FRM7L2\E W



SDUDPHWHU IRU GLITHUHQW DOOR\ FRQGLWLRQV RKLV WHVW
GHVFULEH IUDFWXUH EHKDYLRU LQ SUHVV KBQGHEWE G/ WHO
LOWHUVWLWLDO IUHH DQG GXDO SKDVH VWHHOV > @

'523 :(,*+7 7(67,1*

'URS ZHLJKW WHVWLQJ LV XVHG LQGXVWULDIOWN DMRF M LRPIX
DXWRPRWLYH VKHHW VWHHOV 'LITHUHQWXWBDWWHWL G U I FHRWH QIX U
FRPSRQHQWY LQ WKH FDU ERG\ VWUXFWXUH 7KH WVRARVPRVW |
DUH D[LDO FUDVK WHVWLQJ DQG EHQGSBHDWIQ WHW WY R | $ LML
JRQH LQ WKH IURQW RI D FDU ZKHUHDV EHQQH VRFK B\HDWA Q
SLOODU )LJXUH VKRZV HIDPSOH VDPHBUK WHRPHMDU LIHQ Gl AEU
FUDVK WHVWLQJ

DR T
D e e

J)LIXUH 7\SLFDO RSWLFDO LPDJH VKRZH QY KRPPRQOFUDF
PHDVXUHG LQ D PRGLILHG & 7 WHVWLQJ VHW XS IRU

$[LDO FUDVK WHVWLQJ LQYROYHYVY GURSSLQJ D ZHLJKW R(
DEVRUEV WKH IXOO LPSDFW HQHUJ\ WKURXJK AMAKHRXW LG IROC
HIDPSOH RI D GHIRUPHG D[LDO FUDVK VSHRLPWHKQ GE MVWHIQ EPIS D
FUDFN OHQJWK ZKHQ SUHVHQW DUH PHDVXUWGWH®XR SEIRQAIODUO\
ZHLIKW RQWR D VDPSOH WKDW LV LQ D WKUHH &§RDQW EHQG |
IRUFH HQHUJ\ DW D JLYHQ GLVSODFHPH®R WL DQKB WRWD O KRD
DQ H[DPSOH RI D GHIRUPHG EHQG FUDVK VSHFLPHQ )RU ERW
LPSDFWV WKH VDPSOH DW VSHHGYV DURXQG PV PSK



. = constant

e Exterior surface
N ©  Interior region

degs. B

0

Crack extension, Aa

J)LIXUH 3ORW RI WKH FUDFN WLS WERQLRIIJFLPFNH PHDV X!
FRQYHUJHQFH DW ODUJHU FUDFN H[WHQVXLRQ YDOXH)
RSHQLQJ DQJOH > @

$OWKRXJK WKLY WHVWLQJ PHWKRG LV EHQHILFLDO IRU V|
UHVHDUFK KDV VRXJKW WR HIIHFWLYHO\ U H@WDWLHW MR PHPIDVOX
VFDOH WHVWLQJ ,Q SDUWLFXODU /L Q NKDLQG ERD/QKE MV KEH @ [ULB O
EHQG FUDVK WHVWLQJ VLWXDWLRQV WR WRWDOQUWBRYEUH V\
UDWLR LQ D '3 VWHHO 7KH f OLPLWLQJ EHQG UDHNLR LQYF
EHQGLQJ FRQGLWLRQV WR f DW VXFFHVVLYHONGVKEKBSHU S)
PLQLPXP U W UDWLR IRU ZKLFK QR FUDFN LV REVHRIYHG LV Gl
7KH PRVW GLUHFW UHODWLRQVKLS IRU ERWK WKN WLRQN DFR @ LU
OHQJWK DQG WKH f OLPLWLQJ EHQG UDWLRHG®GGGILWQURQBEO'
EHQG WHVWLQJ KDG D VWURQJ FRUUHODWLRQJW RKW R WIIRQ # U
WKH DXWKRUV FRQFOXGHG WKDW EHQGDELOWWQPFRRVYNXNHBG Wi
ZHOO ZLWK WKH H[SHFWHG EHKDYLRU LQ FRPSRQHQW OHYHO



JLIXUH D ([DPSOH VDPSOH JHRPHWU\ XV[BBSBH D[LDO F
VDPSOH JHRPHWU\ XVHG IRU EHQG FUDVK WHVWLQJ >

J)LIXUH ([DPSOH RI GHIRUPHG '3 VKHHW BAWHHA DRSS Ot
E EHQG FUDVK WHVWLQJ > @

'28%/( ("*( 127&+ 7(16,/( 7(67,1*

'RXEOH HGJH QRWFK WHQVLOH WHVWLQ 15 KWUK®N VY FW L
WKH SUHVHQFH RI D VWUHVV FRQFHQWUDWDR® DRGHR WXILDFL
VSHFLPHQ WKLFNQHVV $OVR EDVHG RQ WKWLRQYFXVVMRKH UH
QRWFKHG WHQVLOH WHVW PD\ HIIHFWWDMRUVDRKO BWH B K/ DY
FUDFN 1RWFKHV DUH PDFKLQHG RQ HLWKHUXVLGHIORIFWKIE W H
GHSHQGLQJ RQ WKH GHVLUHG VWUHVV FRQFBEOW RD\ERRVX DQG
QRWFKHV DOORZV IRU VIPPHWULF ORDGLQJ FRRHIDWOHB WRKB \



VKDUSHU WKH QRWFK UDGLXV WKH KLIKHKHWKMUBWIUHH RI W
FRQFHQWUDWLRQ $GGLWLRQDOO\ D VKD URQRKH K RWRFR O\LLE
WHQGV WR ORFDOL]H WKH GHIRUPDWLRQ W R WLOH LO OIDAP\H Q W
GHWHUPLQHG XVLQJ ILQLWH HOHPHQW D Q@BVQ\W VW D B LOD | MRQUF W
VSHFLPHQV ZLWK GLITHUHQW QRWFK UDGIHVVURD[DE U\W Y H \R
WKUHH SULQFLSDO VWUHVV FRPSRQHQW\DPER H | ) IREVALPHOWDW |
YDOXHV RI HTXLYDOHQW SODVWLF VWLROL @ K\MKHK B D 6 M HWRURY
FRQGLWLRQ $OVR WKH VKDUS QRWFK UDGIXWKSUQFUEHEYVLWQK
HTXLYDOHQW SODVWLF VWUDLQ &R Q1L \WWH®E\QL QVVWEKHH WIlL ED
HIITHFWLYHO\ HYDOXDWH WKH PDWHULDQ ERRBYUWRR QY GHW KR
HITHFWV Rl FKDQJLQJ VWUHVV VWDWH )LIJXUH KHBRIXRZV W
GLVSODFHPHQW EHKDYLRU GLVSODFHPHQW P HDRK FHG 2N W K
LQLWLDWLRQ SRLQW IRU GRXEOH HGJH QRWF K MWHXLISOH VDP
&UDFN LQLWLDWLRQ LV DVVXPHG WR EH DWH/® RLD WOING HALWKS W
WHVWV FRQGXFWHG RQ WKH VDPH PDWHULMOD>UKQILBRIDRQ Wk
HOHYDWHG VWUHVV ZKLFK FRQVHTXHQWOFD® EHUV WKH DPR X
DFFRPPRGDWHG GXULQJ GHIRUPDWLRQ $GGLWLRQDROD\ WKH
RFFXUV LV VLIJQLILFDQWO\ OHVV WKDQ WK HQ® DWKIH \QFONSKH VB
QRWFK SRVVLEOH LV EHQHILFLDO IRU VLPXO DBV D QKH PRV V
XQGHUVWDQGLQJ GXFWLOH IUDFWXUH EHKDY L RBW XQHHW RW K H
WULD[LDOLW\ PD\ DOVR IXUWKHU HPSKDWHW KIXHH HR QH BW KWK
IUDFWXUH EHKDYLRU EHFDXVH DV VWDWHG LQ &HBWLRQ
PXFK VWUDLQ ORFDOL]DWLRQ DQG SURSHQVLW\ IRU PLFURYR
SDUWLFOHYV

,Q WKH SUHVHQFH RI D VWUHVV FRQFHQWWDMWRU QRWFK
FRQVLGHUDWWREROQVISGIHUHG KRZ WKH LQWURGXFWLRQ RI D Q
LQ D PP WKLEN 6%( DOOR\ WHPSHUHG DW D KPZIH RI Wi
WKH HITHFW Rl WHPSHULQJ WHPSHUDWXUH RQ PHDVXUHG VWL
WHQVLOH VSHFLPHQV PDFKLQHG RXW RI 6$( DWKHEV)RVKEK
VWUHQJIJWK EHWZHHQ DQG f& ZLWK QR FRUUHWBRQGLQJ
1IRWFK VHQVLWLYLW\ LV XVXDOO\ UHSUH YV H QR\HH G DEN LRRRUIF KV \



QRWFKHG VSHFLPHQ WHQVLOH VWUHQJW KV WWRL B PR RAN KV K HF I
OHVV WKDQ RQH DUH QRWFK EULWWOH DQG FRQGLWLRQV ZL
VWUHQJWKHQHG > @ 165 WKRXJK LQIOXHQFHG FBN B\ B \ PV KvH
QRWFK UDGLXV $JRJLQR UHSRUWHG WKDW IRWPQQRDBBEGLY,.
QRWFK VKDUSQHVV XS WR DERXW W R DQG WKHQ GHFUHI
$GGLWLRQDOO\ D VKLIW LQ IUDFWXUH L QRGUDOWILRRP WY KWH AR
RI WKH VDPSOH OLJDPHQW IRU EOXQW QRWFKHVS>WR WKH QRW

1.6 ‘ ‘ 20000 ‘ ‘
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D
JLIXUH D 30RW RI WULD[LDOLW\ DV D IXQRWULRHDWRI HTX
QRWFK UDGLL RI PP PP DQG PP E /RDG GLVS

WKUHH GLITHUHQW QRWFK UDGLL HYDOXO WHHP WRRVZ L (
IRU FUDFN LQLWLDWLRQ 'RXEOH HGJH QRWHX WHQVL
IRU ZDUVKLSVY ZHUH XVHG IRU ERWK SORWYV > @

)5(( % (1" 7(67,1*

JUHH EHQG WHVWLQJ LV DQ HITHFWLYH RHWWDOREBEDMHUGBW |
IDLOXUH GXULQJ IRUPLQJ SURFHVVHV GRPLQDWHGVHVEHQGLC
PHWKRG LQYROYHV D VKDUS UDGLXV SXQFK GHSUBWVWHICQJ GRZ
RQ WRS RI WZR I[ULFWLRQOHVYVY UROOHUV DMEIJRUWKH BHK®RE W B
VHW XS LQ DFFRUGDQFH ZLWK WKH 9'$ VWDQGDUG FRPP
> @ 7KURXJK WKLV GHIRUPDWLRQ SDWK SODQH WwWBBLQ WH
RI WKH VDPSOH > @ 7KH DUHD RI PD[LPXP VWUDIUHRSSRVLW



VWUDLQ 7KH IUDFWXUH VWUDLQ GXULRO WMI/IML DR UADH P M IGR
RXWHU SODQH RI WKH EHQG VDPSOH 'XH WRIWHKB\QRZ F W Wil
WKH PHDVXUHG IUDFWXUH VWUDLQ PD\ EQIGH WH RW V YIHID D XAUHG
> @ 7KH PHDVXUHG IUDFWXUH VWUDLQ IURRHUHHVE R Q@& HAGH V
IUDFWXUH VWUDLQ GXULQJ QRWFKHG WHQV LV®KHWAKMIL@MLIQ Z K
FHQWUDO D[LV RI WKH IUDFWXUH DUHD > @
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250000
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Strength
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JLIXUH 6WUHQJIJWK DV D IXQFWLRQ RI WHPSHULQJ WHPSH
WHQVLOH EDUV PDFKLQHG RXW RI 6%( VKHHW VWH

J)LIXUH 6FKHPDWLF RI WKH EHQG WHVWIFQRU & B @ FXS ZIIRWKV
WKH 9'$ VWDQGDUG > @



,Q DGGLWLRQ WR WKH IUDFWXUH VWUDLQ EBEHQ&RUWLQIOH D
WHVWLQJ WKURXJK FRQYHUVLRQ RI WKH PHDVQU®MK GKWSODF
EHQG DQJOH DW PD[LPXP ORDG UHSUHVHQWY WKH PQ[LPXP DI
EH DFFRPPRGDWHG EHIRUH D FUDFN LQLWLDWHW DQ WKH UHJ
FRQGXFWHG D VWXG\ RQ SUHVV KDUGHQHG VWBHODMWWKDW FR
PD[LPXP ORDG WR FRPSRQHQW OHYHO FUDVK NEPHODMERQYV :
FRUUHODWLRQ EHWZHHQ WKH FDOFXODWHG FUBGMXQUQBH[ RI |
&UDVK LQGH[ LV D YDOXH WKDW WDNHV LQWR DFFRXQW WKH
FRPSRQHQW OHYHO VLGH LPSDFW WHVW |/Q KPMSGDALWRE RBHRC
DQJOH VKRZHG WKH EHVW FRUUHODW L R AV R OWKRH RFBVIHUKY HQ d
VWURQJ FRUUHODWLRQ EHWZHHQ EHQG DQJOH DQG FRPSRQH
ZHLIKW WHVWLQJ VHW XS RQ VHYHUDO DGYD@FHN®& KAV KWKW U I
UHODWLRQVKLS EHWZHHQ WRWDO FUDFN OHQIWIR[RRBFXUHG
EHQG DQJOH PHDVXUHG ZLWK WKH I[UHH EHQG WBUWEYKQG NV HDW
PHWKRG IRU HYDOXDWLQJ WRXJKQHVYV RI SUHVV KDUGHQHG V
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D
JLIXUH D 6LGH LPSDFW FUDVK LQGH[ DV D IXIQHWMLRQ R

EHQG WHVWLQJ IRU ERWK FRDWHG DQG XQFRDWHG S|
FUDFN OHQJWK PHDVXUHG GXULQJ D[LDO FUD VK WHYV
PHDVXUHG IURP IUHH EHQG WHVWLQJ VKRZLQJ WKH O
PHDVXUHPHQWYV > @



&203%$5,621 2) 675(66 $1' 675%,1 67$7(6 ,1 7287+1(66 7(6
0(7+2'6

(DFK RI WKH WHVWLQJ PHWKRGVY GHVFULEHW®W H B/KDHN KDV |
LPSRVHG RQ WKH VDPSOH GXULQJ WHVWLQW HMDINH G @& O5LRS
HGJH QRWFK WHQVLOH WHVWLQJ DOO LWH\OK & W IDWHR VW KWK K D
1HDU WKH VXUIDFH RU HGJH RI WKH VDP 688 WWKHRPOQIXV HD \E KB L
QR PDWHULDO FRQVWUDLQW FUHDWLQJ DQ FS/SRMLRHULWQRM)
SODQH VWUDLQ FRQGLWLRQV DW WKH QRW F K DVIDSNLIYYHQ VX H
EHQG WHVWLQJ SURGXFHV D SODQH VWUDLQ WHQXHRQ VWDW
VWUDLQ VWDWH LV SODQH VWUDLQ > @ HJ B8R FDHIQLGDWH RW LRI
VWUHVV DQG VWUDLQ LV DORQJ WKH RXWHU NG UHDWHKIRI WKH
VXUIDFH PLFURVWUXFWXUH RI WKH PDWHUQD @ HVRMLQW BBV YV |
LQIOXHQFH WKH PHDVXUHG WRXJKQHVV DQG WHKIQUHJR Y KOWM
EHWZHHQ WHVWLQJ PHWKRGYV

7KH GHJUHH RI VWUHVV WULD[LDOLW)\ LV DOSMRUDQJLPSRU'
GLIIHUHQW WRXJKQHVV WHVWLQJ PHWKRGBWS$R RWIWHGP BED B
VWUHVV WR WKH HITHFWLYH VWUHVV 7KH G MJIRJ MHK IR IV WHD/AW [
SUHVHQW LQ WKH VDPSOH FRQILIJXUDWLRGR'®ISEQYE LRIJIVRVQU W\
VDPSOH FRQILIJXUDWLRQ WKDW H[SHULHQ PHVGH ELBDHLRO VWU
WULD[LDOLW\ DV D VDPSOH WKDW HF$BIRSE B F HVI OUW U LD \IORZ
IRU D GRXEOH HGJH QRWFK WHQVLOH VDPSOH DMK \B\QR'W F K
DSSUR[LPDWHO\ XS WR DQ HTXLYDOHQW SODVWLB VWUDLC
FRQGXFWHG D VWXG\ RQ D 9 EHQG WHVW IRU D BXDOIBKDVH \
DQ HTXLYDOHQW SODVWLF VWUDLQ XS WR M D\Q BVEH® G E |
WHVWLQJ KDYH WZR GLIITHUHQW VWUHVV VWDMWHW IRQ WKH UH.
WULD[LDOLW\ LV DSSUR[LPDWHO\ HTXIDIOV AKBIPBIORMH © RRZ W WK
ORRNLQJ DW WKLV PHWULF GRHV QRW FREIOHWBU\REZHVEBD VK
SHUIRUPDQFH +RZHYHU FRUUHODWLRQV K DWHK B H G Q UDIFGWHX B
VWUDLQ )LJIXUH SORWYV WKH IUDFWXVUHRVWUYDH @ DIVHR HQQ\V
VSHFLPHQ FRQILJXUDWLRQV ZKLFK LQFOXGH VKHDU WHQVLRC



QRWFKHG WHQVLRQ 5 PP DQG 1IDND]LPD BELORWD WRILQOAM F
UHSUHVHQWY WKH H[SHULPHQWDO |UD FWXU8 RIGUQLQS DG W
SUHGLFWHG IURP WKH ILQLWH HOHPHQW VQPEB WISRGVRQWW
GDPDJH FXUYH IURP D ILQLWH HOHPHQW VL PXROW VDL & QUSIHFWI R L
UHODWLRQVKLS EHWZHHQ IUDFWXUH VWUDL QG HSH® WUQDRP QL
WKH VDPSOH XQGHUJRHV VKHDU RU XQLD[LDO WHQVLRQ ORD(

Ef

YLIXUH JUDFWXUH VWUDLQ DV D IXQFWR\RG RU QM UUHD/MQ W
ZLWK GHVLJQDWLRQ =6W( > @

6800$5< 2) 728*+1(66 7(67,1* 0(7+2'6 )25 6+((7 0%7(5,$/

7KLV VHFWLRQ LQWURGXFHG PDQ\ Rl WKH WHVWLQJ PHWk
WRXJKQHVV LQ VKHHW PDWHULDOV 'LITHUHQ®L@WHVWLQJ PHW
FRQGLWLRQV ZKLFK FDQ EH EHQHILFLDO ZKHQ FREGLGHULQJ
RQ DXWRPRWLYH FRPSRQHQWYV $GGLWLRQDOOWLQEPH WHVWL
FRPSRQHQW OHYHO EHKDYLRU ZKHUHDV RWIKQH UG/HERWAVDIL BQ
7DEOH JLYHV DQ RYHUYLHZ RI WKH W RQWILLQVKP B FAKIRHFWW G |
GDWD XVXDOO\ REWDLQHG DQG WKH W\SLFDO XVH



7TDEOH + &RPSDULVRQ RI 7TRXJKQHVYVY 7THVWLQJ OHWKF

SHSRUWHG | ILPLWDWLRQV 6SHFL
OHWKRG Yo HQHILWYV 8VH SHTXLUHPHQWYV

9DOXH V
,QVWUXPHQWHG &KDL
,PSDFWOHDVXUH RI HQHUJWBEWRWBHWGHTXLUHG
6WDFNHG &9(QHUJ\ XSRQ LPSDFW ZKLAFUDVNLBRBLWDODWLRQ
%77 WR D FUDVK HYSQRMSDJDWLRQ HQHU
GHWHUPLQDWLRQ

ORGLILHG & 7 &Ijl'yé_”:W PHDVXUHP?';{-R@\Iﬁlﬂ(F\‘/:V%%%QIJDHWVL?;

EHKDYLRU SUHFUDFNLQJ

& U XVK 1R GLUHFW
"URS 'HLJKW)RUFH 'LUHFW UHODWLRRBVXXSHPRHQW RI FULI
' &UDFN FRPSRQHQW OHYHEGHKHKYIDLRURDQG ORFL
'HSWK GHIRUPDWLRQ EHKDY

OHDVXUHV QRWF K O/HHIDWA OV SWR S HU W
. FZ#HDWHV D VW UHV\D B R QGHDHOUTHOVR @ ¢
RXEOH (GJH LRIPK 04 \wkRXW IDWLIXH QRWFID BRIGQXY DQG
VLPXODWHY FUDFN EWKDFMN@HVV

%HQG ,

RG FRUUHODWLR
5§30+ Ul IR
JUHH %HQG” 5 ¥ yHo EHKDYLRU | ﬁ% NEEYVERYsH ¢

JRUFH 0 VHW XS
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7KLV FKDSWHU LQLWLDOO\ GHWDLO V VKRZHWWK H ® XR/W MEH
0Q% DOOR\ XVHG WKURXJKRXW WKLV SURMKBWL B RV HAWVAW.
WHFKQLTXH XVHG DUH GHWDLOHG LQ WXX®8 \FAD\S WHWY W 6 RIDG/
IRU WKH DOOR\ DQG VKHHW WKLENQHVV WR XRG®UWKMHQG WK
UHSRUWHG SULRU DXVWHQLWH JUDLQ VL]HVHOQRWBWKMYV KDUG
FRQGLWLRQV ZLWKLQ WKH LQGXVWULDO SURFHVRLDKLYDQJH
VPDOO UDQJH PDNHV LW GLIILEXOW WR PHBRXDR HVMIDDW DRGV
PHFKDQLFDO SURSHUWLHV 2QH RI WKH SURRHBW VRAEHQHPMLL Y ¢
SDUDPHWHUV RQ SUHVV KDUGHQHG VWHHO MKRKDHQEW B SWRL
JURZWK VWXG\ ZDV QHFHVVDU\ WR XQGHUVWDQGUIRU D JLYH
DXVWHQLWH JUDLQ VL]HV LV DFKLHYDEOXG 8 VILOWWWHIQH W HMXQS
WHPSHUDWXUHY DQG KROG WLPHV ZHUH VNOWHRSH G JI BWU ROMHEY
6WXG\LQJ WKH UHODWLYH JUDLQ JUR ZWXHNLIDGIML RV FHODNRI H (
DXVWHQLWH JUDLQ VL]HV ZHUH SURGXFHG

0Q% 35,25 $867(1,7( *5%$,1 *52:7+ ,19(67,*%$7,21

0Q% $O0 6L FRDWHG VKHHWY ZHUH REWDLQHBOLQ WKH F
PLFURVWUXFWXUH RI IHUULWH DQG SHDUOLWH DQG D VKHHW
FRPSRVLWLRQ RI WKH DOOR\ XVHG

/DEOH + 0Q% $0O0 6L &RDWHG &KHPLFDO &RPSR

ZW SFW & 0Q 6L 1L & U OR 7L $0 6

0Q % 15

$ UDQJH RI DXVWHQLWL]LQJ SDUDPHW KD \ZB V LWHHDWH ¥ YWHKG WZK I
WHPSHUDWXUHYVY ERWK FOWRWR SHR D\WQ SUHERN BIHWKWMXEAHG )RU
WKH WHPSHUDWXUH UDQJH IRU DXVWHQLWH |IRUHFPG®WORWKH D



HTXLOLEULXP LURQ FDUERQ SKDVH GLDJUDP +RZHYHU WKHYV

LQIOXHQFH RI RWKHU DOOR\LQJ HOHPHQWW BRI G WRKEHW ZHQH

ERXQGDULHV 7KH WHPSHUDWXUHV VHOHFWHG IRULWKLV VWX

DXVWHQLWL]LQJ WHPSHUDWXUHY VHOHFWHG LQFOXGHG fa
f& DQG fa&

7TKUHH FRXSRQV ZHUH VHFWLRQHG IURP D VWULS RI PDW
7KH $0 6L FRDWLQJ ZDV UHPRYHG IURP ERWK VLGBV RI WKH F
JULW JULQGLQJ SDSHU 7KH FRXSRQV ZHUPMHWKHBDIVUDFHG
ILOOHG ZLWK DUJRQ WR PLQLPL]H GHFDUE XUDRWPWM IQRVV GOHWLHD ¢
FRQGXFWHG LQ D ER[ IXUQDFH DQG WKH IXUQDFH WHPSHUDW
SODFHG QHDU WKH VWDLQOHVYVY VWHHO EDBBIOHXI OBSHR [L@ DWW
ER[ IXUQDFH zZDV f& V )RU DOO DXVWHQLKMHPIRQIRWHPSHQRW
DW WKH VHW WHPSHUDWXUH 7KH KROG WLPE RRW VWDRJWHKEB
WKHUPRFRXSOH UHDFKHG WKH GHVLUHG BRAWVWHQIQOXWMWHEJ WKIH
FRXSRQV ZHUH TXHQFKHG LQ ZDWHU WR REWDLQ D IXOO\ PDU

JROORZLQJ KHDW WUHDWPHQW FRXSRQV IRU HDFK DXVW
SROLVKHG DQG HWFKHG WR UHYHDO WKH WBLRWOD®VWHQIHW I
UHYHDOHG E\ HWFKLQJ ZLWK D KHDWRH KDWQMVXIUW K FA B HIBTR{H R X
7TKH HWFKDQW LQFOXGHG P/ Rl GHLRQL]HG ZDWG@E U J RI

P/ RI K\GURFKORULF DFLG 7KH HWFKDQW ZDV KHDWKK WR C
VDPSOH 7KH VDPSOH ZDV LQLWLDOO\ VXEPHUIR®GY WKH VR
VXUIDFH ZzDV WKHQ EULHIO\ SROLVKHG WR D —“XRWRLW ILQLYV
HWFKHG PDWHULDO 7KH VDPSOH ZDV PHDEQRFGNNVHIYVLOEWKH

VHFRQGY 7KH DYHUDJH SULRU DXVWHWHWSHJULOA RQUWL FHD VRW
FDOFXODWHG XVLQJ WKH FRQFHQWULF FLUFOHZAHW KRX G\W WE
XVLQJ WKLV PHWKRG XQWLO WKH DYHUD ZHKUFIK IZQ@ W DWWV KR QI 'GF
EH WKH SULRU DXVWHQLWH JUDLQ VL]H IRU WKDWLRRQGLWLR:
WHPSHUDWXUH RQ SULRU DXVWHQLWIDUIQDWLIQ]H LYHF UFHDRQWHND @
LQFUHDVLQJ DXVWHQLWL]LQJ WHPSHUDWXKI NZRIHAVKLEY HiRBHF
JUDLQ VL]H JURZV PRVW DW WHPSHUDWXUHYV DHRYHVL]HY 7K



SRVVLEOH ZLWK WKH FRQGLWLRQV VHOHFWHG ZDXWOWORWR[LPI
HWFKHG PLFURVWUXFWXUHY DQG )LJXUH VIORIWM WRB PLFUF
FROQGLWLRQ DIWHU TXHQFKLQJ 7KHVH PLFORDRPBRXBWWIRRZ Wk
SRVVLEOH IHUULWH REVHUYHG DIWHU DXVWHNQDOW P|LQW DN LW
PLFURVWUXFWXUH
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J)LIXUH SURJUHVVLRQ RI SULRU DXVWHQLWH JUDLQ VL]H
WHPSHUDWXUH IRUD 0Q% $0O 6L FRDWHG DOOR\ 6D
DW WKH LQGLFDWHG DXVWHQLWL]LQJ WHPSHUDWXUH
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J)LIXUH /ILIJKW RSWLFDO PLFURJUDSKYV RI WKB6o DV TXHQFK
DOOR\ WKDW ZDV KHDW WUHDWHG DW WK PSGH\DIW R D M
IRU PLQXWHY $ KHDWHG VDWXUDWHG DTXHRXV SLF
VXUIDFWDQW ZDV XVHG WR REVHUYH WKH SULRU DXV



YJLIXUH /JLJKW RSWLFDO PLFURJUDSKVY RI WKMo DV TXHQFK
DOOR\ WKDW ZDV KHDW WUHDWHG DW f&UIZ\WH DUU
ZKLWH HWFKLQJ FRQVWLWXHQW UHPDL@MHGA Q WKH

DTXHRXV SLFULF DFLG HWFKDQW ZLWK 7HHSIH
DXVWHQLWH JUDLQ ERXQGDULHYV

6(/(&7,21 2) $867(1,7,=,1* 3$5%$0(7(56 )25 +27 67$03,1*
6,08/$7,21

0Q% VKHHW PP WKLFN ZDV REWDLQHG WKDW IROOR
3$6 VWHHO JUDGH VSHFLILFDWLRQV 7IREDR| WRIKR DD O\F
ZKLFK RQO\ GLIIHUV VOLJKWO\ LQ FDUERQ DQ® RQQJDQHVH F
BHFWLRQ $GGLWLRQDOO\ WKH FRDWLQBHOISRBLIPHDGVW®R\ WK L

ZW DOXPLQXP DQG ZW VLOLFRQ ZLWK D FRDWLQJ WKLFN
SULRU WR KRW VWDPSLQJ

7TDEOH + &KHPLVWU\ RI WKH 0Q% $OOR\ IRU 6LPXO

ZW SFW & 0Q 6L 1L &U OR 7L $0 6
00Q % 15

%DVHG RQ WKH UHVXOWY Rl WKH SULRU DXVWHCHNW JUD
ZDV KHDW WUHDWHG DFFRUGLQJ WR WKH SDUDPHWHUV RXWO
DXVWHQLWH JUDLQ VL]H YDOXHV +HDW W UZHIDW R HIQUN @ OZE-RIUD ¥
VFDOH KRW VWDPSLQJ OLQH $Q DXVWH QL VRLPIHDIV Wb R SHKHD W )
LQIOXHQFH RI SRWHQWLDO FKHPLFDO DQG P LBURNOWBXRWKRO
WLPHV DW f& ZDV LQYHVWLJDWHG WR SRWHQWLDOO\ DOOR



$XVWHQLWL]LQJ WHPSHUDWXUHV RI f& DQG fRQXYHUH FKI
FRQVLVWHQW ZLWK WKH VWDQGDUG UDQJH XVIHG LQGXVWULD
WHPSHUDWXUH f& ZDV VHOHFWHG EDVHG VRR) R\DQ HPRDIS DAE!
UDQJH RI 3$*6 HYDOXDWHG $00 PDWHULDO XR/HEBORU WKLV V
WUHDWPHQW ZKLFK KHOSHG SUHYHQW GHFDUBXWL]DWLRQ RI
WUHDWPHQW )RU DOO FRQGLWLRQV EODQNV ZHUH SODFHG L
WLPH ZKLFK GLG QRW LQFOXGWHPISH WDLVPXUWR KHDWLWR WRH.
WHPSHUDWXUH GHSHQGHG RQ WKH DXVWIBQIWRIP|L QPWGRE HY L

PLQXWHV )ROORZLQJ DXVWHQLWL]DWLRQ W/ IGH HE QD QYK VQRH
VLIQLILEDQW LPSRVHG GHIRUPDWLRQ DQGLFXR®QWKKEG WRIHHTC

7TDEOH $XVWHQLWL]LQJ 3DUDPHWHUV IRU WKH

$XVWHQLWL]LQJ 7THPSHUDWXUH f& +ROG 7LPH PLQ

$0 6L
$0 6L
$0 6L
$0 6L
$0 6L
$0 6L
$0 6L
$0 6L

', /$720(75< )25 &5,7,&$/ 75$16)250%$7,21 7(03(5$785(6

&ULWLFDO WUDQVIRUPDWLRQ WHPSHUDWRQUWNKH KBW GHW
VWDPSHG 0Q% VKHHW 6DPSOHV ZHUH DSSUR[LPDWHO\ PF

LQ | LQ DQG WKH FRDWLQJ ZDV PHFKDQLFDOO\ JURXQ
WKHUPRFRXSOHV ZHUH ZHOGHG +HDW WUHRWRK QW VY H QB QGH
WKH GLODWRPHWHU ZLWK DQ DUJRQ DW PRDAS KIHWWHW § IDRIRRIIPG
FUHDWH D PRUH DFFXUDWH UHSUHVHQWDWLHR Q@ \RUWKHLWH® Q'
VKHHW 7KH VDPSOH ZKLFK ZDV RULJLQDO O\GDXKXMQMRKHGL]HG

ZDV KHDWHG WR f& DW f& V KHOG IRU PLQXWHYV DQG |
IHUULWH SHDUOLWH PLFURVWUXFWXUH HDOMWRZDAW QREPDRE
f& DQG WKHQ DW f& K XS WR f& WR IXOO\ DXVWHQLW

$670 $ > @ 7KLV KHDWLQJ SURILOH DG XWHHRCS M/IRD®VEKW H WV F



'LODWRPHWU\ ZDV DOVR XVHG WR & HWHPSHUDWWHH FFZRW
DXVWHQLWL]LQJ SDUDPHWHUV ZHUB WXPB W6 DMKHG HIQHWWHR G K®
FRQGLWLRQWRPSWKBWXUH 7KH WZR FRQGLWLRQV FRQVLGHU
DQG f& IRU PLQXWHV $JDLQ ERWK VDPSOHV ZHUH LQLV
SHDUOLWH PLFURVWUXFWXUH 7KH UHPDLQWXHKMND®@DEH SVR
E\ *HVWDPSS IRU VLPXODWHG KRW VWDPSLQJ VZ KR KVR B HD DR
VDPSOHV )RU WKH f& FRQGLWLRQ WKH VDPSOH ZDV KHDW
D VORZHU UDWH RI f& V XS WR f& &RPSDUDR/LYHG@ WKH
DW D UDWH RI  f& V DQG WKHQ KHDWHG DW D UDWH RI f&
TXHQFKHG DW D UDWH RI  f& V WR SURGXFH D IXO0O\ PDUWH

35,25 $867(1,7( *5%,1 6,=( $1$/<6,6

(YDOXDWLRQ RI WKH SULRU DXVWHQLWH JWRDQ @ DMV UXFW X
SHUIRUPHG RQ WKH WKURXJK WKLFNQHVYV SODQH LQ PDFKLQF
ZKHUH DOO PLFURVWUXFWXUDO DQDO\VLYV LAV CARIHEXNHWRIQGI R
HDFK VDPSOH ZDV SHUSHQGLFXODU WR WIH DADE\DUDISDDQF
UHYHDOHG XVLQJ D KHDWHG VDW XU D W3$HR0 DVIXWHIRXW B QMU LFKBI |
DXVWHQLWH JUDLQ VL]H ZDV GHWHUPLQHRBNXRIOQJ WDKEERYBPH |

ND

Section surface prepared for prior
austenite grain size analysis
(undeformed)

EDM machined surface

J)LIXUH $QDO\WLYV SODQH LQ D QRQ GHIRUPWGE QUMHQVLO
VLIH DQDO\VLV FRQGXFWHG



0(&+$1,&%/ 7(67,1*

7KH IROORZLQJ VHFWLRQV GHVFULEH WHHWWHW BH Q @ \DH/W
PHWULFV XVHG WR HYDOXDWH PHFK D QIQFACF W bl B SIHURMDLXHRH @ I
VLGHG WHQVLOH WHVWLQJ GRXEOH HGJH QGRON MK RVGIMIYQ O HVK
VDPH PHFKDQLFDO WHVWLQJ ZDV FRQGZXBW WG FRRY M B PIE@GI WEKI
UHPRYDO SURFHVV LV GHVFULEHG EHORZ

60227+ 6,'(' 7(16,/( 7(67,1*

6PRRWK VLGHG WHQVLOH WHVWLQJ ZDV SHUIQUPHG RQ D
,QVWURQ WHQVLOH IUDPH DW *HQHUDO 0RWRHW PIBFKLQ HAGH Q)
SDUDOOHO WR WKH UROOLQJ GLUHFWLRQ ZHRZK \DKWHH B B S/Q |
Rl WKH VPRRWK VLGHG WHQVLOH JHRPHWU\ XVHG VR®&RRWKKYV W
VLGHG WHQVLOH WHVWLQJ DQG WKH JULSV QWUHOES EDQ@H G ®
VDPSOHV ZHUH SXOOHG LQ WHQVLRQ DW D FURVVKHDG VSHH(
GLVSODFHPHQW ZDV PHDVXUHG XVLQJ D LQFKVHNWF\Q@VR®@HW |
/IRDG GLVSODFHPHQW GDWD ZDV WKHQ X\PHDGV W RVA R U E ® &8 DAWH
VWUDLQ WR IDLOXUH XQLIRUP VWUDLQ DQG SRVW XQLIRUP \

8+0.1in. -
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t— 0.750 £ 0.01 in.
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JLIXUH 6DPSOH JHRPHWU\ IRU VPRRWK YL &HGWK H Q670 H
( VWDQGDUG > @
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'RXEOH HGJH QRWFK WHQVLOH '"(17WW HO\WRWRX] ZHDYVVY WQ M
WRXJKQHVYV $V VWDWHG LQ &KDSWHU LOWURQRAQYWRI® WL D
DKHDG RI HLWKHU QRWFK DV ZHOO DV DNWURDQH/Y \D\WQ GHWW Uk
WKH VWHHO )RU WKLV VWXG\ '(17 VDP GV 7@ U B DHIIDHOFONHWOL M
WKH UROOLQJ GLUHFWLRQ ZLWK D QRWFK UDGLXV RMKH PP 1
VDPSOH WR DOORZ IRU VI\PPHWULFDO ORDGLWH R WKRLZ V DNWPISK
VDPSOH JHRPHWU\ DQG WKH WHVWLQJ VHW XIi$RPHIGUNRAD WKH
VHOHFWHG WR SURYLGH WKH KLIJIKHVW GHJUHRQROO/VWUHVV WL
PDFKLQLQJ LQ WKH ORFDO YLFLQLW\ RI WKH QRWKHKU VR\ZDHKIHH
WKDW XVHG VSHFLPHQV ZLWK ODUJHU QRWFK UIEGHDXVH@W$
PRUH FORVHO\ DSSUR[LPDWHV WKH WWDHNVY VLQJXODULW\ DV

7KLV VDPSOH JHRPHWU\ DOVR KDV D SLQ FRQQHFWLRQ L
DOLJQPHQW Rl WKH VDPSOH DQG HQVXUH HYHQ VWUNLQ GLVV
WKH GLIIHUHQFH LQ VWUDLQ ORFDOL]DWLRXG VDKSMW) ZHRQ R B M
IRU ORDGLQJ RI WKH VDPSOH VWUDLQ P HDPXIH PR QWHWODMUR
7KH SLQ FRQQHFWLRQ XVHG ZDVKHUV RQ HLWKHU WVWWGH RI WK
URWDWLRQ DQG WR DOVR PDLQWDLQ SURSHU DDVDPBOGW G X
DQG WKH ZDVKHUV ZDV OXEULFDWHG ZLWK /36 GMRV®DLQLPL]H
REWDLQHG $GGLWLRQDOO\ D 8 MRLQW ZDV XVHGHGXWULQJ '(1
6DPSOHY ZHUH GLVSODFHG DW D UDWH RI PP V LQ PLC

'(17 WHVWLQJ DOVR LQFRUSRUDWHG WRRK XV& RMR ' GLJLV
PHDVXUH ORFDOL]J]HG GLVSODFHPHQW DURXGW® WR&W Lg-PW FKH\G
WKDW WUDFNV UDQGRP FRQWUDVW SDWWHIX@Q\W DEBOGHG WR |
GLVSODFHPHQWY > @ 7KLV WHFKQLTXH DO XKRHAY WKW WK HVT X
GHYLDWLRQ IURP OLQHDU HODVWLFLW\ RW L[} MGV IUMDDIH YV UDIGW K
VSHFLPHQ VXUIDFH WDNHQ DW GLITHUHQW W LPXDIVQGX WLW LW Hi
SRLQW E\ SRLQW PDSSLQJ RI VXUIDFH GHIRUPDWMRX@GDW DQ\
VLQJOH PHIJDSL[HO FDPHUD IURP $OOLHG 9LVLRHO,RF ZzZDV X



SL[HO UHVROXWLRQ DQG D PD[LPXP IUDPH UDWHIRYV ISV
DFTXLVLWLRQ UDWH DQG SRVW SURFHVVLQJ KDWY SRQYM KV DRQZ
DSSOLHG WR WKH VDPSOH VXUIDFH XVLQJ D ERURQ QLWULGH
IRU ',& 7KH VSHFNOH SDWWHUQ FUHDW HW DF OHOWDLWH Y HQ WHKR(
JHQHUDWLQJ D ODUJH SURSRUWLRQ RI ILSHFOROWYVS D) WWH G RW
FRQWUDVW SRLQWY DUH RI WKH VL]H RQ BVISH [H Q DLG)\]W & HG DR\DD
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D 6DPSOH JHRPHWU\ IRU "(17 VQHVQVP®J ZLWK DC
‘(17 WHVWLQJ VHW XS SHUIRUPHG RQ WKH ,QVWU X

Wedge Grips

DIC Contour Map

JLIXUH

Pin Connection in Grips

DIC Contour Map

D

'LJLWDO LPDJH FRUUHODWLRQ "' GANHQQMCRXD[RWD S
IRU WKH '"(17 VDPSOH XVLQJ D ZHGJH JULSV DQG E
WKH PRUH V\PPHWULFDO VWUDLQ GLVWULEXWLRQ XV



8VLQJ ',& QRWFK GLVSODFHPHQW ZDV FDOFXRZDWHKI EHW
QRWFK RSHQLQJ )LJIXUH VKRZV D UHSUHVHQWWDMWYYH VWUL
ORFDWLRQ IRU QRWFK GLVSODFHPHQW (DFK SRBLVQW RZ®DW OR F
HGJH RI WKH VDPSOH DQG PP XS RU GRZQ IURP WKDW PHD)\
UHJLRQ ZKHUH RQO\ HODVWLF GHIRUPDWLR@R¥S®DBHBH @ WHL
WKH I[UDFWXUH PHFKDQLFV SDUDPHWHU &72' GHHWEQOXWHB QA Q &
ZDV FDOFXODWHG EDVHG RQ WKH QRLVH LGHWKH GUNBDWD PHP ¢
UHSUHVHQWDWLYH GLVSODFHPHQW YHUVX& DMIPH FXURK IRU
PLQXWHV )LJXUH E VKRZV WKH EHJLQQLQJ SRWMELRQ RI
WR GHWHUPLQH WKH UHVROXWLRQ 7KH FXUYH LKLBESUR[LPD
UHSUHVHQWY WKH HODVWLF UHJLRQ RI WG WRL B Y WILKRLIDWSRRIDM
QRLVH $ OLQHDU ILW ZDV LPSRVHG RQ WKH LQLWLDDQSRUWL!
WKH DYHUDJH UHVLGXDO ZDV GHWHUPLQHGVBOWDFHPHRMKLEK Z
UHVROXWLRQ

mell Notch Displacement

+ B
J)LIXUH 6WUDLQ FRQWRXU PDS RI' D '"(17 VDK$OH JHQHUD!
DQRDO\WLYVY ORFDWLRQ IRU QRWFK GLVSODFHPHQW
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JLIXUH LVBODFHPHQW YHUVXV WLPH IRU D "(17 Wt

f& IRU PLOQXWHYV E 30RW RI GLVSODFHPHQW YH
RI WKH WHVW IRU WKH VDPH FRQGLWLRQ

)5(( %(1' 7(67,1*

JUHH EHQG WHVWLQJ ZzDV DOVR VHOHFWHUBPV@FBRVVLEC
EHFDXVH LW FRUUHODWHY ZHOO ZLWEK ER P&SKRISVOMU O HFE G LW}
I[lUHH EHQG WHVWLQJ SXWV D KLIJKHU HPSKDVLV RQ WKH VXUI
FKDUDFWHULVWLFV )LJXUH VKRZV WHIQ W\BKEBK LWHMQ XS
DFFRUGDQFH ZLWK WKH 9'$ VWDQGDUG > @ FHVWLQJ ZI
I UDPH DW OLQHV 7KH VDPSOH GLPHQVLRQV ZHUH PP [ PP

LQ O6DPSOHV ZHUH VHFWLRQHG LQ WKH 06; VDZ DQG WKH
$00 EXUUV JHQHUDWHG GXULQJ WKH HQG PLOOLQJ SURFHVYV
SRWHQWLDO FUDFN LQLWLDWLRQ VLWHYVV)RIUWMK HDHGEBD® @ WWHW

PP LQ ZHUH DGMXVWHG VXFK WKDW WKH JDS EHWZH
VDPSOH ZDV SODFHG RQ WRS RI WKH UROOHUVIWXKK WKDW W
FHQWHUOLQH DQG SDUDOOHO WR WKH UROOLQJ GLWHHEGEWLRQ
GRZQ RQ WKH VDPSOH VXUIDFH DW D UDWH RI PP PLQ L
UHDFKHG JHUR DJDLQ )UDFWXUH RFFXUUHG ZKHXM&H ORDG
XQWLO WKH ORDG UHDFKHG |JHUR WR DOORZ IRU PHDVXUHPHC
GLVFXVVHG LQ &KDSWHU



ND

20 mm/min

R=0.4mm
Y

30.93 mm

Y

3.35 mm

JLIXUH THVWLQJ VHW XS IRU WKH I[UHH EWDGIJWHIVWH. QJ X

'XULQJ WHVWLQJ FURVVKHDG GLVSODFOFHQWWHKN WKHRAEH
DQJOH DW HDFK LQFUHPHQW RI ORDG (TXSDIWMQRAH | URPVWAXMH C
GLVSODFHPHQW GDWD > @ )URP WKH FDOFRBRPDPWR®EBQG DQ
YDOXH FDQ EH GHWHUPLQHG IRU HDFK SURFHVWQWDWRYQXHG LWL
VFKHPDWLF RI KRZ WKLV YDOXH ZDV GHWHUPL B HXUYGIGEDQ R (
EH XVHG WR GHWHUPLQH WKH SRVW XQLIRUP EHQGLQJ VORSF
FRUUHODWHY EHWWHU WR ODUJH VFDOHKDBNKG VLGP XMKDW LNR/D:
FRPSDULVRQ WR WKH EHQG DQJOH DW PD[LPXRIXW®RHIDG DEG WK
VKRZV D VFKHPDWLF RI WKH LQIOHFWLRQ SRIEFEXWDAMKHG H WKSIH
EHWZHHQ WKH PD[LPXP ORDG SRLQW DQG WRIBD G GORIFWLRQ S

N 78070006 ., o
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D
JLIXUH SHSUHVHQWDWLYH ORDG YHUVXV EHQGH QJ DQJO|

FRQGLWLRQ JHQHUDWHG IURP WKH IUHH EHQG WHVW!
WKH EHQGLQJ DQJOH DW SHDN ORDG DQG E WKH SR

675,33(' &2$7,1* 7(67,1*

JRU FHUWDLQ FRQGLWLRQV WKH $0 6L FRDWWQB ZDV UHP
PLFURVWUXFWXUH ZDV WHVWHG $670 ( WHWWNVOH QWH\DWLDHO
I[lUHH EHQG WHVWLQJ ZHUH SHUIRUPHG RXQSWKHG VIDWILLCEFSHHWE HRIDY
ZHUH LGHQWLFDO WR WKRVH RI WKH F RDW H%RRD W@ URLLDGCH W RV |
UHPRYH WKH FRDWLQJ DQ DWWHPSW DIOVFKRPWEDOO\ FFIKGHW W
SURFHGXUH LV FRPPRQO\ XVHG LQGXVWULDOO\ IRU UHPRYLQ.
DOOR\ VKHHWY 7KH VDPSOH ZDV ILUVW SODFHG LQ D EDWK R
K\GUR[LGH WKDW ZDV KHDWHG WR DSSUR[LPDWHO\ f& 7KH
DSSUR[LPDWHO\ PLQXWHV RU XQWLO PLQLPDO EXEEOHV ZHU
VDPSOH ZDV WKHQ SODFHG LQ D VROXWLRQ RI GHLRQL]JHG



DSSUR[LPDWHO\ PLQXWHV 7KLV SURFHVV ZDV WUH FHHDVWDHG X (
ZDV SUHVHQW RQ WKH VXUIDFH ,Q RUGHUWHROF KHHHFPNR Y KB WB H
FURVV VHFWLRQ WKURXJK WKH WKLFNQHVV ZO \P REURDJUQPISG& R
WKH FURVV VHFWLRQ IRU D VDPSOH KHDW W UMHHDQWH ® @GV D | WH
SURFHVVLQJ WR DWWHPSW WR UHPRYH WKH FROWIHPR YOV HC
SURFHVV ZDV QRW DEOH WR UHPRYH WK H UWHMNNWHRIHQWM XEHWR DHG
FRDWLQJ DQG WKH VXEVWUDWH

J)LIXUH ILIJKW RSWLFDO PLFURJUDSK RI WWHHRW PK] QW LIFQIC
E DIWHU DWWHPSWLQJ WR FKHPLFDOO\WHPRYH WK}
SURFHVVHG DW f& IRU PLQXWHV $ 1LWDO HW
FRDWLQJ DQG PDUWHQVLWLF PLFURVWUXFWXUH

6LQFH WKH LQWHUGLIIXVLRQ OD\HU FRXOGVWWWHEH UHPR
DWWHPSWHG WR EH UHPRYHG PHFKDQLFDOOH ®&VX\QHIGDZ\DXUDD F
1IRUWRQE *ULQGLQJ :KHHO IRU 6RIW OHWDO ZLWHKHOWKHULW
VXUIDFH GHIRUPDWLRQ SHU SDVV ,QLWLDOO\ XWK®JJULQGLQ.
FRRODQW KRZHYHU XSRQ LQVSHFWLQJ WKH JURXQG VXUIDF]
JHQHUDWHG HQRXJK KHDW WR DOWHU WKH VKWIRBMW PREFOR VW
PLFURJUDSK RI WKH JURXQG VXUIDFH ZLWKRXW FRRODQW IRL
7KHUHIRUH IRU DOO UHPDLQLQJ VXUIDFH JULQGLQJ FRRODQ
ZDV UHPRYHG IURP WKH VXUIDFH SHU SDVVJWRQS WHFBIRWW H[F|
VHEWLRQ Rl WKH WKLFNQHVV ZDV REWDLQHG PMR DWW O\]H WK



KDUGQHVV ZDV HPSOR\HG WR FRQILUP WK DW RQF DFOMWHINXFWLR
JLIXUH D VKRZV D OLJKW RSWLFDO PLFURJWIVYK ® IDWKH J

f& IRU PLQXWHV LQGLFDWLQJ QR VLJQLILFPDIWNGE QIVH WHI
DQG WKH VXUIDFH PDUWHQVLWH PLFURVWUXFWXUW $GGLWLF
SURILOH WKURXJK WKH VKHHW WKLFNQHVM & R Q WY W X & DWW |
IURP JULQGLQJ %DVHG RQ WKH KDUGQHVV SURIL@GILDQ & WKL
WKH FRRODQW GLG QRW DOWHU WKH VXUIDFRPWEQRVWUXFW;
7KHUHIRUH DOO VDPSOHV WKDW ZHUH WWNVQUHGHPIRNVK ® X WO
WKLY PHWKRG 7KH DPRXQW WKDW QHHGHG WR EH JURXQG RI
PLFURJUDSKV RI HDFK FRDWLQJ WKLFNQHVV 7DER® VKRZV
HLWKHU VXUIDFH Rl WKH VDPSOH WKURXJK WKLV JULQGLQJ S

7TDEOH + *ULQGLQJ 'HSWK SHU 6LGH RI 6DPSO

$XVWHQLWL]LQJ 7THPSHUDWXUH f& +ROG 7LPH PLQ

//

J)LIXUH /ILIJKW RSWLFDO PLFURJUDSK RI WKH JBRXQG VXL
VKHHW SURFHVVHG DW f& IRU PLQXWHV $ 1LW

PLFURVWUXFWXUH
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J)LIXUH D /LJKW RSWLFDO PLFURJUDSK RI WHKG DWRXQG
f& IRU PLOQXWHYV VKRZLQJ QR DOVWMWXDWLRQ RI V
SORW VKRZLQJ WKH FKDQJH LQ KDUGQHVV D\
VXUIDFH LQGLFDWLQJ QR VXUIDFH KDUGHQLQJ HIIHFV
FRRODQW ZDV XVHG LQ WKH JULQGLQJ SURFHVYV
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$V VWDWHG LQ &KDSWHU DXVWHQLWROLQYK I$ BWRRKWW H U
DXVWHQLWH JUDLQ VL]H DQG FRQVHTXHQW @\ WKHIHPNF KIXQ VF L
FKDSWHU GHWDLOV KRZ WKH VHOHFWPIGFDRVWH®EW KL Z ISW K
WR SULRU DXVWHQLWH JUDLQ VL]H DQG WKIKHFRQMX®.D EE VRH U
YDULDWLRQ LQ WKH SULRU DXVWHQLWH JUDNQHMYHRQQBKW K H
PHDVXUHG PHFKDQLFDO SURSHUWLHV LV GLVFXQVUWKGH OMHKEKIDIE
WHVWLQJ PHWKRGYV GHVFULEHG LQ &KDSWHU  DQIGWG IRMFXVV
HDFK WHVWLQJ PHWKRG WR GHWHFW GLIIHUH®FHARQ®LWH RIQD (
,PSOLFDWLRQV RI WKH VHQVLWLYLW\ RI WHD\EKHTWVWR VINRIHHW ¥
VWUDLQ VWDWHYV GXULQJ WHVWLQJ DV ZHOO DV WULD[LDOLW

0,&526758&785%/ (9%$/8%7,21

7KLV VHFWLRQ GHVFULEHV WKH PLFURVWRKXRWWWKBO GLIIt
DXVWHQLWL]LQJ FRQGLWLRQV VHOHFW X GHL ”UKRHV SR B X D'
JUDLQ VL]H DV TXHQFKHG PDUWHQVLWIGL I0BWKR §WIDX AW XKL
7KH SULRU DXVWHQLWH JUDLQ VL]H DQG FRIBMIGOD . QWK QBWIl
RI DXVWHQLWL]LQJ WHPSHUDWXUH DQG KROG WLPH

&5,7,&$/ 75$16)250$7,21 7(03(5$785(6

$F DQG WHPSHUDWXUHV ZHUH GHWHUPLQHG IURP WKH GL
DOOR\ XVHG LQ WKLV VWXG\ )LJXUH VKRZV D SUORMX BH FKD
XSRQ KHDWLQJ ZLWK WKH LQFOXVLRQ RI W KRUGCRYDWMGLD L § H \
GHYLDWLRQ IURP OLQHDULW\ LQ WKH GLIB DWR WNH\QUWFRXWW B A
ILQLVK WHPSHUDWXUHY XSRQ KHDWLQJ TX3H VBK HI DU IQGIPH E HW



FDOFXODWHG DURXQG WKH WHPSHUDWXUH DWYZOWEKREXRY DW

WKHVH GLIITHUHQFHYV ZDV WKHQ GHWHUPLQUIGH DVMQ® HWK W KNHH P ¢

FDOFXODWHG VWDQGDUG GHYLDWLRQ RVHPISH GD\M K U H QRAH WZIOF

WHPSHUDWXUH %DVHG RQWMWKLS\H B D @/BFOXUGIDIMWL RAGH RS K 1 BB\RAKKUHH $
f& IRU D KHDWLQJ UDWH RI  f& K
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Change in Length, pm
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Temperature, °C

J)LIXUH +HDWLQJ SRUWLRQ RI WKH GLOD/QREPHMV U\ FXUYH
WHPSHUDWXUHY RI WKH 0Q% D@&K 7KH BHDWLQJ
UHSUHVHQW WKH ILW WR WKH PRVW OLQHDU SRUWLR
XVHG WR FDOFXQ® WH PASKH B X UHV

7KH PDUWHQV LWHPSWODDWXUOH ZDV DOVR GHWHUPLQHG IR/
SURFHVVHG XVLQJ WZR GLIITHUHQW DXVWHQLWIL]ERU W DR® RH W\
WKH GLODWRPHWU\ FXUYHV IRU VDPSOHYVY DXVWHQLWL]HG DW
PLOQXWHYVY 7KH PDUWHQVLWH VWDUW WHPSHQDWXWHRLI DAHGWHW
PHWKRG GHVFULEHG E\ <DQJ DQG %KDGHVKLD >U @RUWIL\R @ HW
RI WKH FXUYH ZKLFK UHSUHVHQWY D WUDQVIRUPD@ML RV WU
PDUWHQVLWH VWDUW WHPSHUDWXUH TKHWKHPP SHODWRBH VIDUW
LQWHUVHFW UHSUHVHQWYV WKH VWDUW WRBSHUDPU XY WH)\ TKHG G
WKHUHIRUH VLPLODU EHWZHHQ WKH WZRWHREWVYLQU WRSH!
I[URP f& WR f& LQFUHDVHG WKH PDUWHQVLWBQJWDUW V
VKRZHG WKLY VDPH EHKDYLRU IRU ORZ DOOW\W WMHSHOUWDW K D W
> @ )LIXUH VKRZV WKH HIITHFW RI1 JUDLQ VIGHVFQ LMEKIE FED L
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JLIXUH BORW RI WKH GHSHQGHQF\ RI WYW HDOLWWHH QWD MH

IRU D & 0Q 1L VWHHO > @



35,25 $867(1,7( *5%,1 6,=(

)RU DOO DXVWHQLWL]LQJ SDUDPHWH U VFMWXKLGIXD QG GV KW KD
TXHQFKHG PLFURVWUXFWXUH ZHUH HYDOXDWHG®LWHXUWDLQD
VL]HV DV D IXQFWLRQ RI DXVWHQLWL]LQJ WHRSDURWXYH DQ
YDOXHV IRU HDFK FRQGLWLRQ 3ULRU DXV®HQHKFBEHWDW® WL ]
WKH $O0 6L FRDWHG PDWHULDO ZKLFK IROOR¥ZG DI\\IH B R HGWM |
D VLQJOH DXVWHQLWL]LQJ WHPSHUDW XU H QUHDSHU B X Y ¥ W QG W LHi
WHPSHUDWXUH LV FRQVLGHUHG DQ L Q¥XJUHHD \DHH G QV\R KTHQ KLRQOFG
WKH PHDVXUHG SULRU DXVWHQLWH JUDLQ VL ZDMWKWKEH PR

f& DXVWHQLWL]LQJ WHPSHUDWXUH 7KH WMP\8BORJDMDW HO\
P EXW WKH UDQJH REVHUYHG EHWZHHQ KROG 2ZWVPRIQODW T

P 7KHUHIRUH WKH DXVWHQLWL]LQJ WHPSHKID WKDEJIKDV C

LQ SULRU DXVWHQLWH JUDLQ VL]H WKDQ WKW\KIROGMKHPH DW

PLQXWH KROG WLPH PD\ LQIOXHQFH WKH PDJDWIXIGH RI WK
YDULDELOLW\ LV OLNHO\ GXH WR DEQRUPDO JUPILWHIURZ WK )
VWUXFWXUH IRU WKH f& + PLQXWH FRQGLWLRQ WKDW VK
HYLGHQFHG E\ ODUJH SULRU DXVWHQLWH JUDLQSWLORWURXQG L

DXVWHQLWH JUDLQ ERXQGDULHV LQ WKH WUD Q VFHHWWLH WK UR
FRQGLWLRQ

7TDEOH + 3ULRU $XVWHQLWH *UDLQ 6L]JH IRU (DFK $X

$XVWHQLWL]LQJ 7THPSHBRDWXMUHH 3ULRU $XVWHQLWH *UDL
f& PLQ P
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D

YJLIXUH D 30RW RI SULRU DXVWHQLWH JUDPLSH UV D]W X\H D
IRU WKH 0Q% DOOR\ OXOWLSOH GDWD SRRWWYV SHU
GLIIHUHQFHV LQ KROG WLPH DW WKDW VSHFLILHG WH
VWDQGDUG GHYLDWLRQ E /LJKW RSWLFDO PLFURJU
FRQGLWLRQ VKRZLQJ WKH DEQRUPDO SULRU DXVWHQ

$6 48(1&+(' 0$57(16,7,& 0,&526758&785(

JLJKW RSWLFDO PLFURVFRSH LPDJHV RI WKR KRWSOWHEBSH
EHWZHHQ WKH GLIITHUHQW DXVWHQLWL]LQJ FRQGNWXRQXUHLJ]
IRU WKH WKUHH f& FRQGLWLRQV ZKLFK VKRBZ\QR RENGU Y D
FORVH WRVWRSIH&OPDWXUH )LJIXUH VKRZV DOO DV TXHQFKHG
SURFHVVLQJ FRQGLWLRQ ZKLFK ZHUH HWFBEW BILWK WDHQ AHW
ZHUH REVHUYHG LQ WKH PDUWHQVLWLF PLFWRVWGURRW X UHY E
DQG f& IRU GLIIHUHQW KROG WLPHV 7KH X & HIVX VW H QL W
DSSHDUHG WR KDYH D ODUJHU PDUWH QV LWXARMOUEH WK F W X U |
FRPSDUDEOH WR WKH RWKHU SURFHVVLQJ FRQGLWLRQV



OLQXWHV & IRU OLQXWHYV

W H Vf &

e %‘-»-- iz

J)LIXUH SULRU DXVWHQLWH JUDLQ VL]H RVWARRJRW & UK F MAX\UH
LQ WKLV VWXG\ $ KHDWHG VDWXUDWHG DTXHRXV SLF
VXUIDFWDQW ZDV XVHG WR REVHUYH WKH SULRU DXV
WKH ORQJ WUDQVYHUVH SODQH PLFURVWUXFWXUH



F

J)LIXUH $V TXHQFKHG PDUWHQVLWLF PLAMUJRNWUXFRWDMRUH |
PLOQXWHYV E f& IRU PLOQXWHV DQG F f& |
ZHUH HWFKHG XVLQJ D 1LWDO VROXWLRQ

$0 6L &2%$7,1* (92/87,21

7KH PDWHULDO IRU WKLV VWXG\ LQFOXGHAWNZD WO XP |
DSSOLHG SULRU WR KHDW WUHDWPHQW XNXH LDQ X WD WHWADHVD W
SURYLGHG IRU LQWHUPHWDOOLF SKDVHV WR KRHU P DIUW M/G\HL 1MQ
VXEVWUDWH )LJIJXUH VKRZV D UHSUHVHQWDKH FROWPQD GIU
WR KHDW WUHDWPHQW DQG DIWHU KHDW W WH BWPKQ@W FDSWK DV
WKDW IRUPHG DORQJ WKH VXEVWUDWH FRBW LQIWIHWEH U DOV
OD\HU :LWKLQ WKH WHPSHUDWXUH UDQJH FRP®RFROWXWQYHE LC
DUH VLPLODU WR WKH PLFURVWUXFWXUH VKRZQ IUH®WXUH
LOWHUPHWDOOLF SKDVHYV



f& IRU OLQXWHVf& IRU OLQXWHVf& IRU OLQXWHYV

J)LIXUH +RW VWDPSHG PLFURVWUXFWXUHM RSO0 Q@ IDDXMWH
ZHUH HWFKHG ZLWK D 1LWDO VROXWLRQ ,PDJHV VI
PLFURVWUXFWXUH



D

J)LIXUH SHSUHVHQWDWLYH PLFURJUDSKV RKMWKB D&XPLQ
UHFHLYHG FRQGLWLRQ DQG E IROORZLQJ D f& IR

JRU WKH KHDW WUHDWPHQW SDUDPHWKUNNQHMW/ ZO WKLV
FRPSDUHG TXDQWLWDWLYHO\ )LJIJXUH V K R\Z W WH R/ OFY HRWU MK
HQWLUH FRDWLQJ PLFURVWUXFWXUH DW BUKQSW IMRHP B H WIK\N
EHORZ f& WKHUH LV QR VWDWLVWLFDOONLMNQLI@QKLFRQMVEL |
+RZHYHU DW f& WKH DYHUDJH FRDWLQZWRERNGBOD\L QYK
GLIIHUHQFHV LQ WKH LQWHUGLIIXVLRQ OD\HU W KQKNQHW V RI

f& IRU PLQXWHV DQG f& IRU PLQXWHV $W f&
WKLFNQHVV QHDUO\ GRXEOHV FRPSDUHG WR WKH f& DQG
LQWHUGLIIXVLRQ OD\HU WKLEFNQHVV RI WKW RQKMHKWH WDR H RQ ¢
VSHFLPHQ SURFHVVHG DW f& IRU  PLQXWBIWHDWKHUL QYW B Q

RI WKH WRWDO WKLENQHVV RI WKH VKHHW

0(&+$1,&%/ %(+$9,25 '85,1* 60227+ 6,'(' 7(16,/( 7(67,1*

8QLD[LDO WHQVLOH WHVWLQJ ZDV SHUIRGPIHG WKUWHURAKEY Wi
VHFWLRQ GHVFULEHV WKH LQIOXHQFH BRY WQH WHIBGIDBEBW K G GXXH/
HQHUJ\ IRU IUDFWXUH LQ WKH FRDWHG VWDWXD W8 G LA MRQ /&
FRDWLQJ VWULSSHG DQG FRPSDUHG DJDLQVW WKH HTXLYDOH



J)LIXUH 3ORW RI WKH DYHUDJH FRDWL@QFWKRBRDNRIHVYV PHL
DXVWHQLWL]LQJ WHPSHUDWXUH (UURU EDUV UHSUH\
PHDVXUHG FRDWLQJ WKLFNQHVYV IRU HDFK FRQGLWLR

D E
J)LIXUH ,QWHUGLIIXVLRQ OD\HU FRPSDULVRQ ,'/ IRU D
IRU PLOQXWHYV DQG F f& IRU PLQXWHYV $00 \

1LWDO VROXWLRQ

0(&+$1,&%/ %(+$9,25 ,1 7+( &23$7(' 67$7(

6PRRWK VLGHG WHQVLOH WHVWLQJ ZDV FR QH&DFOXIDEY HR U
VWUHQJWK DQG GXFWLOLW\ EHKDYLRU IRU WKHVE®BY. FRDWH
HQJLQHHULQJ VWUHVV YHUVXV HQJLQHHWLIRDYWRQGQ VWXRQYW'
HYDOXDWHG LQ WKLV VWXG\ $00 FRQGLWLR@OOKRZRKROIWR {
SRVW XQLIRUP GXFWLOLW\ $GGLWLRQDOO\FMXWMOARGINIKDHGE
EHWZHHQ WKH GLIITHUHQW DXVWHQLWL]LQJ PR &G 1K VRQNH GBMV



DQG WRWDO HORQJDWLRQ EHWZHHQ 7KHWAULO D FR G GIIL ML
LV ZLWK UHVSHFW WR VWUHQJWK )LJXUH D®WORMHWQERDOHK W]
VWUHQJWK DJDLQVW WKH LQYHUVH VTXDJDIWURRW RD G O LRUND
VWUHQJWKHQLQJ WUHQG IRU ERWK \LHOG VWUHQJWK DQG WH

f& PBLQ

(QILQHHULC

JLIXUH (QJLQHHULQJ VWUHVV YHUVXV HQWUDMBKWQUIL GW
WHQVLOH WHVWLQJ IRU FRQGLWLRQV KHDW WUHDWH:
PLOQXWHYV f& + PLQXWHV DQG f& + PLQ>

$GGLWLRQDOO\ WKH VORSH RI WKH +D OO BWH W AK GRORVR @
RI SULRU DXVWHQLWH JUDLQ VL]H ZDV FDO$XODRMHWER T KNV VC
WKH +DOO 3HWFK HTXDWLRQ ZKLFK LQH@RPHY PRIGH @ R X.YGIDHIO
VWUHQJWKHQ D PDWHULDO ,Q ODWK B IFID\ HEH/ LW HO X W®I FHIDY E
DOOR\LQJ DQG WKH GHJUHH RI WHPSHULQJ >WiKaH DPRRIFNMKH 0¢
SDUDPHWHU ZDV FDOFXODWHG DV 03D¥PP JLRWHHU FRPS
PDUWHQVLWLF DOOR\V DIJDLQVW WKH O0Q%)HDOOR)\ 7KH RWKHI

6L 0Q 3 6 DOOR\ ORULWR DQG D )H & 6L

% DOOR\ .HQQHWW 7KH 0Q% D QORK KKV L\WDIGH FIDR\ZHHW \@ |
GHSHQGHQFH RI \LHOG VWUHQJWK RQ SWHG®R D WDKVWREA FIDVHE RQL
VWHHOV ZLWK WKH PDLQ GLIIHUHQFH EHLQJ /K\H @P RG QUK IR |
FDVH Rl .HQQHWW{V ZRUN HK\HEDAEO R D & WHIGH EK LOIKBHIMMWR 0 Q F R C



ZW 0Q IROORZHG E\ WKH DOOR\ XVHG E\ .HQQHWW CR\@ RZW W
WKLV VWXG\ ZLWK ZW 7KLV GLIIHUHQFH LQ DQLRRQWQH QW
FRQWHQWY GHFUHDVH WKH ORFNLQJ SDUDRUWHKW Q WK HHM 8K
DQG ORMW.WWXGLHY WKH 0Q% DOOR\ KDG WKH ORZHVW ORF
FRQVLGHUHG )XUWKHUPRUH WKH ORFNLQJGPDA WAHHP\S H U DPVDXW
WHPSHU PDUWHQVLWH LQYHVWLIJDWHG E\ZIHDQ WKW DQHOBRD
PD\ EH GXH WR DXWRWHPSHULQJ GLIIHUBEW MV H SFORUQNELLAX LORDQM
PDUWHQVLWH VWDUW WHPSHUDWXUHV OR UG IMKH{UW R WH EIDIV®I G RR
GLIIHUHQFHV LQ DOOR\LQJ )LIMHPSHUDWREW KRD QUK ®V D |
DPRXQW Rl HDFK DOOR\LQJ HOHPHQW LQ @ @R & W HD@W R\Q QUK W\

0Q% DOOR\ ZRXOG OHBDIEPWR UD WIXJKH D @G WKXV PRUH WLPH
RFFXU GHSHQGLQJ RQ WKH FRROLQJ UDW M D$ G GVIVWH RFQRIAEQ W
LQ WKLV VWXG\vKADHP SHKIDWKUH ZKLFK PD\ DOVR OHDG WR PR
GHJUHH RI DXWRWHPSHULQJ PD\ OHDG WR PRUH W DJEG GHK FHR U
KLIJIKHU WHPSHUDWXUHY ZRXOG DOORZ PRUH WLRRK KRW KFHD U E R
FDUELGHV DQG WKH GLVORFDWLRQ SLQQLQJ WRINQBO/OLIKWO
&RPSDUDWLYHO\ WKH VWUHQJWK RI WKH ORG QRWWHEH) DWL]L G
VLIQLILFDQWO\ LQIOXHQFHG E\ DXWRWHM R & HW QB QO W B GALQV KW
DXVWHQLWH JUDLQ VL]H

,Q DGGLWLRQ WR VWUHQJWK GXFWLO LW\QR HIRQGLHNPLHROQ\/
YJLIXUH VKRZV VWUDLQ WR IDLOXUH DQG SRVW XWQLIRUP HC
JUDLQ VL]H %RWK PHDVXUHV RI GXFWLOLWQ) SKREHBVQR NVLJIQ
FRQGLWLRQV RU SULRU DXVWHQLWH JUDLQ VL]H IRU WKH 0¢



3$*¢ — 3$*¢ -
D

J)LIXUH D +DOO 3HWFK SORW RI RITVHW \LHROG VWUH
SULRU DXVWHQLWH JUDLQ VL]H 3%$*6 DQG E +DOO 3
VWUHQJIJWK YHUVXV WKH LQYHUVH VTXDUH URRW RI 3
UHODWLRQVKLS H[SHFWHG IRU D +DOO 3HWRFK VWUHQ
EDUV UHSUHVHQW WKH VWDQGDUG GHYLDWLRQ IRU W

J)LIXUH +DOO 3HWFK SORW RI RITVHW \LIDOE VWRWQJW
RI SULRU DXVWHQLWH JUDLQ VL]H VKRZL@QUIGUIIHUHQ
RWKHU PDUWHQVLWLF DOOR\V LQ FRPSDULVRQ WR W|



J)LIXUH vWHPSHUDWXUH DV D IXQFWLRQ RI WKH DYRRXQW RI
> @

BULRU $XVWHQLYV
D

JLIXUH 3ORW RI D VWUDLQ WR IDLOXUH DQG REN SRVW X
DXVWHQLWH JUDLQ VL]H IRU WKH $670 ( WHMRH OH JF
VWDQGDUG GHYLDWLRQ EHWZHHQ WKUHH UHSOLFDW

,Q VPRRWK VLGHG WHQVLOH WHVWLQJVWKBRBLQRQURHDJIXBGHU
UHSUHVHQWY WKH HQHUJ\ SHU YROXPH UHTXIDUWIGPEROHIUDFW
HVWLPDWLRQ RI PDWHULDO WRXJKQHVYV )LYXYHUV XWYXWDD [EQR
FXUYH IRU WKH f& * PLQXWH f& * PLOQXWH DQG
WKH UHVXOWLQJ DUHD XQGHU WKH FXUYH DVOREXEXFUWHW RI



VKRZ WKDW ZLWK LQFUHDVLQJ SULRU BXWYWN W LLWHDUHDL ® QUG H
FXUYH 7KH PRVW QRWLFHDEOH GHFUHDVH LQ DUGD WRIBHU W
DUHD IRU WKH f& + PLQXWH FRQGLWLRQ WR WKH f& +
FRQGLWLRQV 7KH GLIIHUHQFH EHWZHHQ WKH f& £ PLQX
GRHV QRW DSSHDU WR EH VLJQLILFDQW 7KLV EHKDYLRU LV P
FXUYH YHUVXV SULRU DXVWHQLWH JUDLQ VL]H V¥ E HIOIKD H

P ZKLFK DUH DOO WKH FRQGLWLRQV IRU WHKD X Q G & UD WKW H
FXUYH LV GHSHQGHQW RQ SULRU DXVWHQLWHOMN®X® WR]H 7K
GLIIHUHQFHV LQ WKH IORZ VWUHVV WLOKH G X FW&W LKRMG LY\DLARQH
+RZHYHU DERYH P WKH DUHD XQGHU WKH FXUYH LV LQGHS

I
|

t

(o cce' ol

3ULRU $XVWHQLV

D
J)LIXUH D (QJLQHHULQJ VWUHVV YHUVXV VWUDLQ FXUYF
PLQ DQG f& * PLOQXWH FRQGLWLRQV E &DO

HQJLOQHHULQJ VWUHVYV YHUVXV VWUDLQ IOR@ FXUYH I
VLIH (UURU EDUV UHSUHVHQW WKH VWLDQWRUBHGHYL
UHSOLFDWH WHVWYV

0(&+$1,&%/ % (+$9,25 :,7+ 7+( &2$7,1* 675,33("

6LQFH WKH LQWHUGLIIXVLRQ OD\HU DVWHWRKKXBKNVW D X'
DSSUR[LPDWHO\ RI WKH WRWDO PDWHWUHWVW LW K LZAHNQ HR Y G X
SUHVV KDUGHQHG VWHHO VKHHWYV ZLWK AWK R IFRIDWLLDOA LRV ULLG
DXVWHQLWH JUDLQ VL]H 7KH UHVXOWYV ZHUHWBRHASDUHG DJDL



DXVWHQLWL]LQJ FRQGLWLRQV )LIJXUH YHWHKRZW BQHUIHHU L C
SURFHVVHG DW f& IRU PLQXWHYV f& IRU PLQXWHYV
IRU WKH FRDWHG DQG VWULSSHG FRQGLWLRQV ZHBHWHVHQWH
FDOFXODWHG IRU WKH FRDWHG FRQGLWLRQ ERRWBG X VAKH W
VWUHQJWK LQFUHDVHV VLJQLILFDQWO\ IRUHWKHGREMXVWHG F
WKLFNQHVV 7KH FRQGLWLRQ KHDW WUHDWHG DW f& IRU
VWUHQJWK LQ WKH DGMXVWHG FRDWHG GDWDHMWFH WKLV FF
LQWHUGLIIXVLRQ OD\HU WKLFNQHVV NQBUQ GRWNVQ RM JICFHRVY
DOO RI WKH LQFUHDVH LQ VWUHQJWK LQ WWH & W WIUSHBH/G VRADUNA
FXUYHV 2QH H[SODQDWLRQ LV WKDW WKDW PR R\&WQ F D\KQ\F N C
PHDVXUHG +RZHYHU WKHUH DUH RSHQ TXHR\OWWR 8 W W QUG
WKH FRDWHG VWHHO

YLIXUH SORWV WKH RIITVHW \LHOG VWUHRUWXUDQG
DXVWHQLWH JUDLQ VL]H IRU WKH ERWK @/& I/ \N R Bl H\8 KDIR® © RV,
VLPLODU +DOO 3HWFK UHODWLRQVKLS W\RUWXSHBRDIWHIEUR D @ +
VOLJKWO\ KLJKHU ZKLFK PD\ VXJJHVW \LW®GSVWRWH QXW K @ E\
VL]H ZLWK WKH UHPRYDO Rl WKH FRDWLQJ 7KBDLKLO&HUNUHQ
WKDQ WKH HTXLYDOHQW FRDWHG GDWD SRLQMRDIKLEK PHG X/
WKH PHDVXUHG VWUHQJWK Rl WKH PDW H\ID @ Q+REH M IBUWB W\
DQ DUWLIDFW RI WKH DUHD XVHG WR RDIOZXYDD\OH/ R VREN G UW K
VLQJOH XQFRDWHG VKHHW WKDW ZDV SURFHVVHG DW f& IF
7KH XOWLPDWH WHQVLOH VWUHQJWK LV+D®\DV3HRFKO X MDDV Z
LV PDLQWDLQHG ZKHQ WKH FRDWLQJ LV VWULSSGIRE QRAH WKU |
GLUHFWO\ IROORZ D +DOO 3HWFK UHODWLR QWKRGYV ZRW OGD QD
WR EH REWDLQHG WR YHULI\ WKLY WUHQG B6WUHHIWK Rl WKFE
PHDVXUHG PLFURKDUGQHVY YDOXHV 7KH PLFURKDRFGQHVV IR

+9 WR +9 ZKLFK WUDQVODWHY WR DQ DSSUR[LPDWH WH

03D > @ 2YHUDOO WKH PHDVXUHG VWUHQYWIIDWH SPDH VEH K
LQIOXHQFHG E\ WKH SUHVHQFH RI WKH FRIZWW®JL EKWH DKIHQG |
DXVWHQLWH JUDLQ VL]H LQGLFDWHYV JUDLQ WW UHH Q QWK HQVWKI
PDWHULDOV



F

J)LIXUH (QILQHHULQJ VWUHVV VWUDLQ FXUYHV IF& SUHV
IRU PLOQXWHYV E f& IRU PLOQXWHV DQG F
&RDWHG FXUYHVY UHSUHVHQW WKH GDWD IRU WKH $0O
FXUYHVY UHSUHVHQW WKH VDPH FRDWHG GDWRHEXW Z
FRDWLQJ WKLFNQHVYVY DQG WKH VWULSSHG FXUYHV U
PDWHULDO

7KH GXFWLOLW\ zDV DOVR PHDVXUHG IRU HMHEX RIDW & M W/
WKH HTXLYDOHQW FRDWHG UHVXOWYV )LJXUH SMOLRQYPYV WKH
DJDLQVW SULRU DXVWHQLWH JUDLQ VL]H IRUVVERMNKQ WKRHIBRO ¥
UHPDLQV LQGHSHQGHQW RI SULRU DXVWHQLWIHHYVDW K DWL WK IE
HTXLYDOHQW FRDWHG FRQGLWLRQ 7KH VWWOXAQWWRI\VOKRHEZ VX WD |



URXJKQHVYV RI WKH VWULSSHG PDWHULDO IURPHWKIHQ JWKGGLQ
GDWD IRU WKH VWULSSHG UHVXOWY ZKLRKEIPWDY EH D IXQFWLF
&RPSDUDWLYHO\ WKH SRVW XQLIRUP HORQJDMIHRQ LA\& HFRPSD

PLOQXWH FRQGLWLRQ KDV D VOLJKWO\ KLIKHWY ®RWV XQLIRL
VWDWLVWLFDOO\ VLIQLILFDQW

\ \
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J)LIXUH D 30RW RI RITVHW \LHOG VWUHQWV KIDV D IX
SULRU DXVWHQLWH JUDLQ VL]H IRU WKHBGRVWIRFRDWF
XOWLPDWH WHQVLOH VWUHQJWK DV D IXQFEMMRY RI W
JUDLQ VL]H IRU $0 6L FRDWHG DQG VWULSSMICGHFRDW L
VWDQGDUG GHYLDWLRQ LQ WKH PHDVXUHG YDOXHYV ||
0(&+9$1,&$/ %(+$9,25 '85,1* '28%/( ('*( 127&+ 7(16,/(
7(67,1*

'RXEOH HGJH QRWFK WHQVLOH WHVWLQJ 2ADVHRR/QBYE WG VR
ORUH VSHFLILFDOO\ GRXEOH HGJH QRWHAK QIRINAK & H QWH. WML IY Q
IDLOXUH EHKDYLRU LQ WKH SUHVHQFH RI D VQOMWHVVYQRRQFHQV
SDUDPHWHUV 7KLV VHFWLRQ GLVEXVVHV WKHQUH\QXWWM RI W
FRQWH[W RI VWUHQJWK GXFWLOLW\ VWWLRQBIOW HXU\D R IEU
HYDOXDWLRQ RI KRZ WKH FRDWLQJ LQWHUGLIQXWKRQSOBWHR E
RI D QRWFK ZDV FRQGXFWHG DQG LV GLVFXVVHG EHORZ
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BULRU $XVWHQLYV
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J)LIXUH D 30RW RI VWUDLQ WR IDLOXUHIRYV BRW®& RPWKH Q
$O0 6L FRDWHG PDWHULDO DQG WKH VWULSSHG PDWH!
HORQJDWLRQ DV D IXQFWLRQ RI SULRU DXVWHQLWH .
VWULSSHG PDWHULDO (UURU EDUV UHSUHVHQW WKH
YDOXH IRU WKUHH UHSOLFDWH WHVWYV

0(&+$1,&%/ %(+$9,25 ,1 7+( &2$7(' 67$7(

,QLWLDO WHVWV ZHUH SHUIRUPHG XVLQJ D FKQZFKWHWOH Q
WKH JDXJH OHQJWK EXW RXWVLGH WKH QRWFREG YWHUVRKY )L.
GLVSODFHPHQW FXUYHV IRU WKUHH RI WK H XOUXWHAWHKD[LKW E VD J |
VLPLODU FRQWLQXRXV IORZ EHKDYLRU WR WKW BR B WKWLLRI}
D QRWFK VLJQLILFDQWO\ UHGXFHG WKH HWORKQREZ W XP@® L $\EOIN W
WKDW D GLIIHUHQFH LQ PD[LPXP ORDG DQG GLWEB DGAH PHLHD W
DXVWHQLWL]LQJ FRQGLWLRQV VLPLODU WR WKH VPRRWK VLC

8VLQJ WKH IORZ FXUYH GDWD WHQVLOH VW GHWKIKP DQIGC
IRU WKH QRWFKHG WHQVLOH WHVWYV DV D IXQ¥WARY\RUISQ LRI
ZDV FDOFXODWHG DV SHDN ORDG GLYLGHW® ZH HQKW KHR WIZRD O |
PDFKLQHG QRWFKHV )LJXUH D VKRZV D +D\OKH 3WPRRRVEOR
DQG QRWFKHG WHQVLOH JHRPHWULHV 1MW E R WSHQ\RLD B XAWUH
JUDLQ VL]H LQ D +DOO 3HWFK W\SH UHOPS/QR QWRIPH WIUR L @O
RQO\ REVHUYHG GLIIHUHQFH EHWZHHQ WR F WLZRU JBIRP\M M/QILL\N k



VLIH DV HYLGHQFHG E\ MKHWMKXBUQRW FIORBRPNWU\ ZKLFK LQG
VHQVLWLYLW\ RI QRWFK WHQVLOH VW UH QUKWK Q\RRV F K Bl IGQ J YA IR] i
PD\ DOVR EH D IXQFWLRQ Rl WKH GLIITHUHQF i®W U QHWUQSWHWRGL | |
DXVWHQLWH JUDLQ VL]H FRQGLWLRQV W K H LIPGIW HOBULI HUWV MWRKE
WKH VPDOOHVW JUDLQ VL]H FRQGLWLRQ WHKH ®HIWLIHHH LRIVWHAWICGE
DVVXPLQJ WKDW WKH LQWHUGLIIXVLRQ PDSBBLERHVZRIRAVK KD
GHFUHDVHV WKH DSSOLHG VWUHVV QBIFEXEDQY WK H XD RK BDJ
VWUHQJWK WKLV EHKDYLRU ZLOO EH GHVFULEKK LQ PRUH Gt
GLVSODFHPHQW WR IDLOXUH PHDVXUHG XVLQJWI HWHDVRPI
VL]H 'LVSODFHPHQW WR IDLOXUH LV JHQKUDIO®\ LLQD &/K SIHRRSX
HGJH QRWFK WHQVLOH VDPSOHV +RZHYHU WKH f& IRU |
FRQGLWLRQV KDG FRPSDUDWLYHO\ ORZHU @LYBORHMPIHD W K\R
WZR DXVWHQLWL]LQJ FRQGLWLRQV ZHUH QRW HWXGWYFHG LQ
ZKLFK PD\ VXJJHVW VRPH GHSHQGHQF\ Rl SUR FHHDVHG RQ W]
GLVSODFHPHQW WR IDLOXUH IRU WKH FRQGLW ERIQDIQHDW W UH
LQIOXHQFH Rl WKH FRDUVH SULRU DXMWHNQRWHODUBUQ VWUXF

|
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J)LIXUH GIRDBODFHPHQW FXUYHV IRU WKUHH RI WK
QRWFK WHQVLOH WHVWLQJ



D

J)LIXUH D 30RW RI XOWLPDWH WHQVLOH VWUBQBWK IRU
WKH GRXEOH HGJH QRWFK WHQVLOH JHRPHWU\ DV D
SULRU DXVWHQLWH JUDLQ VL]H E 30RW RI VWUDLQ
WHQVLOH VDPSOHYV DV D IXQFWLRQ RI SULRU DXVWHC
UHSUHVHQW WKH VWDQGDUG GHYLDW LREWIH VWHWVKD (

8VLQJ WKH WHQVLOH VWUHQJWK GDW DD H®R WAK H/IWFKH Q J
SURFHVVLQJ FRQGLWLRQ 165 LV GHILQHG DWW W®& BH\WKD W R RWRKIH!
VPRRWK VLGHG XOWLPDWH WHQVLOH VWUHQJWKIURIRUH.]H
RQ WKH FDOFXODWHG 165 7KHUH LV D VOLJKRWWIHEQFDN BIVILQ
SULRU DXVWHQLWH JUDLQ VL]H 7\SLWDR Q\Q ®L EBWUNDN® ILQFV
QRWFK VHQVLWLYLW\ ZKLFK LV DVVRFLDWHGFZL R/IK DD WJHL.DX E B
VWUHVV VWDWH > @ 6RPH RI WKH GHF UK MW L IQWIL6GEL WD \VILQE
GURS RIl LQ GLVSODFHPHQW WR IDLOXUH ZDV DQVRLREVHUYH
FRQGLWLRQ +RZHYHU WKH REVHUYHG GHFUHDVEBQWR1BH [RU
UHVXOW RI D FKDQJH LQ VWUHVV VWDWH ©QRHCTRVW R \&KHRIU [
DXVWHQLWL]LQJ FRQGLWLRQV VKRZHG QR G HSGIRHFHHWRW B L
IDLOXUH ,QFUHDVLQJ DXVWHQLWLLKGXEWLHR Q QG W WP SN DWA
IURQW Rl WKH QRWFK GXH WR WKH JURZWK Rl WKRHULQWIPOGL I
VWUHVV VWDWH KDYH D ORZHU PD[LPXP VKHIHYV V WG W KXV T
DW D KLJKHU DSSOLHG PD[LPXP SULQFLSDBLD|WDGWWNWWKBQ V
YJLIXUH VKRZV D VFKHPDWLF RI ORKUYV FLUFOH IRU ERWK



JHRPHWULHY UHSUHVHQWLQJ WKH OR ZVBMQAMQ [ MQ] LVQH PV8 H P g
FRQGLWLRQV QRW WR VFDOH 7KH VFKHXPWLFLQKRSD ONKWD Wt
OHVV EHWZHHQ VPRRWK VLGHG DQG GRXEOH HGJH QRWFK VS
KLJK DXVWHQLWL]LQJ WHPSHUDWXUH FRQG UMKRRWG KR Q\GR. WK
7KLV UHGXFWLRQ LQ WULD[LDOLW\ LV EH O LMY HGXWIRRBHOLDQ HW
WKLFNQHVYV DV WKH DXVWHQLWL]LQJ WHRSH D B RXK HW KCHQ BRIOR
WKLFNQHVV IRU WKH VSHFLPHQ SURFHVVHG DW f& IRU  F
WRWDO WKLENQHVV Rl WKH VKHHW 7KHWHIRUFADWHKHLWROLENSB
GHVSLWH WKH RYHUDOO WKLFNQHVV EHLQRBRPSDUDEOH WR

J)LIXUH (IH"THFW Rl SULRU DXVWHQLWH JUWDW)L RLEHVRIHWE& I
QRWFK WHQVLOH VWUHQJIJWK DQG VPRRWK VLGHG WH!

JXUWKHU HYLGHQFH RI D SRWHQWLDO WUDWXUWLRQ LQ V
VXUIDFHV RI WKH '(17 VDPSOHV )LJXUH D VKRR D UHSUF
"(17 WHVWLQJ 7KH IUDFWXUH VXUIDFHF WKRZAV UH GLR/QV D& H\L GV
QRWFK WLSV 7KLV UHJLRQ LV DVVRFLDWWHEG ZQ WEHDVWWIDD.[@ D (
FRQGLWLRQV 7KH IODW IUDFWXUH UHJLRWD AMWKARIMXH K7 WRVUEB OLI
RXWVLGH RI WKH WULDQJOH VKRZV VODQW IERE@ & XW HRW \ SAKD
SHUFHQW RI WKH OLJDPHQW DUHD WKDW FRQWEZWRWWYV RI|I WKLV
GLPHQVLRQDO LPDJH RI WKH IUDFWXUH VXQIWKHH AV EBB RX O
VWUHVY WULD[LDOLW\ DKHDG RI WKH QRWBKVWHRUWH JUD LRk



RQ WKLY FDOFXODWHG SHUFHQW IRU WKH F R Q-GRPLSWLURDQA/X WYY O
DQG WLPHV WKH SHUFHQWDJH RI WKH WSHUHID\OHD U QU WXUHR G +
RI WULD[LDOLW\ $JDLQ WKH GURS REVHUY HE IR\R Q\GKLI W@ VOL
DVVRFLDWHG ZLWK WKH VLJQLILFD QWNKQFNMBQBYN DY W K W HLOW
YLIXUH 7KH LQFUHDVH LQ LQWHUGLIIXVLRQK®& DPBW HBUHFDUH T
ZKLFK UHGXFHG WKH DPRXQW Rl FRQVWUDLQHG PDWHULDO D

JLIXUH 6FKHPDWLF RI ORKUYfVY FLUFOH IRU WKH VPRR
JHRPHWULHV IRU ERWK WKH ORZ DXVWHQLWL]LQJ WH
WHPSHUDWXUH FRQGLWLRQV

,Q DGGLWLRQ WR VWUHQJWK DQG QRWFK VHQVLWLYLW\ F
GHWHUPLQHG XVLQJ GLIJLWDO LPDJH FRURWGRWILFQ@OD& H PHHQ'
ZDV VHOHFWHG WR VLPXODWH FUDFXWH R IRWRRXI1KQQ HOLW S)Q DX |
VKRZV WKH HIITHFW Rl SULRU DXVWHQLWH JURLQRMWFK RQ WKH
GLVSODFHPHQW VKRZV D VOLJKW GHFUHDMH Z3OWKKLIRXR WK H\DR/R_K
FRQGLWLRQV VKRZ RYHUODSSLQJ VFDWWHU WKH f& * PL

PLQXWH P 3%$*6 DQG f& * PLQXWH P 3%$*6 GD'
VWDWLVWLFDOO\ VLIQLILFDQW GHFUH DHH DLWH CGRREWHKU G HL & SEOHD/
WKH QRWFK GLVSODFHPHQW DQG WKH GLVS®RPHMPHD Wo RARKI D L
GHWHFWHG D GURS LQ GLVSODFHPHQW OF\W Q\GKLAV KR DK B V VK FBAQJQ



GHFUHDVH DW WKH KLJIKHVW KROG WLPH IRB WKH P f& DXVW
+RZHYHU QRWFK GLVSODFHPHQW VKRZV D PRUKV¥WE@ QLVWHH Q'
JUDLQ VL]H DQG LV PRUH VHQVLWLYH WRHSUAL RILR DBV & X QH VZ H

GHFUHDVH LQ QRWFK GLVSODFHPHQW IURP WKH KLJKHVW |
&RPSDUDWLYHO\ WKH GLVSODFHPHQW WR I®HBPXRWBIVRHDV X UH
$OWKRXJK ERWK DUH PHDVXUHV RI GLVSODF HIRHADHND WR R H VBH M
LV ODUJHO\ RXWVLGH RI WKH UHJLRQ RI ORFROGHIG B\MIRRPO
GLIIHUHQFHV LQ GLVSODFHPHQW EHKD YRRHKP I$GW LALMRQ DQ P F
SULRU DXVWHQLWH JUDLQ VL]H ZDV QRW REVKH VYHPRRWKDQ\ R
VLGHG WHQVLOH JHRPHWU\ 7KHUHIRUH QRW KK BWY 60W K MPKH
LV PRUH VHQVLWLYH WR YDULDWLRQV LQ PLFURVWUXFWXUH I

IER

D
J)LIXUH D )UDFWXUH VXUIDFH RI D GRXESXUHRRABYVMHIR VWK
f& IRU PLOQXWHYV LQGLFDWLQJ WKH IODW IUDFW

DV ZHOO DV WKH VODQW IUDFWXUH UHJLRQ E 3O0ORW
VXUIDFH RI D GRXEOH HGJH QRWFK WHQVLOH

VLIH (UURU EDUV UHSUHVHQW WKH VWDQQ@DUHD GHYL
IRU WKUHH UHSOLFDWHY SHU FRQGLWLRQ



BULRU $XVWHQLYV

YLIXUH 30RW Rl QRWFK GLVSODFHPHQW DV D LDWMQFWLRQ
UHSUHVHQW WKH VWDQGDUG GHYLDWLRQ LQWWKH PHI
SHU FRQGLWLRQ

0(&+$1,8&%/ %(+$9,25 :,7+ 7+( &2$7,1* 675,33("

'RXEOH HGJH QRWFK WHQVLOH WH VW LDQN HEH WXDWVW RH W
LQWHUGLIIXVLRQ OD\HU WKLFNQHVVVPRN WEH R B Q/FHH MDKCH [HQ G-
PHDVXUHG PHFKDQLFDO EHKDYLRU ,Q RUGHU HVRGHHDOX\WY WK
WHQVLOH WHVWLQJ ZDV FRQGXFWHG ZLWK WKRQRRDW Lf@J VWL
IR U PLQXWHV DQG f& IRU PLQXWHV ZHUH WHVWHG G
EHFRPLQJ EULWWOH GXULQJ WKH PDFKLQLQJ CGH RFRHMV/Q JWXKX U
DJDLQVW WKH LQYHUVH VTXDUH URRW RI SULRG FDDXW M/UHLCDLAV HC
WKH VPRRWK VLGHG DQG QRWFKHG WH QKL D® FIUHHROPHIW UZIHWK 7
LQFUHDVLQJ SULRU DXVWHQLWH JUDLQ VK]HHDPWIKRRQIVXLS G L
REVHUYHG LQ WKH FRDWHG PDWHULDO +R Z FHSYUH.IR UWCKXAY WRHRULH
JUDLQ VL]H FRQGLWLRQ LV FRQVLVWHQW ZLWHKUWKE \2PYRIRMW K (
WKH GLIIHUHQFH LQ VWUHQJWK EHWZHHQ W KIHWQIRWLEK VDIQHS V F
VWULSSHG PDWHULDO WKDQ WKH FRDWHIGHPWWHREDOKH KHUH
LQWURGXFWLRQ RI D QRWFK LV PRUH SURQRXQFHG LQ WKH V
ZKLFK PD\ LQGLFDWH WKH FRDWLQJ KDV DQ HIIHFW RQ QRWF}



7KH QRWFK VWUHQJWK UDWLR ZDV DJDLQGH® KXOWLW B & KX
WHQVLOH VWUHQJWK IRU WKH VWULSSHG MIOWKULDWLRLIXWHK
DXVWHQLWH JUDLQ VL]H IRU ERWK WKH $RIDG R0 WHIEL DV &/ UWVES
VWUHQJWK UDWLR LQFUHDVHV ZLWK LQWDR WY/ EQLRAUL DRV W
FRQGLWLRQV WHVWHG ZKLFK GLIIHUV IURP QVKHG BEWHR ©B G O
WKH QRWFK VWUHQJWK UDWLR LV JUHDWWU LBDKWKK WX UH S B/H
WKH SUHVHQFH Rl WKH FRDWLQJ PDNHV RVWH H V\I A H LD OHRCU E
165 ZDV QRW REVHUYHG EHWZHHQ WKH PRIDWHG @ Q65VI\RU L\B R
FRDWHG PDWHULDO LV OLNHO\ QRW DQ L QI®CH QB M VRH D\K L\W K ¢
GHFUHDVH LQ 165 LQ WKH FRDWHG PDWHULWDYRPDA LRG LVFRM H
KLIJKHVW SULRU DXVWHQLWH JUDLQ VL]H PREHS GWHRQR WHH \O
SULRU DXVWHQLWH JUDLQ VL]H DV ZKIOFNQMWKH ODUJHU LQW

YLIXUH S8OWLPDWH WHQVLOH VWUHQJRRKR\DVRD I X QR W IDRXY
JUDLQ VL]H IRU WKH VPRRWK VLGHG DQG QRAGVFKHG W
VWULSSHG FRQGLWLRQ (UURU EDUV UHSUHVHQW WK
WHQVLOH VWUHQJWK IRU WKUHH UHSOLFDWH WHVWYV

7KH GHJUHH RI WULD[LDOLW\ LQ WKH VWWLQ 3 HNE ADSHRE HI
IODW I UDFWXUH UHJLRQ RQ WKH GRXEOH HGXEVWW\RWAK WKH VL
FRDWHG PDWHULDO VXJJHVWHG WKDW WKH GHJIRHWHDXIVWH QDL |V
JUDLQ VL]H FRQGLWLRQ GXH WR WKH UHGXFHG HIRRBEWUWN WK
WKH SHUFHQW IODW IUDFWXUH DV D IXQF®ERQ BRQ S UHRROUWBIXV!



PDWHULDOV 7KH f& * PLOXWH VWULSSHG FRQGLWLRQ

DPRXQW RI SHUFHQW IODW IUDFWXUH EXW VWWABOLID®OV ZLW
&RPSDUDWLYHO\ WKH SHUFHQW IODW IUDWWXUB LQ VULHDVHG
FRQGLWLRQ WKURXJK WKH UHPRYDO RI WKH FRDWEW®W XUHAKLY¥K
QRW VROHO\ GHSHQGHQW RQ WKH WKLFNQHWGRIKWWH PDWHU
VSHFLILFDOO\ OHG WR WKH LQFUHDVHG DPRX®@WHRYWWLWSIHG®
VWDWH WKH SHUFHQW IODW IUDFWXUB WO\ ¥’OMLWK\W OW 8 HRW
FRPSDUHG WR WKH VKDUS GURS RIIl DW WKHHIDBRGWWSLR® U

$IJDLQ QRWFK GLVSODFHPHQW ZDV FDOFXODWHBGEQRW WKH
WKH WUHQGV IRU WKH FRDWHG PDWHULDO )IRXX®BH SULBORWYV
DXVWHQLWH JUDLQ VL]H IRU ERWK WKH VWU LS)SA8 8 FUAH® FRD W
ZLWK LQFUHDVLQJ SULRU DXVWHQLWH JUDLRLVKHU ERXW WKKH
VWULSSHG PDWHULDO 7KH LQFUHDVH PD\ EH GRHDMNERWRKB UH
KLIKHU WRXJKQHVYV GXH WR D GHFUHD VIHWL QU WRW X [JLHD O HW X O
LQGLFDWHG WKDW WKH GHJUHH RI WULD[LB®QWIKAD F RRWHEH L
VWULSSHG PDWHULDO 7KH LQFUHDVH LQ QRWRKDGELRS OMKHH P |
FRDWLQJ LPSURYHV WKH WRXJKQHVV RI WKHVH SUHVYV KDUGH

. % e ° 7

J)LIXUH 3ORW RI QRWFK VWUHQJWK UDWLRRNYVER WKQ WW HR
$0 6L FRDWHG DQG VWULSSHG PDWHULDO
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)LJXUH SHUFHQW I10O0DW IUDFWXUH RQ WKH BGWXEOH HGJH

IXQFWLRQ RI SULRU DXVWHQLWH JUDLQ VL]H IRU ERW
(UURU EDUV UHSUHVHQW WKH VWDQGDUG GHYLDWLR(
UHSOLFDWH WHVWYV
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SBULRU $XVWHQLYV

J)LIXUH 3ORW RI QRWFK GLVSODFHPHQW DV D3G@BEWLRQ
FRDWHG DQG WKH VWULSSHG FRDWLQJ PDWHULDO (UL
GHYLDWLRQ LQ WKH FDOFXODWHG QRWFK GLVSODFHF

0(&+$1,&%/ % (+$9,25 '85,1* )5(( %(1' 7(67,1*

6LQFH PDQ\ Rl WKH UHVXOWV Rl WKH VPRRWKHW & B'S DNEG
FRDWLQJ LQWHUGLIIXVLRQ OD\HU PD\ LQIOXH Q@FMWHHOFH FKID
EHQG WHVWLQJ ZDV SHUIRUPHG EHFDXVH LW H FESKDG/ M HV WALKG



HYDOXDWHY VKHHW PHWDO WRXJKQHVV XVLQR PG WDULHLY XQE K
WKH ORDG GLVSODFHPHQW FXUYH DQG SRVW XQLIRUP EHQGL
GRXEOH HGJH QRWFK WHQVLOH WHVWLQJ LQ WKDXWWHK® KLJIK
WKH RXWHU VXUIDFH Rl WKH PDWHULDO ZLW K RXIMR @ KWR SAUKIH F
RXWHU VXUIDFH PRUH KHDYLO\ HP SKDNMEURW WEXFMQ O HR@F B U
ZKLOH VWLOO PHDVXULQJ WKH VXEVW UDWRHHS 8RS H@FH\ VD
VWUDLQ WHQVLRQ ORDGLQJ RQ WKH RXWHU VXUIDFH ZKLFK ¢
QRWFK WHQVLOH WHVWLQJ VHW XSV 7KLV VHOWLRXVIMH®DL WL
FRQGLWLRQV RQ IUHH EHQG WHVW UHVXOWYV LQ ERWK WKH FEF

0(&+$1,&%/ %(+$9,25 ,1 7+( &2$7(' 67$7(

)RU HDFK DXVWHQLWL]LQJ FRQGLWLRQ W®OM® HGR P RDKHG
EHQG WHVWLQJ )LIJXUH VKRZV UHSUHVHQWDWLYH ORDG C
DXVWHQLWL]LQJ FRQGLWLRQV HYDOXDWHG )RUOBKH GRRGLW
EHKDYLRU OHDGLQJ XS WR WKH PD[LPXP ORD®KEXWO R SHJRMWW
FXUYH DIWHU UHDFKLQJ WKH PD[LPXP ORDG $V GHWYBULEHG L
VORSH FDQ EH FDOFXODWHG WR TXDQWLI\ WRMW W NWKHJLW\ R1
PDJQLWXGH Rl WKH SRVW XQLIRUP EHQGLQJ VORSHWKHD IXQF
DXVWHQLWL]LQJ FRQGLWLRQV HYDOXDWBRDD IGLUIKH U7KBRSH

FRQGLWLRQV VKRZQ LQ )LJXUH DUH KLIKOUYKWHG ZLWK W
GLITHUHQFH LQ VORSHV IRU WKH FXUYH DIWHU WKH SHDN ORI
3$*6 DQG [& * PLQXWH P 3%$*6 FRQGLWLRQV WKH Sk

LQGHSHQGHQW Rl SULRU DXVWHQLWH JUDLQ VL]HLRIQJRUH
SULRU DXVWHQLWH JUDLQ VL]H OD[LPXP\ILRDGS U Q H UCDXO/GM H3Y
JUDLQ VL]H ZKLFK LV FRQVLVWHQW ZLWK W KHH PADHQHULIODHO B Q G
+RZHYHU WKH GLIIHUHQFH LQ PD[LPXP ORDG LY WPKE KVRJ WHEW
GLIIHUHQFH LQ XOWLPDWH WHQVLOH MWUWQ\WKH D KH @ VI
DXVWHQLWL]LQJ FRQGLWLRQV XQGHU SODQH WQWDRRQ WO @VL|
VPRRWK VLGHG WHQVLOH WHVW



J)LIXUH SHSUHVHQWDWLYH ORDG GLVSODQEHPRHRG. WXE QM \
HYDOXDWHG LQ WKLV VWXG\

D

J)LIXUH D $EVROXWH YDOXH RI WKH SRVW XQLIRUP EHQ
DXVWHQLWH JUDLQ VL]H 7KH FLUFOHV UHSUHVHQW V
JLIXUH E OD[LPXP ORDG PHDVXUHG GXULQJ IUHF
RI SULRU DXVWHQLWH JUDLQ VL]H (UURU EDUV UHSU
PHDVXUHG YDOXH IRU HDFK FRQGLWLRQ

$V VWDWHG LQ &KDSWHU EHQG DQJOH DW PRMWRNME ORD
PHWULF IRU HYDOXDWLQJ WRXJKQHVV DQGLFUDWKY U8 W VVMWD/Q
LQWR WKH EHQG DQJOH DW ZKLFK FUMDRBNLVQD WV RMLLRDH B FZ XW
SRLQW RI FUDFN LQLWLDWLRQ > @ )LJIXUH SORWV EH!



FDOFXODWHG IURP WKH GLVSODFHPHQW DW PDOJDE®PVORDIR UD
WKH 0Q% DOOR\ HYDOXDWHG LQ WKLV VWXEBUHDYHQDGWLRH
DXVWHQLWH JUDLQ VL]H DVLGH IURP WKBLWAR QM) HK\W SHER!
LQ EHQGLQJ DQJOH HVSHFLDOO\ IRU WKH f & WRIU L RRUL Q X W
DXVWHQLWH JUDLQ VL]H FRQGLWLRQV DUH R@GHQUX\V.MHBWLE (
LQWHUSUHWHG WKDW WKLV EHKDYLRU LQGLWDWIHRL QW XHW KD R
VOLJKWO\ RXWVLGH Rl WKH JHQHUDOL]HG WWHKE GN ZK K P DIDVOM
SULRU DXVWHQLWH JUDLQ VL]H FRQGLWLRQVJBEEW 8HLRHUFRC
DXVWHQLWH JUDLQ VL]H FRQGLWLRQ 7KR @R DKW\ 8V RR UDMH
WKH VKRUW KROG WLPHV DW f& 6LQFH WKWVRQVER FRQGL
LQKRPRJHQHRXV DXVWHQLWL]DWLRQ LW LV GRRFR EHDL WK DM\
UHPDLQLQJ LQ WKH PLFURVWUXFWXUH FR@WO L EX V& H FAUR DWKHH
WKH QRWFK GLVSODFHPHQW ZDV QRW REVHWU®QHGL]JRU WKH WZ
FRQGLWLRQV DQG WKHVH WZR FRQGLWLRQV KDG/WHKHBL@DUJH
FXUYH 7KH GLIIHUHQFH LQ WUHQGYV PD\ EH UHOPMMHG WR FKEL
GLIIHUHQW PLFURVWUXFWXUDO VHQVHWEANMULHY/GL QWNVW K W HK P
SULRU DXVWHQLWH JUDLQ VL]H FRQGLWLRQ PDUEWW IXQFWL!
LQWHUGLIIXVLRQ OD\HU WKLEFNQHVV 7KLKIBURS WHBWRO B UW
DQG WKHUHIRUH WKH IUHH EHQG WHVWLQJ UKGXOWVLRI\ |XU
OD\HU GHJUDGHV WKH PHFKDQLFDO SURSHUWLHV Rl WKHVH S

SULRU $XVWHQLYV

J)LIXUH 3O0RW RI EHQG DQJOH DW WKH SHDNQOWRIWLJE DV D |
(UURU EDUV UHSUHVHQW WKH VWDQGDUG GHYLDWLR(
UHSOLFDWH WHVWYV



$UHD XQGHU WKH ORDG GLVSODFHPHQW FXUYH IBEBP EHQ
IUDEFWXUH LQ D VLPLODU PDQQHU WR WKH DUHD XWHERRAL VK H
WHVWLQJ )LIXUH SORWVY WKH DYHUDJH FDAORXQDWHG DUF
FRQGLWLRQ DV D IXQFWLRQ Rl SULRU DXVWHGIHFKW HDDHQ XL\
LQFUHDVLQJ SULRU DXVWHQLWH JUDLQ VLPW®[L®XPVARDGDU P
$JDLQ WKH WZR VPDOOHVW SULRU DXVWHA \DHHL DIHD B W]HY F
VXUURXQGLQJ GDWD SRLQWV ZKLFK PD\ EH UHODWHG WR LQ\
KRPRJHQL]JH WKH DXVWHQLWH SULRU WR TXHQRWD®JDYRDHYH
RFFXUV ZLWK LQFUHDVLQJ SULRU DXVWHQLWH YHO LLQD WLKHH Z |
EHQG DQJOH DW PD[LPXP ORDG UHVXOWYV &KHQW RW\DKH FIDUHTX
FKDUDFWHUL]JLQJ FUDFN LQLWLDWLRQ DMLR @ KHK B UHDH BK®WIDR
UHDFKLQJ WKH SHDN ORDG LV DVVFRORLG® WHKG DLHPD MWOKHD L QUVAL
DVVRFLDWHG ZLWK WKH SURSDJDWLRQ HQG® WU HD @H S DINUMH (
LQLWLDWLRQ HQHUJ\ DQG SURSDJDWLRQ HQH U KHDNUB DXIGRRW L
FUDFEN LQLWLDWLRQ FRPSULVHV DSSUR[LPDW HPH W\ R DMK MKGH
PDMRULW\ Rl WKH UHTXLUHG HQHUJ\ IRU IUDFWXUH LV IRU FU
HPSKDVL]HV WKDW WKH REVHUYHG GHFUHMDWH. Q® SWR\WDO DUH
DXVWHQLWH JUDLQ VL]H LV PDLQO\ D UHYXQ\D R IGQ IL MAUDHVY ERI
WKH SURSDJDWLRQ DUHD LV JHQHUDOO\ LQ GHRHKEQIGH Q WHMDI ISR
FUDEFN LQLWLDWLRQ DOVR FORVHO\ P DWRKHAX WHG EW QKB QI
ORDG

0(&+$1,8&%/ %(+$9,25 :,7+ 7+( &2$7,1* 675,33("

JUHH EHQG WHVWLQJ ZDV UHSHDWHG ZLW KJ WEFHHFIRDWLQJ
PHFKDQLFDO EHKDYLRU HVSHFLDOO\ \WW¥WUW KHR & GLIH\RD \D X¥/ VD1
EHQGLQJ DQJOH SRVW XQLIRUP EHQGLQJ VORSHO®QG DUHD
HYDOXDWHG LQ WKH VWULSSHG PDWHULDO )LJXN HXQF VDL RS® F
RI SULRU DXVWHQLWH JUDLQ VL]H IRU ERW K WRPHWRAHU O DSH 8 U
SULRU DXVWHQLWH JUDLQ VL]H FRQGLWLRRYU WKH ERDGHQJO
PDWHULDO EXW DW HDFK JUDLQ VL]H D VY@V WK BADLRKL DKKH/W M D



JUDLQ VL]H FRQGLWLRQ LV VLIJQLILFDQWO\ KIKIKKHUWWKDQXWMK}
IRU PRVW Rl WKH VWULSSHG FRQGLWLRQV DUH SmMUFW B DGKW V
ZLWK GHFUHDVLQJ PDWHULDO WKLFNQHVV > @ )LJXUH E
WKLFNQHVV IRU HDFK WHVW VSHFLPHQ IURP. RXHEW@GLES BHGH|
JHQHUDOO\ LQFUHDVHV ZLWK GHF U KD \$LOQA KFIRDX\W K W/IRCPO! VR K IWFKL
LQFUHDVH LQ EHQG DQJOH DW WKH ODUJHVW WKILRN @KXW HQ
HITHFW )LJXUH D PD\ DOVR VKRZ WKDW EHQ GWHIIIOMHLYV U
JUDLQ VL]H GXH WR WKH YHU\ ODUJH LQFUHDVHORIYIHW WKH FF
LQGHSHQGHQW RI SULRU DXVWHQLWH JUDLQ \RIEWHRYHS KLH W
FRDWHG PDWHULDO DUH OLNHO\ D IXQFW L KQ FRNQGIMYVH DH)EF B Y
IXUWKHU LQGLFDWH WKDW WKH LQW HUBW IK LLRPX R D \RIJG GLHF
KDUGHQHG VWHHOV 7KLV K\SRWKHVLV LV FRUURBRQD®HG E\
XQFRDWHG GDWD SRLQW VKRZQ LQ )LIXUH $ $SSHQGL[ $

SULRU $XVWHQLV

J)LIXUH 3ORW RI WKH WRWDO DUHD X@Ws HX WKHDEMH DR G XWQ H
RI SULRU DXVWHQLWH JUQMY WKH VWN@RWDHBUY UHSU
IRU WKUHH UHSOLFDWH WHVWYV

7KH SRVW XQLIRUP EHQGLQJ VORSH ZDV DOVR LQYHVWLJ
J)LIXUH SORWYV SRVW XQLIRUP EHQGLQJ VORSH DV D IXQFW
VWULSSHG DQG FRDWHG PDWHULDO 7KH WZR FRQGQGUWLRQV W
VORSH LQ WKH FRDWHG VWDWH ZHUH QRW HYDOXDWHG LQ WE
HYDOXDWHG VKRZHG WKDW SRVW XQLIRUP EHQEBLIQUIDYQRSH L'



VLIH LQ WKH VWULSSHG FRQGLWLRQ 7KHUH QV DOWRGIHIKW WK
VWULSSHG VWDWH ZKLFK LQGLFDWHYV VORIZW URFEU OD/riKNH 3 H RRA.LH
SUHVHQFH RI WKH FRDWLQJ PD\ VOLJKWO\ DHAMAHIOHUDWH FUDF

4
|

YLIXUH ,QLWLDWLRQ DQG SURSDJDWLRQ DHHDQDERIKXQF
SORWV HUURU EDUV UHSUHVHQW WKH VWDQGDUG GH
UHSOLFDWH WHVWYV SHU FRQGLWLRQ

)LQDOO\ WKH DUHD XQGHU WKH ORDG GLNSODHFHRHQW F>
IUDFWXUH LQ WKH VWULSSHG DQG FRDWHG VWDWXUWVYHLIXUH
DQG WKH DUHD XQGHU WKH FXUYH XS WR FUDFNLJQLWLDWLRAC
ERWK PHDVXUHV RI HQHUJ\ WKH VWULSSHG G DEMONI RMKHRGE UWRI
LQ WKH FDOFXODWHG DUHD DW WKH HOHYERWPIEG LBMW R Y HIDX VO\H:
IRU WKH LQLWLDWLRQ HQHUJ\ $OVRIUWRH WMWIKOH W WWH FSHEJ FR
ZKLFK LV GXH WR WKH ORZHU PD[LPXP ORDG LQ WKHQ8WULSSI
VWULSSHG PDWHULDO VKRZHG D GHFUHDSHLIRQY DEXNWHQRWHUW
VLIH 7KHUHIRUH WKH UHPRYDO RI WKH FRDWALKH BHDVXRW G/
DUHD XQGHU WKH EHQG FXUYH ZKLFK VWLOO VKRRHGNBH DUL
VWULSSHG VSHFLPHQV
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JLIXUH D 30RW RI EHQG DQJOH DV D IXQFRVOWRGRDQULR

VWULSSHG PDWHULDO (UURU EDUV UHSUHVHQW WKH
EHQG DQJOH IRU WKUHH UHSOLFDWH WHVWY E 30RYV
PHDVXUHG WKLFNQHVV IRU HDFK VSHFLILERQHWVW RQ
HYDOXDWHG LQ WKH VWULSSHG FRQGLWLRQ

:
%i Bt

J)LIXUH 3ORW RI SRVW XQLIRUP EHQGLQJ VORISHRDV D |X(
ERWK WKH VWULSSHG DQG WKH FRDWHG PDWHULDO
GHYLDWLRQ LQ WKH FDOFXODWHG YDOXH IRU WKUHH
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SULRU $XVWHQLYV
D

J)LIXUH D 30RW RI WRWDO DUHD XQGHU WKH ORDG GLV!
VWULSSHG PDWHULDO E 30RW RI WKH DUHD XQGHU
FUDFN LQLWLDWLRQ DV D IXQFWLRQ RI SULRU DXVWH
VWULSSHG PDWHULDO (UURU EDUV LQ ERWK SORWYV |
FDOFXODWHG DUHD IRU WKUHH UHSOLFDWH WHVWYV

(9$/8$7,21 2) &2$7,1* &5$&.6 ,1 60227+ 6,'(' 7(16,/(
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0DQ\ RI WKH UHVXOWV IURP WKH WHVWLQJ GMKIFULEHG LC
FRDWLQJ GHFUHDVHG WKH PHDVXUHG VWUH®DVKQDW & LW R/ K
IUDEFWXUHG VPRRWK VLGHG WHQVLOH VDPSONYVY 28 G6HGDWPDGHW
DVVRFLDWHG ZLWK WKH FRDWLQJ 7KH VSHF KMHDQW VALY DDW B & |
f& IRU PLQXWHV f& IRU PLQXWHYV f& IRU PLQ
DQG f& IRU PLQXWHV 7KHVH FRQGLWLRQV ZHUH VHOHF)
OD\HU WKLENQHVYV DQG DOVR WR LQFOXGH FRQGHWLRQV ZLW
6DPSOHY ZHUH VHFWLRQHG ORQJLWXGLQDOO\WHDALOKH QHF
VDPSOHV DV VKRZQ LQ )LJXUH JLIXUH VKREZY OLJKW R
UHJLRQ QHDU WKH VSHFLPHQ VXUIDFH $00 PRIQH EWDRQQ WV KE
QRW DOO RI WKH FUDENV RULJLQDWLQJ DW WK H6PPBWHYJ SH
DXVWHQLWL]HG DW f& IRU PLQXWHV f& IRU PLQXW!
FUDFENV LQ WKH FRDWLQJ EXW WKH W B AIQVWK H UPR Q\I WG DINVG
VXEVWUDWH )RU WKHVH DXVWHQLWL]LQJ W H PKSBHUHD W XOHVI B G



LQWHUGLIIXVLRQ OD\HU ZKLFK OHDGV W RUO MAHV PIDGAKHHUWLHDQDF H7
ODFN RI DGKHUHQFH UHVXOWYV LQ D KLJKHU SDRSMQRUW\ IRU
&RPSDUDWLYHO\ WKH f& IRU PLQXWHV DQG f& IRU
ERWK KDG FUDFNV JURZLQJ LQWR WKH VX EMVKHWDIWH WAKHHD FU-DA
f& IRU PLQXWHV LV SDUWLFXODUO\ ODUJHSDQGQKWYX HD V
GHFUHDVH LQ EHQGLQJ DQJOH DW PD[LPXFFHRDG IRQGMKKW G
FRQGLWLRQ 7KH KLJKHU DXVWHQLWL]LQJ WHP SHWRDAX UKW OH
ZHOO DGKHUHG WR WKH VXEVWUDWH PDWH U HDRR K YO\ NIH CR U\
SURSDJDWH LQWR WKH VXEVWUDWH PDWHELLPDHQ DXO\OW HED OB U]
f& WKHVH W\SHV RI FUDFNV ZHUH PXFK PRUH IUHTXHQW L
IRU PLQXWHV ,Q DOO RI WKH FRQGLWLRQV WKH BW HWVKIH F H
VXEVWUDWH PD\ FUHDWH D VWUHYVV HFRWOFHQ & U R SHRUWW K D W RF
WKH EHKDYLRU REVHUYHG ZLWKRXW WKH SUHVHQFH RI WKH F

J)LIXUH 6FKHPDWLF RI VPRRWK VLGHG WHIQMH ORIUVSHFLPF
HYDOXDWLQJ WKH FRDWLQJ IROORZLQJ WH®BWLQJ 6D
QHDU WKH QHFNHG UHJLRQ LQ WKH PLGGOH RI WKH U



JLIXUH /ILIKW RSWLFDO PLFURJUDSKVWRWWHKH B RQRE GWXHE]
RI WKH VPRRWK VLGHG WHQVLOH VDPSOHYV 7KH DXVYV
ZHUH D f& IRU PLQXWHYV E f& IRU PLQXW
PLOQXWHYV G f& IRU PLOQXWHYVY DQG H f&

LPDIJHVY ZHUH HWFKHG ZLWK D 1LWDO VROXWLRQ

(9$/8$7,21 2) )$&7256 ,1)/8(1&,1* 35(66 +$5'(1(' 67 ((/
675(1*7+ $1' 728*+1(66

7KH UHVXOWYV LQ WKH SUHYLRXV VHFWLRQWWXJJHVW WK
KDUGHQHG VWHHOV LV LQIOXHQFHG E\ ERWKLR®Y BXEBURYVWU >
WHVWLQJ OLFURVWUXFWXUDOO\ ERWK WEKH GWHRG LD KN IRQL
YDULHG ZLWK GLIIHUHQFHV LQ DXVWHQLWL]LRHQVR QRIGWEIRQE
DQJOH DW PD[LPXP ORDG GHFUHDVHG® ZQWHK. JIHQ FEXHND \DIOQY/IR SWK_A
VWDWLVWLFDOO\ VLIQLILFDQW GURS BRQWK W IORDQ J'H V& ODUFLHRP
IDLOXUH DQG SHUFHQW IODW |UDFW XUHQIHQ W K R UQ RVDFK\HXGJ M/ I
WHVWLQJ DOVR GHFUHDVHG IRU WKH OD WIH S WLSBD UR G IDIXK WHH
EHWZHHQ WKH f& IRU PLQXWH FRQGLWLREDWGVREO RW
LQWHUGLIIXVLRQ OD\HU WKLFNQHVV FRQNXOHVWERK® WKRI \



LQWHUGLIIXVLRQ OD\HU ZDV UHPRYHG PRVW RIVW&HRBWULF
EHFDPH FRPSDUDEOH WR WKH RWKHU DXVWHQQW LLJQQJ FRQGL
PHFKDQLFDO EHKDYLRU LQ WKH ODUJHVW SULRQ FROQGH QVIL\R B
HYDOXDWHG ZLWK WKH FRDWLQJ UHPRYHG LGR®LBDDWHN ADK EWM
GHWULPHQWDO WR VRPH DVSHFWV Rl PHFKBQDPDWLEHKIDWKR U
ORQJLWXGLQDO SODQH QHDU WKH QHFNHG UH XH Q URH VWHRRRIW
RI SRWHQWLDOO\ GHWULPHQWDO FUDFNY IRUW RLW B W IMXE V@ W
WKH ODUJHVW SULRU DXVWHQLWH JUDLQ QHUIFRRG LWRRWYX U
WKH EHQG WHVWLQJ VWLOO GHFUHDVHGZEZUWKKWKI BRDWL@JI S
UHPRYHG ZKLFK LQGLFDWHVY WKDW SULRU D& VEMHKOQLWRUIBDL (
SUHVV KDUGHQHG VWHHOV DV ZHOO

7KH ORDGLQJ FRQGLWLRQV H[SHULHQFHG GXULQJ WHVWL
VHQVLWLYLW\ RI PHFKDQLFDO EHKDYLRU WRLDXVWHQWWQJLKQD
WKH OHDVW FRPSOH[ ORDGLQJ FRQGLWEZRQ K @& W & R DDRZAHIV B
XQLD[LDO WHQVLRQ XS WR QHFNLQJ DQG WKH WUWR[QDOLW\ E
DQG IUHH EHQG WHVWLQJ ERWK KDYH KLJKHU GW HWRH\D R | BAXY
WKH WULD[LDOLW\ LV VLPLODU EHWZHHQ WKBWIE WZHR WLHOHNV V
WHVWLQJ GLG QRW VKRZ D VWDWLVWLFD®® YLW&LIUPDRQW I H
ERWK VWUHQJWK DQG GXFWLOLW\ DW WK ORR BB B WDSWLLYRHO D
GRXEOH HGJH QRWFK WHQVLOH WHVWLQJ VKRDHGGSH VKIDQ\® GO
IUDEFWXUH DW WKH f& IRU PLQXWH DXVWHQEWLDPLQJ FRQ
VLIQLILFDQW GHFUHDVH LQ EHQG DQJOH DRUPW KLIPX PV DRID G D
FRQGLWLRQ 7KXV GRXEOH HGJH QRWFK WHQVLOH DQG IUHH
YDULDWLRQV LQ PLFURVWUXFWXUH DQG FRDWLQOQVR®PISDUHG
WHVWLQJ %RWK H[KLELW SODQH VWUDLQ FRQGUMRRDQPYEQ W]
KDYH VLPLODU GHJUHHV RI WULD[LDOLW\K H KH\NH/ W Z\R< BAM VGARLX
QRWFK WHQVLOH WHVWLQJ KDV D WULDIBED O Q/®V UHW E/HAQDON W |
LV LQ D VWDWH RI SODQH VWUDLQ WHQVLRQ G7% H \S/IDIUHD\ONV B
GHWHFWHG D GHFUHDVH LQ PHFKDQLFDO EHKDXYRW QMNVWKIQJ
FRQGLWLRQ ZKLFK ZDV QRW REVHUYHG LQ VPRRWK VLGHG RI



SODQH VWUDLQ WHQVLRQ FRQGLWLRQV SUHN H\RVFIK@ PURAB CE H
DQG PLFURVWUXFWXUDO LQKRPRJHQHLWEKVHSUHVHQW DW OR

7KH LPSRUWDQFH RI VWUHVV DQG VWUDLQ VR\DDBMH LV DO\
EHWZHHQ WKH GLIIHUHQW PHDVXUHV IRU HQHMO\N IRU IUDFWX!
LQGHSHQGHQW RI SULRU DXVWHQLWH JUDLQSWIBWIQYY WEH WK
HQHUJ\ IRU IUDFWXUH PHDVXUHG GXULQJ |U HH HEBWDIG W BV WRQ
DXVWHQLWH JUDLQ VL]H DQG DOVR GHFUH B VR GRW WKVO R ZI
WKH I[UHH EHQG WHVWLQJ ZDV PRUH VIRQQIGWUMHR @\WR WKH GLII
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7KH SULPDU\ REMHFWLYH RI WKLV VWXG\ ZDVQUR LQYHVW]
SDUDPHWHUYVY RQ PHFKDQLFDO EHKDYLRU RI SURBKNN KDUGHQH (
$XVWHQLWL]LQI WHPSHUDWXUHYVY VHOHFWHG UDQ@JHG IURP
DXVWHQLWH JUDLQ VL]H UDQJH RI P $GGLWLRQDOO\ DVVEH
PLFURVWUXFWXUH LQGLFDWHG WKDW WKKEHRBWLQIPLWRHUGI

P WRWDO IRU ERWK VXUIDFHV RI WKH VKHHW ZKLFK KDG |

,Q WKH FRDWHG VWDWH VWUHQJWK QRWFK GLVSODFHP}
JHQHUDOO\ GHFUHDVHG ZLWK LQFUHDBVRQ WHYIMWRW DHXVIRHPH @
FRDWHG VSHFLPHQV DQG VSHFLPHQ VUSLUHINV W & HWKRDDW WG H \L\G!
OD\HU PD\ ORZHU WKH WRXJKQHVV Rl SUHVV KDHHIHQHKE VWH!
FRDWLQJ DQG WKH VXEVWUDWH U KDKD B H G HAOUDIW HE WIKINRK LK
LQ WKH ODUJHVW SULRU DXVWHQLWH JUD LHOV LFRIUFRRHDB®IWH R G
UHGXFWLRQ LQ PHFKDQLFDO SURSHUWLH\JIRERQKEMMERRH OD

7KH DELOLW\ WR GHWHFW GLIIHUHQFHV ENWQ@ KB W HX VRUH
HDFK WHVWLQJ PHWKRG 6PRRWK VLGHG WHH@IMN IO HE BWHZMAHLGD W
GLIIHUHQW DXVWHQLWL]LQJ FRQGLWLRQVHIQE WEW RRBWHRSUV V
DXVWHQLWH JUDLQ VL]H $GGLWLRQDOO\ WKH RXMFROBWHG
XQGHU WKH HQJLQHHULQJ VWUHVV VWWUH @ ¥XW KB LADL] .ODIUBF
&RPSDUDWLYHO\ GRXEOH HGJH QRWFK WHQVGEBHUWEUWLRQ D
QRWFK GLVSODFHPHQW SHUFHQW IODW |UDFWIRWHI UDHQX DI .
WKH KLIKHVW DXVWHQLWL]LQJ WHPSHUDW K G HDFRIQ GHLWH. QR L
EHQG DQJOH DQG HQHUJ\ IRU IUDFWXUH FORN) ®/IKMLA R XH \ZWLE K L
DVVRFLDWHG ZLWK WKH DXVWHQLWL]IS®RY ¥REGH. W LIRIGW VRH OFHKF
DQG PLFURVWUXFWXUDO LQKRPRJHQLHW\

7KH REVHUYHG GLIIHUHQFHV LQ ZKDW HDFK BAHVMGE QURP H'
WKH GLITHUHQFHYV LQ WKH ORDGLQJ FRQGHWWRQV KW RMDKHK QU
GHJUHH RI WULD[LDOLW\ ZLWK WKH ORDGLQJWHLDRPLRQLI\LDC



EHLQJ 'RXEOH HGJH QRWFK WHQVLOH WHVWIUMHP @3 IUHH
WULD[LDOLW\ DSSUR[LPDWHO\ IRU ERWK WSIMWH WW KD\QL R P
GHJUHH RI WULD[LDOLW\ IUHH EHQG WHVW LI GRHWIRDY¥MWX DH
IRU WKH DXVWHQLWL]LQJ FRQGLWLRQV DW f &F W K\DHAD Z DY HQ
WHVWLQJ 'RXEOH HGJH QRWFK WHQVLOH WBIXWLBQLSVIRY QG H
FRQGLWLRQV RQ FRPSRQHQWYV ZLWK D KLJK VWUHVV FRQFHQ)
&RPSDUDWLYHO\ IUHH EHQG WHVWLQJ PHD\OXWUWR WKEHQBVY OB
ORDG ZKHUH WKH RXWHU VXUIDFH LV LQ SODQH VWUDLQ WHQ
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3 - %HODQJHU - 1 +DOO - - &RU\HOO DQG - 3 6LQ
+DUGHQHG 6WHHOHUQIQAWR QDO 6\PSRVLXP RQ WKH 1HZ 'H
+LJK 6WUHQIBBK 6WHHO

- :DQJ & (QORH - 3 6LQJK DQG & +RUYDWK 3(IIHFW
,PSDFW 7RXJKQHVV RI 3U6MV,GWHGODDRME BQMBARO ~ SS +

3 /IDURXU - 1DLWR $ 3LFKOHU 7 .XU] DQ®RU OXUDN!
Rl 3UHVV +DUGHQHG 6WHHOV &RUUHOBRWREK A HW KO 8 MVHXd
JRUPLQJ RI +LJK BHUIRUPDQFBS6WHHO &+6

& 0 (QORH - :DQJ - 3 6LQJK & +RUYDWK 1 5DPLVH
,QIOXHQFHV RQ 3UHVV +DUGHQHG 6WHHO OLFBUKRMFHUXFW X
SURFHHGLQJIS *

7 6 RMIRUPLQJI LQ WKH $XWRPRWLYH ,QGXVWU\ 3UR
OXQLFK 6XGGHXWVFKHU 9HUODJ RQSDFW *PE+

JULVWDG 21HZ &RLO $SSOLHG 1RQPHWWEQGLEWHRHDAW L C
67$03,1* -RXUQDOG2QOLQH@ $YDLODEOH
KWWS Z7zZ WKHIDEULFDWRU FRP DUWLG QR @RAHMNWVDIODY® DRV H
FRDWLQJ SURWHFWY SUHVV KDUGHQDEOH VWHHO >$FFHYV

* UDXVV 30BOWHQBUWRAHVMEQJ B6WUXFWERDWHDQGO3H U
3DUN $60 ,QWHUQDWLRQDO Ss
- %LDQ + = /X DQG : - :DQJ 3,PSDFWK BRHPHIYP\QWJ 'F

ODWHULDO 3URSHUWLHV RI 3UHVV +DUGH®GQD GMH{H ©L %K \
6WUHQJWK 6WHHO DQG 3UHVYV +DUGHQLQJ 3URFHHGLQJV
,&+68 SS *

+ ORKUEDFKHU 3, QIOXHQFH RI $OOR\ ORGLVLBQ®WLRQ D¢
&UDVK 3HUIRUPDQFH RI 3UHVV +DUWK Q& @ HWHHMOLERDIR Q
&RQIHUHQFH RQ +RW 6KHHW OHWDO )RUPLQSISRI ++JK 3HUI

@ + .DUEDVLDQ DQG $ ( 7HNND\D-RSWHIQHZ RDQVKHRW I @/

SURFHVVLQJ 7TMRIOQRORQR SS *

@ 6 ORULWR + <RVKLGD 7 ODNL DQG ; +XD®@WK R(IITHFW

IDWK ODUWHQVLWH LQOU/RWY RWUDERQ 6FWHREN RO (QIH QHHI
SS +

@ - %LDQ DQG + ORKUEDFKHU 31RYHO $OOR\WWHK 'HVLJIQ |

%HWWHU &UDVK 38WHRWEPDWERQGDIA 6\PSRVLXP RQ 1HZ 'HYFt
$GYDQFHG +LJK 6WUHQIJWBSKHHW 6WHHOV

@ - 3 %DbQEGVWUD ' $ .RVV $ *HOWPDFKHU 9RL@DWLF C

&RDOHVFHQFH 'XULQJ "'XFWDOWHUDBW®W X WH LRH QOF 18 VDKDHEO (Q J L
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YRO $ SS *

@ ' %URHN B36RPH &RQWULEXWLRQV RI (OHFWURQ )UDFWF
, QWHUQDWLRQDO ODPRMAHULDQR 5HWBISHZYV *
@ 6 2WDQL O .R]JXND 7 OXUDNDPL - 1DLWR $ 3LFKOHL

&RQWUROOLQJ )DFWRUV IRU WKH 'XRWL®KMHVWR IO HRMD @ YR P
Rl +LJK SHUIRUPDQFH 6VBHO &+6

@ 9 6DYLF DQG / +HFWRU 37HQVLOH 'HIRUPDWMRHHOQG )
XVLQJ 'LIJLWDO ,PDE$(&RWHHNQDWILRQ DO

@ $ 60RMDLQHDU (ODVWLF )%BRFW 6D RIOF KRIB@LFWHVYV ,QF

@ 7 / $QGHUVRQ 3)UDFWXUH 7RXURG AW H H\HWKQ O RA VO H V
)XQGDPHQWDOV DQ® G S5O L BORFDREDMWRQ &5& 3UHVV ,QF

@ < 7RPLWD 3(IITHFW RI OLFURVWUXFWXUH BRQ 30DQH 6WL

6WHBIWDOOXUJLFDO YTRDQVDRYRLRQVS $ +
@ * ( 'LHWHU 37KH OHEKOQRIQF DB VOMNGEDIO® X WF*UDZ +LOO
SS +

@ 3 -RQVHQ 6 *ROOLQJ ' JURPHWD ' &DOMHRKDIM FNQG C(
%DVHG ORGHOOLQJ RI )DLOXUH LQ $G WIXQ,FH\GH YIQIXWALVR QHDQ
&RQIHUHQFH RQ +RW 6KHHW OHWDO )RUPLQSISRI #LJK 3HUI

@ < ODUFKDO DQG ) 'HODQQD\ 3&RPSDULVRQLRIJORIWKRG"
7KLQ /RZ &DUERQ GDWAHOLDONWHVYHQFH RQG 7HFRKQRORJ\
1RYHPEHU SS +

@ % &RWWHUHOO DQG - . 5HGGHO 3:7KH (\DFRXWHDRI :RU
/LQHDU 3RO\H@®WHUHPDHWLR QDO -RKR@DO RIR)UD B X U Ht

@ ' &DVHOODV ' )URPHWD 7 /DUD 6 OROEWXU3 3RQVHQ
JUDFWXUH OHFKDQLFVY $SSURDFK WR '"HYHORS #UHXV&UDVK
+DUGHQLYX  QWHUQDWLRQDO &RQIHUHQFH RQ +RW 6KHH)
SHUIRUPDQFH 6 WSEHO *

@ 7 3DUGRHQ < ODUFKDO DQG ) 'HODQQD\ 3(VVHQWLDC
JUDFWXUH OHFKDQLFVY 7RZDUGV D 7KLFNQWVYV ,QGHSHQG
(QILQHHULQJ )UDFWWRJH OHFRKSDQLEV

@ $ $ :HOOV 3$SSOLFDWLRQ RI JUDFW X UMOWHRXIDQLFV DV
%ULWLVK :HOGYRO® -RXWQO®DO SS +

@ - ) .QRWW 3$Q ,QWURGXFWLRQ WR )UDFRWOUHHOHFKDQL
7RXJKQHVV TKNWHQGHU
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@ : . =KX DQG - $ -R\FH 35HYLHZ RI )UDFWXUH 7RXJKQH
7HVWLQJ DQG 6WMIGOMIGU LMW RO FWXRIH OHFXSD QL FV

@ 5 2 5LWFKLH % )UDQFLVY DQG : / 6HUYHU CGOWRDOXDW
6WHHO $XVWHQLWL]JHG DW /REZHWND® @ KUK L7AHPG i RDQY XD HW L
$ SS +

@ & * &KLSSHUILHOG DQG - ) .QRWW B30LFURUWUXFWXU
OHWDOV 7THFXQROR J\

@ $670 ( sS6ewbQGDUG 7THVW OHWKRGV IRU 1RWFKHG %DU
ODWHUE®MV%RRN RI 69HQG&DUGYV

@ 5 $ :XOODHUW 3$SSOLFDWLRQV RI W, DLRW WU XRH.QW H
OHWDOV $670 &7/3 *

@ $670 ( 36WDQGDUG 7HVW OHWKRG IRU '"HWHUPLQDWL
(IWHQVLRQ XQGHU /RZ & RSBV W BLRRN &KR @ G/BNVQIGROQNG V

@ 6 .ROH\ 6 &KDWWHUMHH DQG 0 B6KRPH 3(YDHOXDWLRQ
BKHHW Rl ,QWHUVWLWLDO JUHH +LJK 6W28€E QW& J6BQHIOMH 7 |
&72% OHDVXUHPMWQWQDWLRQDO -RERQDO RS )UDFWXUH

@ 1 )RQVWHLQ + - -XQ * +XDQJ 6 6ULUDP QDRED® <D
3URSHUWLHYV RI 0OXOWLSKDVH )HU UQBWHHY% D DQ MAGHF DBDQRMHH R
7HFKQRORJ\ 06 7 SS +

@ 7 0 /LQN DQG % 0 +DQFH 3$[LDO DQG %HQGKQJ &UDV
BWUHQJIWK ,QQMWHHMWDW WLAQDO 6\PSRVLXP RQ 1HZ 'HYHORSP
BWUHQJIWK 6KHHB SWHHOV

@ 9 5HNVQHOKHGHQ 33)ORZ 6WUHVV D@ GDWHNLOH @DWO X U
8QLYHUVLW\ RI 7THFKQRORJ\

@ * % (VSH\ 0 + -RQHV DQG : ) %URZQ 37KH 6KDUS (C
6HYHUDO +LJK 6WUHQJIJWIUKRWHHOGOLEXIVHRM $©OPBL¥DQ 6RFLH
ODWHUKBOV SS *

@ $ $IRILQR B31RWFK (IIHFWV GWDEAVDFRWRWN YRB QEK'K BW
SS *

@ 9 33O0DWH %HQGLQJ 7THYWUHRIQGHWDOOLF ODWHUL
$XWRPRELOLQGXVWULH

@ 3 'LHWVFK . 7LKD\ 6 &RER 6 6DUNDU ' +DVHQSRXW
$SSURDFK IRU &UDVK 3HUIRUPDQFH RI 3UHVV +DUGHQHG ¢
3URGXFW '"HYHORXP HOMWU QD@YLRQDO &RQIHUHQFH RQ +RW
+LJK 3SHUIRUPDQFHSSNHHO

@ & & 5RWK DQG ' ORKU 33XFWLOH )UDFWRQBQ[SHULPHQ
/IRDGLQJ +LVMWRHUILGIMVWLRQDO -RXRQDO RSS3ODYWLFLW\



\Y

\Y

\Y

V

V

\Y

\Y

\Y

@ ' 6XQ ) $QGULHX[ 0O )HXFKW ' $J DQG : : +SF 36LP
IURP J)RUPLQJ WR &UDVK 7DNLQJ LQWR '$ABR)RQYWPSWRFKDYV
%DPEHUJ SS +

@ $670 ( S6WDQGDUG 7THVW OHWKRGV IRBEHWHUPLQLC
,(QWHUQDSMSLROYDO
@ $670 $ S6WDQGDUG 3UDFWLFH IRU SIRDWWQWRWLYH

+\SRHXWHFWRLG &DUERQ DQG /RZ $OO0ORG7WHHO 3KDVH 7U
L QWHUQDWRICRQDGO6S =

@ $670 ( °6WDQGDUG 7THVW OHWKRGV IRU 7THQVMLRQ 7HVW
%RRN RI 6WQRGOHU&Y =

@ / +HFWRU -U 9 6DYLF $ 6DFKGHY DQG -WX®&RHMHOO
RI $GYDQFHG +LJK 6WUHQJWK 6 W, QMH B Q WLLARH) DHO FsW P HRWL
1HZ '"HYHORSPHQWYV LQ $GYDQFHG +LINBWUHQQWRK 6BBHW

@ + 6 <DQJDQG + . ' + %KDGHVKLD 38QFRQWDILQWLHYV
PDUWHQVLWH VWODWH WIHPFE\H 6 PWHYQFHYRQG 7THFRQR GBI\

@ + 6 <DQJDQG + . ' + %KDGHVKLD 3$XVWWWE MWD JWD L
WHPSHUBRUXSM D 0DWWRHOUL D OQ® Ss +
@ % :DQJ - =KDQJ - )DQ 6 =KDR 6 5HQ DQG . &KRX

BROLGLILFDWLRQ LQ WKH 7ZLQ6%WROI® GW UV HS DR RDYH BUR
QR SS +

@ 6 .HQQHWW 3*6WUHQJWKHQLQJ DQG 7 ROGQR\PILAE 6\VOHRK
DV ,QIOXHQFHG E\ $XVWHQLWH &RQGLWLRQLQJ ~ &RORUD(

@ 0 3HHW 33UHGLFWLRQ RI ODOWWHQWLDWN 6 WIDHWWF H HORGBG U
YRO QR SS *

@ 0 :LQJ < :DQJ DQG = -LDQJ 3 \QDPLF )XPEQXRIH %HKE
$OOR\V 8QGHU 7KUHHHSIRQ DWW PHIFEYGRROR JQ R Ss +

@ 7 .XU] 7 6WHFN + 6FKZLQJKDPPHU DQGQF &BRDRXAG 3(
3UHVV +DUGHQLQJ 6WHHOV IRU 8VH ZWW K GW H WRIRWILRQ Dra
&RQIHUHQFH RQ +RW 6KHHW OHWDO )RUPLQSISRI ++JK 3HUI



$33(1',; $
0(&+$1,&%/ % (+$9,25 2) 81&2$7(' 3+6 352&(66(' $7 f& )25
0,187(6

$ VHW RI SUHVV KDUGHQHG VWHHO EODQNV WHUHfRHDW \
IRU PLQXWHYV 7KLV PDWHULDO GLIITHUV ITURPUW KD RADKWDIU DI
$O 6L FRDWLQJ ZzDV QHYHU DSSOLHG WR WWKRHAKBRQQRDXJIDFF
SURSHUWLHYV IURP VPRRWK VLGHG WHQVLOH WHVWEGQOGGRXE
WHVWLQJ IRU WKLV PDWHULDO LQ FRPSDULVRWXWR WKH $0 61

T ‘ T ‘ T ‘ T ‘ T
| @ $0 6L &RDWHG |
X 8QFRDWHG

$XVWHQLWL]LQJ

JLIXUH $ 3ORW RI SULRU DXVWHQLWH JUDLXVH]HRDVWX HX C
XQFRDWHG PDWHULDO LQ FRPSDULMRURWEDLKH $0 6L
WKH VWDQGDUG GHYLDWLRQ LQ WKH FDOFXODWHG G|
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3ORW RI D RITVHW \LHOG VWUM@IWK DQG E
IXQFWLRQ RI WKH LQYHUVH VTXDUH URRW RI SULRU L
PDWHULDO LQ FRPSDULVRQ WR WKH $0 6KHFRDWHG P/
VWDQGDUG GHYLDWLRQ LQ WKH FDOFXODWHG GDWD

JLIXUH $

I T I I T
L @ $0 6L &RDWHG x PY
X BQFRDWHG = %

I I I . .

| | |
3ULRU $XVWHQLYV
D E
JLIXUH $ 3ORW RI D VWUDLQ WR IDLOXUH DQG E SRVW >

DXVWHQLWH JUDLQ VL]H IRU WKH XQFRDWHG PDWHUL
PDWHULDO (UURU EDUV UHSUHVHQW WKH VWDQGDUC
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JLIXUH $ D 30RW RI WKH QRWFK WHQVLOHLPD/WHQJWK FR
WHQVLOH VWUHQJWK IRU ERWK WKH XQFRDWHG DQG
LQYHUVH VTXDUH URRW RI SULRU DXVWHQLWH JUDLQ
D IXQFWLRQ RI SULRU DXVWHQLWH JUDLQ VL]H IRU EI
(UURU EDUV UHSUHVHQW WKH VWDQGDUG GHYLDWLR(
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JLIXUH $ QRWRKN GLVSODFHPHQW DV D IXQFWLRQ RI

PDWHULDO FRPSDUHG WR WKH FRDWHG PDWHULDO

GHYLDWLRQ LQ WKH FDOFXODWHG GDWD
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JLIXUH $ 3ORW EHQG DQJOH DWRPDB[LIPRXWP MARADGHRY. D IXQFV
XQFRDWHG PDWHULDO FRPSDUHG WR WKH FRDWHG PI
VWDQGDUG GHYLDWLRQ LQ WKH FDOFXODWHG GDWD
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