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$UWLFOH ,QIR $EVWUDFW

%HFDXVH UROOHU VFUHHQV DUH FRQQHFWHG WR WKH S
JHHHQ LURQ RUH LQGXUDWLRQ IXUQDFHV RQ WKH RWKHU
FUXFLDO UROH LQ WKH SODQW V SURGXFWLYL®W\ DQG VWH
$FFH S WHSGH RSWLPDO SHUIRUPDQFH DQG VWUXFWXUDO GHVLJQ DUH H
3XEOLVKHGXXQHOLQH LVVXH ZLWK UROOHU VFUHHQV GXULQJ WKH FODVVLILFDWI
WKH UROOV FDXVHG E\ WKH IRUFH H[HUVGHGRENPY WH RSH O Ot
GLVUXSWV WKH XQLIRUPLW\ RI WKH JDS EHWZHHQ WKH UR
WKH VFUHHQ DQG WKH RYHUDOO SHUIRUPDQFH RI WKH FL

S5HFHL®%ISGLO
5HFHLYHG LQ 5HYDVHG

2, MPH RI WKLV LVVXH QR VWXGLHV KDYH EWRHQ H{R Q &/XFN E\G WKRI
.H\ZRUGV SHOOHWYVY GXULQJ FODVVLILFDWLRQ RQ WKH VFUHHQ RU W

UROOV 7KHUHIRUH WKLV VWXG\ HPSQRWHWKOH B H QMU A MM k
SROOHU VFUHHQ (0 )(0 FRXSOLQJ VLPXODWLRQ WHFKQUVWH WAR HH [ DVAKIHQ |
‘(0 PHFKDQLFDO EHKDYLRU RI UROOV DQG WR RSWLPL]H WK
(0 LQGLFDWHG WKDW GHFUHDVLQJ WKH UROO GLDPHWHU IUF

&RXSOLOJ LQFUHDVH LQ WKH DYHUDJH WRWDO GHIRUPDWKRQ RI WE
Q WKLFNQHVYV RI WKH SRO\XUHWKDQH OLQHU IURP PP WR
7RWDO GHIRUPDWLRQ GHIRUPDWLRQ WR ULVH E\ WLPHV

,QWURGXFWLRQ

7KH UROOHU VFUHHQ XWLOL]HBQIR R SWUD WQ BQWDIO LIFDWALIRHD F\ RI WK
Rl JUHHQ LURQ RUH SHOOHWYV KPULWHFROH IL\Q EWHDVI@IQFDQWO\ FRQ
SUHYDOHQW RZLQJ WR LWV QXP NURX % IDREGHDFRIVMLLY LW K @ARK-HBBOOH WL
SOD\ D FUXFLDO UROH LQ HQK D GHLOQIHWK HSHIRIGFAHHG \I| DR SHOOHWL]L
SURGXFWLYLW\ Rl WKH SHOOHWDJWI®J WUDRBRXLWYUHGYV ERQBILWR/OOHU
LQFOXGH KLJK HIILFLHQF\ DQG FOISDWALIWL AMWERRVYQRLWISLFDOO\ UDQ
JUHHQ SHOOHWYVY ORZ QRLVH JHR® UDLVDPRIQHRL QLRI B OHBIXEH DW € G HILQ
UHTXLUHPHQWY DELOLW\ WR KBQIBHO® XKNURD\H®WIQFNERWK ODERUD
PDWHULDOV ZLWK HOHYDWHG FRMMDQIN FRQWIHQW MIQEHYHUDO U]
UHGXFHG GDPDJH WR JUHHQ S H®LDHPWW HUKHWDHF QHQMWX DNW D SDUWLFX(
KDYH PDEHHTXLSPHQW HVVHQWLD® IBWGSVHSQDWOE DVSHHG 7KLV GHV
VXLWDEOH IHHG IRU LQGXUDWLRRRNH®BYW7R H SUHROGDOHMMAVTFAIRIP! I WIKIHQU |
VHUYHV DV D YLWDO OLQN EHWRHKHY WERFENQOWWH]UQSWEEWZHHQ \
EDOOLQJ HTXLSPHQW VXFK DVWXHOOH®RUDNLBQVRY RUWHHQ SHOOH\
GUXPV DQG LQGXUDWLRQ IXUQDGEHNH @KLLE® VH i BIPRULY K@U WRY DQ DUH
FRQQHFW PKKLIHQHMHVPDQG FUHDWH D HIGIRWVHG MR DXL X\DKUHVIHQLMVR D KWHK U FiL
7KXV HQVXULQJ WKH RSWLPDO OGHMMWIQ WKW VWHOIFRWHRQMP J & LIRS H Q

E &RUUHVSRQGQRS$ DXYDMMKVRUXVR DFDLUD VW
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FRQILJXUDWLRQ HPDLEGIKEY SIHQEMWUHHQ SHOOHW FODVVLILFDWLRQ
PHDVXULQJPP WR SDVV WKURXJKIXUH WEH WKH D$8QLW & H RAXAMH DFFIH)
UHPDLQLQJ TXDUWHU RI WKH VRRUHWRH WRID QDR RSHQWEDWO\ LQGXFI
LQFUHDVHV WR PP DOORZLQ@MR W WAK D WNIBWKDIMLRQOXVWUDWHG
RI R)Q]H SHOOHWYV UDQJLQJ IURPEHQWRQJPRWKHNK UHVXOWV LQ HO
DUH VXEVHARWGQ\EON RS MWKH LQGXYDWILRMWIKOQDEKHQ WKH VWUHVV HJ
DV WKk @YHE DSSURSULDWH JDYWSHQIWE VEHUPDQHQW SODVWLF G
DVVLIJQHG WR HDFK VHIJPHQW RISWHWLFROOMO \VIFQ MHKH FH@OMW UDO UHJ
GHSHQGVY RQ WKH SHOOHWL]LQJ SODQW VWUDWHJI\ DQG
GRZQVWUHDP IORZ @HTXLUHPHCQ
$V VKRZQJIJXPYB GXULQJ WKF

SURFHVYV Rl JUHHQ SHOOHWYV W Qv
RI WKH SHOOHWY ZLWK WKH VXI DWH
DQ LPSDFW UHVXOWLQJ LQ D V) Undersize A
WKH SHOOHWYV RQWR XKW UROO
UHSUHVHQWY WKH WRWDO IRUF V RQ
WKH UROOV 7KHUHIRUH WKH L VO
XQGHU ORDG WKURXJKRXW WKH 'Q

,Q WKLV FRQWH[W AWKRH VDISES @l
DORQJ ZLWK WKH UHDFWLRQ |
VXSSRUWY WKDW FRQQHFW DQG WKH

ERG\ RI WKH UROOHU VFUHHQ H e p v

EHDULQJY FDQ EH DQDO\]JHG $°
D WKHVH IDFWRUV XQGWDE O JIVIK UPMLKIH UERW FRQVWLWXHQW SDUWYV

FRQGLWLRQV IRU WKH UROOV RI WKH UROOMBU¥WHQHHQ GXULQJ

E $SSOLHG WRWW®R \RKAHRU)DFH RDVE&OBWIODOFDWLRQ RI JUHHQ LURQ RUH SHOOH'

JLIXUHSSSOLHG IRUFHV WR WKH VXUIDFH Rl WKH UROO GXH MVR/RM(BIOFROOL YV
IRUFH; RI )

$FFRUGLQJ WR )LJIXUH E WKODHOWMNWRIFORUDSGDWRWUEDWH JDSV E
GHIRUPDWLRQ RI WKH UROO HWWHWHWQWLOO@\ WRRO G | BEHROABUIOHQH G/ HSD U
UHVXOWY LQ D ORVV RI VWUDLJKRMDOHMW DBANG HIR W ISH RQXEXWHRPWHULDC
RI EHQGLQJ WKH XQLIRUPLW\ BHWRHPDISFHRKRHWKH UROOHU VFUHH
GHYLDWHYV VLIQLILFDQWO\ |URPOMWKHUDGHKLA VYG®MWHD WIHV DBVKDW W KH |
UHWXOWUDQVMUKHLBOPGWY WRNMARRSUHKHQVLYH SHUIRUPDQFH RI U
JUDLQHG DUHD DQG ILQH JUDLQGSHOQQHWAKN B HODIOHWUR®@XFBURFHVYV
DUHD OHDGV WR ERWK D TXDQWR®WDA RH NDHQGSDXDRPHWB WY YRQ WKH !
GHFUHDVH LQ WKH HIILFLHQ#F\ RURNMKIHURFOHB Q/ UHHPHDQQV XQFOHDU
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ODFN RI HVWDEOLVKHG NQRZOH®IGHUHG EY FIS@QIWNV WMWMKHFRQVWUDLQ W\
VFUHHQLQJ SURFHVV WKDW XVWLYDL|GIMEQOROOQYHVYWPHRR@QNV FRVWYV DV
JXUWKHUPRUH WKH VXERSWLP DL \5W D OROIPWIOFF@IY RD WHKHIJHTXHQW O\ G
UROOHU VFUHHQ FRQWULEXWHV.KWBHORYYHWYL P QI\H®O HWHYMQJ \LHOC
SODQWY 7KXV LW ZRXOG EH HYOHO BOB OL\WWKRHUPRWE XD W KHWHUR.
WKHRUHWLFFRRDFDQABYBDUFK WRLNFDOXWHVOHVMOIWVOGDQG DQLVRWURS\ RI
RSWLPL]JH LWV GHVLIJQ FRQVWUXRWERQFDWEB WKUHIBUPD®RIFFH EHKDYLRU
7KLV UHVHDUFK LV FUXFLDO IRU RAQKDIQ WIRQ WWHK HLWIHUBERWLRQV EHW.:
DQG SURGXFWLYLW\ RI WKH HQWHWHHSF®D GWUWIOFROHV PRWKJIJHRPHWU
MXVWLILHG DQG@OY®GEGHVVIWWDQGLEKRIPS\WKH LW DQG KLIWHGRVWWK DVV]
UROOLQJ VFUHHQLQJ SURFHV?DQIDWAMNLXXO@IU ODEWRKBWRU\ HTXLSF
LOQWHUDFWLRQVY EHWZHHQ WKHWEBHOWHRH DI)IEGC GWKHFX®RWO LQYROYH
VXUIDFH QHFHVVVYWDOWMHYV VVREINNOHWPHQWDO VWXGLHV UHQGHU 1
+RZHYHU FRQGXFWLQJ H[SHULBHQWN® UHRPFADPURKHQYLYH LOQYHVWI
IXBDOH LQGXVWULDO SODQWSDUTRPVHHVYULFLYQIXGEBR@RI SDUWLFOH
FKDO-DHQ34RZHYHU RQOLQH DQDO\WLV LV RIWHQ

Force (Fr)

Deflection (d)

D $SSOLHG IRUFHP QGRUMDHFWIRRO® | FUFHSSDUHG EHQGLQJ VWUHVY WR WKH UROO I
DSSOLHG WR WKH UROO E\ FROOLVLRQ RI SHOOHW DQG VXSSRUWYV
EHDULQJY UHVSHFWLYHO\

JLIXUHBSSOLHG IRUFHY DQG UHVXOWDQW EHQGLQJ VWUHVV WR WKH UR

6LPXODWLRQV KDYH EHFRPH D FAO@HX®D DWLIQOIL WIGHWIRRIGHY UHVXOWL
LQ WKH GHVLJQ DQG RSWLPL]DPSIDRFW RR WEXEXYRQOQ DVXUIDFH LW LV
SURFHVVHV 2ZLQJ WR WKH KLIJKMK\HGRNFKB@LH ®WKHKB YRIRU RI WKH
JUDQXODU PDWHULDOV LW LV DWRWBICS DOMHBUW B IVWRED DV IGF XHIDXWWD O
PHGLD ZLOO UHTXLUH D GLVFUHW®YHPWIORPX OCHWHKRYG PHIWKRIG/ WKH PRV
OHFKDOQRRGBOLQJ DQG QXPHULFDHOW KIEFREX O\DWPXROWLQJ DQG FDOFXOI
XVLQJ WKH GLVFUHWH HOHPHQWE WPKDIMKR® V'(P(OFDWQ FROVLGHUHG D UR
HPSOR\HG LQ RUGHU WR LQYHVINEIDWRBFKKHRBODGWGIUHNYWQRRQFRPSOH
EHKDYLRU RI JUHHQ SHOOHWY RSUPBPEORICOHU FREHIOQ IZKPIPDWHULDOV
SURSHUO\ FDOLEUDWHG DQG Y DURGHWWEHW KLYWSSFDRCHKIHRPHWUL
FDQ HIIHFWIEYWHONKSEUKBGEQDPLF DFRGLWEKRQAV DQG PXOWLSGHIRERXQGDU
EHKDYLRU RI SHOOHWY RQ UROSORQELGROPMQRELE HWIKGI PRBWRQWDJIHV F
SHOSHOM HW DRG G HQWHWDFWLRIQ/Y HYONILMDDNLQJ WKH UHDFWLRQV DQ
ZLGHO\ XWLOL]J]HG UHVHDUFK DQGFGHYRORKG A Y WK QUGRHRW WKH WPSDFW
SUHGLFWYVY WKH PDFURVFRSLF BUKBYLEBHORHWDUWWFIOHWVVHQWLDO
WKURXJK D PLFURY KOS LHFPBORUR®FRFXODWHG WKURXJK '(0 VLPXODWL
'(0 LW LV SRVVLEOH WR VLPXODODHNV VRIIHP IRFAHHMVY BRWLRRQQHFWLQJ
EHWZHHQ SHOOHWYSHOQQHRWXGQQMHOMMWMMI ULQJ GDWD REWDLQHG IURI
UROO LQWHUDFWLRQV 7KLV UHVXOM? XADWKRQFWERXROBD WRR®/ IRQXRXV
WKH IRUHHHYWHG ZKHQ D SHOOHW WFRIGIUQUGHKY WR VW) (W PHHWRRGSOHG ' (
WKH UROO GBXWHIFNLPXODWLQJ WKIHV' (0SBQRBRDFK IDFLOLWDWHY DQ DFF
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WKH LOQWHUDFWLRQ EHWZHHQ WXHO RVUIFRY MRUWHGXEWWKBIO DQG S
LPSDFW Rl WKH SHOOHWYV DQG WRH HMNXOWKB JSEMYREPOWLR® G\QDPL
RI WKH UROOV FDXVH® KN WKXSOSMBDFMFOHY SDUWLFXODUO\ WKH IRU
'(0 )(0 QXPHULFDO VLPXODWIFR®OLPHWRRGZLWK WKH JHRPHWU\ RI
HITHFWLYHO\ LQWHJUDWHY WKH HMWSHHFQDW RV RIKWKHRQOVY.Q KDV QRW |
FKDUDFWHUL]LQJ JUDQXODU SD DW DPOHEHKEYIHR U 7 L ARKP BKHK HQV LY F
)(0 ZKLFK H[FHOV LQ DGGUHVVL QGEBHHVVQD SUREAHPYWHUDFWLRQ EH
LQ URO@Y WKLV UHVHDUFK ZRUNJHMRPH &V IRQE DELAH U HHWHJIRDDQ/G FO H
RI UROOHU VFUHHQ UROOV ZDWPWRGMIH®LRWOLRU URD®OHU VFUHHQV |
EDVHG RQ WKH SULQFLSOHV RI IKRFWILEXOR @HFAKD QDFWLQJ 6HYHUDC
ZKHUHDV WKH SHOOHWYV ZHUH UWRSQEXHFPWISGRIV G VMROQF W BRI RI Y
LQGHSHQGHQW SDUWLFOHV WKURXIKHIU WRLDFERRQWRRQIOWKH '(0
GLVFRQWLQXLWLHV PHWKRG 7KHVH VWXGLHVLEAW RQO\ \
8QOLNH YLEUDWLQJ VFUHHQ VP RZKLAFHKQ W DEHW EHHVR LQYHVWLJIDWHG
HIWHQVLYHO\ VWXGLHG WR VLPX@WMWWHD AWKHR QVREHWRWHE® QDIOH SDUW
DQG PHFKDQLFDO EHKDYLRUV X8SD@PWHY D@G PHFKHYV &RQVHTXHQWO
'(0 )(0 FRXSOLQJ PHWKRGV FRPSHHNKHONUWHG RQ WKH VFUHHQ SOL
UHVHDUFK RQ WKH IXQFWLRQD®H VHPXIOMDLIROH @A KIRND B WH CBR VL W L
VFUHHQV XVLJ0 WRHSQOPHWKRG PQWFRPHY RI WKHVH VWXGLHV KLJKO
)(0 UHPDLQV OLPLWHG &XUUHQ®WHQHRXWBWLRE® HIWKGEHWHQHVY RI HP
RI UROOHU VFUHHQV DUH SULPDWROD MU VWWWUHFQNG ,WRLW KHFSSRUWHNVDQW
RI '(0 DORQH &KHUHSDNKD HW DOR HPBHORWHR QG '(0 VWXGLHV RI L
VLPXODWLRQV WR H[DPLQH WK H X{WILHOAWNGR D WWKIK B U DPBIGHSHB OWW VK|
OHQJWK DQG URWDWLRWY ZE OS5 MY® RO MK HQROMIM FRQWDFW PRGHO
WKH LQFOLQDWLRQ DQJOH RI W KH @DRUCRQHU Z\L AUKH WO WX O YAYVI DEIRP H[SH
DQG WKH QXPEHU RI UROOV OH@ERQIGRFWHGEG BRODHIDERUBM® U\ UROC
RQ WKH HIILFLHQF\ DQG SHUIRGPDQEHDRVLR®HRUKBQMDFW SDUDPHYV
VFUHHQ@ -DYDKHUL HW DO VLWPK®®RAHG] DMKG DFWXDO VKDSH RI W
LQYHVWLIJDWHG YDULRXV UHJLPKWWHUR®QFURWODMQAR FRGWBEW PRG]
DQG LQFOLQDWLRQ DQJOH RI W K DR R S QDN HHSRIRFCESFW ND F(® VLP X O
RQ WKH SHUIRUPDQFH FULWHU LDHWRX OMWKWH WRDWHDUWFBRHE FRQVLVV
XVLQJ '(0 VLPXOBWLRQY HW DOH[BBURPHQWDO RXWFRPHV 6R WKH
HPSOR\HGN'ROH[DPLQH WKH HIIHFRWYWRLGHUH® XRUH UHOLDEOH DQG U
SHUIRUPDQFH SDUDPHWHUV LQNOXGLQD WIRHD @ BB OLRDHHLER QY LQYHVYV
DQJOH GLDPHWHU DQG URWDWWR®H XSMHGJ R ( OWKGHGH)R GVERHGRHQHL. O R S D
WKH HIILFLHQF\ RI W K26 LIDR'WOMWFRBRISIDHHE ) ((0 PRGHO )ROORZLQJ W]
XWLOL]JHG '(0 WR H[DPLQH WKH HVVWHFE\OL \RI PHRWD RILREKLY FRXSOLQJ
VSHHG DQG GLDPHWHU Rl WKH URBRQ IIRQWXKWDUR AIMHD UPBHHQ WKH
LQFOLQDWLRQ DQJOH RI WKH UROOWMKHVFREBEYQ DQFIOXEL@R® KH WRW
IHHGLQJ UDWH RQ WKB Q3| GRXEDHT RLYRQBQMW VWUHVV H[SHULHQFHG
GHFN UROOCHW@WWOFDBRNKHU VWX GH GBI/ WDRHWKH LPSDFW ORDG RI WKH
DO HPSOR\HG D '(0 WR LQYHVWEODWWLWRKBWLUIRFVWUMRAHYW 7KH FRX
WKH PRLVWXUH FRQWHQW DQG JPBWKR B WLVRE GIQVW K LEXWWMDRE RIHS UH\
WKH LQSXW IHHG RQ WKHGSHWIRDBBQR B FXI \B KDV HIHDEOHYV SDUDPHWU
UROOHU VFUHHQ 7KH\ DOVR DQ DNRQWE W KF LIPSO FWRRD GBI HVV LVVXH
RSHQLQJ LQ @ DG MINDYDOKR HMKLF® ABRFB WKH HIILFLHQF\ RI WKH
FRQGXFWHG D '(0 VLPXODWLRQ YWRFGAVRQGRUGRIBDKH FODVVLILFDWLF
GHFN UROOHU VFUHHQ WR LQYHWKRUIPXUHK S\W VY DPHIW B UP IBHAH. JQ D QDC
FRQFHUQLQJ YDULRXV IDFWRUWRQVWLIPFPOXKEWQY RSRADLGE DO FRQVWUXF\
FDSDFLW\ WKH QXPEHU RI FRQV 3/URSRNHEG UDDRY JWEHMXKH GHVKJIQ UH
RI WKH ILUVW GHFN WKW KLH) BD 8§ BROFHRIQ D QIIOMRK MO DQG WKLFNQHV
RSHQLQJ EHWZHHQ WKH WR®OV BROWH NWKRQGE GHAEN OLQHU IRU WK
,Q VXPPDU\ SUHYLRXV VWXGHRRPRMQGEMWLRQV DLP WR PLQLPL]
VLPXODWLRQ Rl UROOHU VFUHHQVIKBWN RU MPHH IGH\ RRIPYOWHLGRQ DQG EF
RQ HYDOXDWLQJ WKH SHUIRUPDWRH WRH EW KKHY/GUWNWYH B Q WIKM VLJIQLILF
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ILQDQFLDO FKDOOHQJHV HQFR)
SODQWYV

ODWHULDO DQG OHWKRGV
/IDERUDWRU\ UROOHU VFUHHQ

$W WKH RXWVHW H[SHULPHQ'
VFUHHQ ZHUH FRQGXFWHG XVLC(
VFUHHQ L O QXIWWHDMWWHG LRH VW
DQG IXQFWLRQDO FKDUDFWHUL"
DQEJIJXUH/ KHVH H[SHULPHQWDO
UROOHU VFUHHQLQJ SURFHVYV RI IKH
IRXQGDWLRQ IRU W(HVERX®DMMG

GLVFXVVHG LQ WKLV VWXG\ 7KHq\wﬁvﬁﬁrffB%%WH\EQL@%/JQ%%'@%ULDUV\Q%UESﬁ%ﬂ

GHWDLOHG *@UHIHUHQFH

7DEOH 6SHFLILFDWLRQV DOQG RSHUDWLQJ SDUDPHWHUV RI WKH O

6SHFELIL 9D C
5RO0O GLDF
5RO0O OH(
&RQVWUXFWLRQ SODWHAHWHDW\SH RI URRDXIUHNWKDQH 38
ODWHULDO W\ 6WUXFW
5ROO0O (

YJHHGLQJ UDWH W K

2sHUDWLRQDO sDYURBEWHYYRRVHIRY

,QFOLQDWLRQ $GMXVWIE

PU, Dia.=40 mm
Structural steel, Dia.=20 mm

Thk.=10 mm

L=480 mm
JLIXUH 6SHFLILFDWLRQ RI WKH UROO RI ODERUDWRU\ UROO

SHOOHWRE&BSGBLQJ 6ROXWLRQV ZDV XWLOL]JHG WR SHUIRI

ORGHOLQJ WKH DEwxDO vkDs RN W% W.Vgﬂl%f%(ﬁ \;@SPWOZHDUU,Xl
SHOOHWY ZKLEK FRQWDLQ - : 1RY SHOOF
EHQWRQLWH ZDV FRQGXEFWHG Lg@ h q@%gg%

J

LPDJHVY REWDLQHG IURP H[SHU ZLWK H[SH

UHVXOWYV RI WKHYVBHLUWHYHY0 DUH \NgggF UHﬂHﬂfﬂﬂFUV'N
VRIWZDUH YHUVLRQ (GL Hg Q Q

13.2 mm 12.3 mm

D 5HD/KDSH RI SHOOHW 6LPXODWB®H RI SHOOHW
JLIXUH ORGHOLQJ WKH VKDSH RI PDJQHWLWH SHOOHW>ZI@VK PRLVWXL

13.12 mm
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'"HWHUPLQDWLRQ RI FRQWDFW?EKIBIUGDLPH—I—V‘Q—VLIL‘RQDO GLVWULEXWLRQ R

'Q WKLV VWXG\ IRU WKH 1LUVRYWYKH @OXVKVX'USF\{N(
WHVWYV UHJDUGLQJ WKH JUHHQ s % QWDFW
GHWHUPLOH WKH FROQWDEW SDU QWDEW
SHOOHW LQFOXGLQJ GURS LQF

BUH VKI
RI' UHSRVH $25 DQG WXPEO
$GGLWLRPWOFDO WHVWV VX LRQ WHVW\/'\_/\L/RLODOOXVS\‘
JUDYLW\ DQG GLPHQVLRQDO GL K GQHFN 5
PHFKDQLFDO WHVWY LQFOXGLQ

\LHOG VWUHQJIJWK WHVWV ZHUHI ’g %ﬁg}/\,@ R[i HWHU
TIRTA

WHVWYV 1B HODHINO HIR® 5 HQOWHW
ZHUH FRQGXFWH G/ LRXIODW LR QV e{P DQG SDUWLFOH VKDSH UM

QRYHOW\ WKH UHVXOW\W D@H SUHVHQWHG LQ 7TDEOH

7TDEOH SURSHUWLHY DQG LQWHUDFWLRQ SDUDPHWHUV XWRWL]HG LQ ('(0
PDJOQHWLWH SHOOHWV ZLWK DFWXDO VKDSH

3DUDPHWHUV 8QLW 9DOXHV

3HOOHW SURSHUWLHV
3HOOHW W\SH 0DJQHWLWH
3HOOHW PRL
3HOOHW EHC
3HOOHW! NJ
*HRPHWU\ ! NJ
3RLVVRQ 3HOOHW >
6KHDU PR( 3HOOHW : H t
3HOOHW \L H
3HOOHW V 2YHUODSSL
3HOOHW VL]H GLVWULEXWLRQ PP +
THVW F % X O N
3HOOF N D
YHHG NJ
7LPH '
7LPH
6LPXODW '

&RQWDFW SDUDPHWHUV

3K\WVLFV IRU R3H(SH:! +HIOLQGOLQ

3K\WVLFV IRU R 3H(JHRP +\VWHUH)

6XUIDFH HQHUJ\ IRU WKH LOQWHUDFWLRQ RI

SHO (4 PP WR Sts Pl

'DPSLQJ

6WLIIQH

&2'33 & 23+

Vi v+

Us U3

&253DQG &2FRHIILFLHQW RI UHYMOQLOEKW IDRR®M R HQIHHDWHAW LRQVY UHVSHFWLYH
vaDQGx VWDWLF IULFWLRQ $REOHMAL BQW CBRHO WHWOAWLRQV UHVSHFWLYHO\
uaDQGz UROOLQJ IULFWLRQ FROOHWMLBQQ®  CCRHO BHYWDODHWLRQV UHVSHFWLYHO\

¢ 00.'

Undersize pellet ~ On-size pellet ~ On-size pellet Oversize pellet Oversize pellet
(6-9.5 mm) 9.5-12.5 mm) (12.5-16 mm) (16-19 mm) (19-22 mm)

YLIXUH 'LITHUHQW SDUWLFOH VL]HV RI SHOGHW® IRU '(0 VLPXODWLF
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JLIXUH 6SHFLILFDWLRQ RI DSSOLHG UROOHU VFUHHQ IRU '(0 VL

D E
J)LIXUH ('(0O VLPXODWLRQ RI UROOHU VFUHHQ WR FODVVLI\ JUF
ORGHOLQJ UROO JHRPHWU\ DLPHG WR HVWDEOLVK FRPSUHK

7R FRQGXFW )(0 VLPXODWLRQ HFDV\(JLDRPQHWDUGLC
VEUHHQ DQDO\VLV RI WKH PHF L|§QHG FAvir
UROOV LQFOXGLQJ WKH VLJQLI
HTXLYDOHQW VWUHVYV DUH DLPH D}&Lé)é
H[HUWHG E\ WKH SHOOHWV

VHSDUDWLRQ V§RFRWGLD WKH

JHRPHWU\ RI WKH UROOHU VFUHHQ LS%PUW%%%JJ&OLQNV UROOV

ZDV PRGHOHG XVLQJ $XWRGHVN %HHADXW RUWKRIVEZDPHWHU RI WKH U

DQG 'HVLJQ ORGHOHU LQ $16<6 YHRRHRQ@LF SPUDPHWHU WKDW LQIOXE

LQ DFFRUGDQFH ZLWK WKH VSHEHKPYWRRBQYVDIULRKVGHG VRBXODWLRQ)\

WKH ODERUDWRU\ UROOHAKHVFUHUBIK FROE®HWHG WR H[DPLQH WKH

ERXQGDU\ FRQGLWLRQVYLIKWMWKHEUBRKOWHIR ZIKHQFRQGLWLRQV IRU WK

XWLOL]HG LQ WKH )(0 VLPXODW IZRQWRDWOR 2\M0 GXRMOU BWHREH W@ UV R

JLIXUHE PP PP PP DQG PP D 38 WKLF

R PP DQG 38 VKHDU PRGXOXYV RI

,QYHVWLIDWLRQ RI DIIHFWLQJ SDUDPHWHUV RQ

PHFKDQLFDO EHKDYLRU RI UROO 7TKLENQHVYV RI 38

$IWHU FRQGXFWLQJ D VLPXODWALRIEDRYHNKEHLYOXVHG DV D OLQHU II
)J)(0O FRXSOLQJ PHWKRG IRU WKWR QRO RZULQVFWRHRQWY KLJK ZHDU UH
LQYHVWLIJDWLRQ RI WKH PHFKDQUEFDOLPHXRDWIRRQR WWKMW VYL RMWWKH IL
UROO RI WKH UROOHU VFUHHQ ZFRIGFEXIEW MWK X PRNW GHLU LMIHQ@W 38 WKL
FRPSRQHQW GXULQJ WKH URO OMKWH \EBWHHGIVOQHU 8 UIRFRHWKH ) (0 VLPXO

IROORZV HRMAHW GLBPP 38 WKLFNQHV\
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PP PP PP PP PP DQG PKPD @IHE LWV PHFKDQLFDO SURSHUWL

38 VKHDU PRGXOXV RI 03D PHFKDQLFDO EHKDYLRU RI WKH URO(
LPSDFW IRUFHVY LW LV HVVHQWLDO W
6KHDU PRGXOXV RI 38 Rl WKHVH FKDQJHMNRQLWWHFW¥ KBIU B8

VFUHHQLQJ SURFHVV $V 38 Lv3§6 A UO;SGDXO
FKHPLFDOQRHKEVDMDNVHULQJ LWV EISH Q
VWUXEWXUH SDUWLEXODUO\ LWW3BROHEXODU ZHLJKW

,Q DGGLWLRQ WR WKH WKLF@ ChREO Y1 WVI)(O NPT
FKDUDFWHULVWLFV RI 38 LWV I%Q/ H UV\?\,V \?V?(H
VXFK DV WKH VKHDU PRGXOXV D ’ ] RZV URO
WKH PHFKDQLFDO EHKDYLRU RI a %% W §| )

\
M

D $ WEGUAHQVLRQDO JHRPHWU\ RI WKH UROOHU VFUHHQ SUHSDUHGES<®XWRGHVN ,Q"
VRIWZDUH

E $SSOLHG ERXQGDU\ FRQGLWLRQV IRU )(0 VLPXODWLRQ RI UROO
JLIXUH ORGHOLQJ JHRPHWU\ RI UROOHU VFUHHQ UROOV IRR@& DSSOLHG E

SHVXOWY DQG 'LVFXVVLRQ $QDO\WLYV UHVXOWY RI PHFKDQLFDC
$SSOLHG IRUFH UHVXOWLQJ IWRODPSDFW ORDG RI

SHOOHWV 7KH UHVXOWV RI WKH DQDO\VLV RI

7KH WRWDODSSGHHG WR HDFKEHWKOY LEXNWLRI WKH ILUVW UROOHU VF
WKH SHOOHW FODVVLILFDWLRQWKHAHEGYV\DOREXWZRYK DMKHS UHVHQW
DYHUDJH WRWDO IRUFH H[HUWHG Fo® WHGH RIR QDM UH VEORZQW AV HYLG
JLIXUH7KH KLJKHVW IRUFH LV H[GHWMYEGROL A& HUHWRKHY LWV PD[LPXF
UROO ZKHUH WKH SHOOHWYV FR G®IQEHU B ®UWLBJIL RE HRIUWKBDQROOU HQF |
IURP WKH FKXWH WR WKH UROBUHRBMFWHR® L7TKEOXGUFHWKH VXUIDF

PHDVXUHV 1 ZKLFK LV WISRHQY WURDWRHWFW KIDSBEOLFDWLRQ DQG
WKH DYHUDJH IRUFH DSSOLHG WR QWHQWRRD &/'6 RIRWKBIWLRQOHWDY SUL
VFQHH REVHUYHG LQ WKHVH DUHDV &RQYHU

YDOXH RI WKH WRWDO GHIRUPDWLRQ
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RI WKH UROO VSHFLILFDOO\ DWKWKH EWBVBOZKHUHR @ KELWK YDOXH\
VXSSRUW DQG EHDULQJ DUH FROQHFWEGG SECWUBDWH W RUHDFKLQJ D
JLJXUH E WKH HTXLYDOHQW VWUHVV DSSOLHG WR WKH
VXUIDFH DQG D[LV Rl WKH UROO ZKLFK GHPRQVWUDWHYV D
XQLIRUP GLVWULEXWLRQ ZDV PLQLPDO +RZHYHU DW WKH
FROQHFWRLQWY EHWZHHQ WKH VWUXFWXUDO VWHHO VKDIW
DQG 38 OLQHU LQ WKH XSSHU DQG ORZHU VHEWLRQV RI WKH
UROO VKDIW D[LV WKHUH LV D FRQFHQWUDWLRQ RI VWUHVV $V
WKH VWUHVY FRQFHQWUDWLRQ DSSURDFKHV WR WKH D[LV RI
WKH UROO LWV PDJQLWXGH GLPLQLVKHV XOWLPDWHO\
UHRBK D PLQLPXP YDOXH $FFRUGLQJ WR )LJIXUH
F WKH VWUHVV DSSOLHG WR WKH VXUIDFH SDWK RI WKH
UROO ZDV PD[LPL]HG LQ WKH FHQWUDO UHJLRQ $V RQH
PRYHV WRZDUG WKH HGJHV RI URO Y v
GHFUHDVH XOWLPDWHO\ UHDFKL)b\qx%%ﬁwﬁ@%?}ég\ggﬂ\g%VVMLV?/\S/SROQLTN‘
HGJHV )XUWKKUPRUK LQGLEDWHYV
VWUHVV DORQJ WKH UROO D[LV SDWK LV DW LWV PLQLPXP LQ

D 7RWBHORUPDWLRQ PP DORQJ UROO VOHHRWNMWRQODQG DFURVV LWV FURVYV
E (TXLYDOWOMNY 03D DORQJ UROO OMRBWKRIXQG DFURVV LWV FURVYV

F (TXLYDOWOQMVYVY LQ VXUIDFH SDWK 03D

G (TXLYDOWQMAVYV LQ D[LDO SDWK 03D

JLIXUH 'LVWULEXWLRQ FRQWRXRIVURIO®H F R D Q DB DLON FHEKIE@RINFRFRMNYD R G DFURV!
DFFRPSDQLHG E\ D OHJHQG WR LOOXVWUDWH WKH FRUUHVSRQ
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$QDO\WLV RI HITHFWV RI VWUXFWXKDEONYITHMMDROBY RQ
PHFKDQLFDO EHKDYLRU RI UROOV’Q WKLV VHFWLRQ WKH LPSDEW RI

LDPHWHU RI UROO WKLENQHVV RI WKH 38 OLQHU RQ W
$V LOOXVWURWHCGRUQD UROO EHKBYDLRU RI WKH ILUVW UROO RI
GLDPHWHU RI PP WKH DYHUD® PLIGICH 5 VR L OMORW V@ DWHG LQ )LIXL
GHIRUPDWLRQ DQG HTXLYDOHQW 3BWQIHYWUDBROAMGHYMUH PP H[KL
DQG WLPHV JUHDWHU WK D Q DMOORNAH RRIGWRMDEA GEZ LDVGKG HTXLYDOH
D GLDPHWHU RI PP UHVSHFWMWKDON ZHUN L QGIEDWHWY HY JUHDWH U
WKDW WKH GLDPHWHU LRIY MKHNVKRYE RIDWKBQ ROO ZLWK D 38 OLQHL
UHODWLRQVKLS ZLWK WKH DYRKIDIH QGCDEGRWHVRD GWYHFW UHODWL
PHEKDQLFDO EHKDYLRU LQ UHWSRICANDHWWR/ WRKHWIRKIFBI® OLQHU DQG
JHOHUDWHG E\ WKH SHOOHW L FPIHFAKD Q L@ DK S MUKRIH@RQER. @ IUHV SR Q
ZLWK WKH IRUFH H[HUWHG RQ WWH H RROFKVVBHEHQDWRO®D KHWEH SHC
FROVWDQW W K HD\JKICSH LRD OW K H OOWBIHRYO\ L QJ UHDVRQ IRU WKLV SKHQOR
VXJIHVWY WKDW DV WKH GLDPHWKHDE | PRIGK QR @ IL W KHHDS/ FRP SD UH C
WKH VXUIDFH DUHD DOVR LOFVYWDWHFW X OBIO &VOHH® R KDIW WKH VKF
GHFUHDVH LQ WKH VWUHVYV H[S/HDIWORHG BEYL WMWK DWRID DM K HWABD QL Q
8QGHU D FROVLVWHQW ORDG LQRUW N SMUUWDOVGUBYXOMKEG LO LO
HOKDQFHV WKH UHVL VAL DVGKRE ) WU 8504 NRW P BVWM. RQ@ WKH UROO 7R PLWLJ
UROO ZKLFK FRQVHTXHQWO\ UHMXOMMY LDQQ G HCOVE HRED W\M OD IUGI G X FH E F
YDOXHV 7KHUHIRUH WKH GH IR WHRIVDIVR QWKHIHEW LOUHMIRPY LQJ WKHL
WKH FROOLVLRQ DQG LPSDFW RRDARM 3HDOHW VR IQH WEKEIFU REHMW Z HW Q
VXUIDFH LV DOVR UHGXFHG UMRERPPWOIDMWEHWR RHQLPL]H WKH WKL
GHIRUPDWLRQ DQG VWUHVV DQ@EGQWR RRL QKM JHUWKHROO DV PXFK L
QHIDWLMHWY RQ WKH DOLJQPH®QVDG B UVADFIIX @OMIRQ 7KLV VKR
EHWZHHQ WKH UROOV LW LV &BPPRFHIGS GWW KWWHWKB[LPXP WKLE
GLDPHWHU RI WKH SULPDU\ URWQW UXGHVX UQ DWHGH DY WKOHW
LPSDFW UROO EH ODUJHU WKDQ WKDW RI WKH RWKHU UROOV

D (I THFW RI UROO GLDPHWHU YDULI E (IIHFW Rl UROO GLDPHWHU YDUL
J)LIXUH O9DULDWLRQ RI WKHRPHRRODQLEDWKESBKOMURQW GLDPHWHUYV

6KHDU PRGXOXV RI 38 IRU WKH UROO ZLWK D 38 OLQHU PRG
7KLY VHFWLRQ H[DPLQHYV WKH7 L% d VH\IQ| DV(\?KﬁQngHl
LQ WKH VKHDU PRGXOXV RI WKH 0 DYLRU
PHFKDQLFDO EHKDYLRU RI WKH VWUHV\
VFUHHQ $V VKRZQ LQ )LJXUH FROOLVLRQ
38 OLQHU PRGXOXV RI 03D WK O\ DIIHEWV WK
WRWDOWIHQUWRDPG HTXLYDOHQW \& E L‘Tf %\/ FRPPHQGH
WLPHYVY JUHDWHU UHVSHFWL I-|| K :fSSB LIEU]\H\AB UR
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D (ITHFW RI 38 WKLFENQHVYV YDULDW E (IlTHFW RI 38 WKLFENQHVY YDULDV

)LIXUH 9DULDWLRQ RI WKH PHFKDQLFDO EHKDYLRUV RI UROO ZLV
D (IIHFW RI 38 VKHDU PRGXOXV YEULQWLRWY RQ 8 KKHDRWIREG XOXV YDULDWLRQ RC
GHIRUPDWLRQ VWUHVYV

JLIXUH 9DULDWLRQ RI WKH PHFKDQLFDO EHKDYLRU RI UROO ZLWK

7KH UHVXOWY RI WKH H[DPERDWH®RQWIRRQ WHRHHIILFLHQW ZLWK D
PHFKDQLFDO EHKDYLRU RI WKH LWQRMOHOMHND ¢ POHH)QTE3bQ LMRUIBVZDUH 7K
UROO UHODWHG WR VWUXFWXUSDEGIVEQWIHHKD®FWRUYV ZHUH
DQDO\]HG XVLQJ VWDWLVWLFDO PHWKRGY DQG WKH 3HDUVRQ

D E
JLIXUH $QDO\WLYVY UHVXOWY RI 3BHDUVRQ FRUUHODWLR® FIREDWHIGI R RI |
VWUXFWXUDO GHVLJQ IDFWRUYV

%DVHEA RQUHW LW LV HYLGHQW UHIOMW MRGHYWIRSWDIOW K W KIHI 88 HWKLFN Q
GHIRUPDWLRQ RI WKH ILUVW UROB® H[EGEEWWHNVQ WRIWUWKH HTXLY]
UHODWLRQVKLS ZLWK WKH 38 VKH@YHRRGXO XWHD@GEV B G LIWR FWKH VKHD!
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7TKHUHIRUH WKH IROORZLQJ UHQRYWERRWIKRGV FDQ EH

GHULYHG WR GHVFULEH WKH PHF = K
UROO LQ UHODWLRQ WR LWV vwgér“%c@l%gﬁbgct@ mmg?VDRQIG ((\)/LDF"

6KF @ABKN| REl PRUH LPSRUWDQWO\ WKH FRXSOHG Pt
e WKLV VWXG\ WKH IROORZLQJ UHVXOW

Xx 7TKH DFWXDO VKDSH RI WKH JUHHQ SH
WKURXJK LPDJH DQDO\VLV DQG HPS
HODS@WR¥WLF K\WWHUHWLF VSULQJ FI

‘KHUH DUH ZDV XWLOL]JHG LQ WKH (0 VWXGLHV

738 WKLFNQHVYV RI 38 PP SHOOHW FODVVLILFDWLRQ SURFHVV
*33 VKHDU PRGXOXV RI 38 03

o WKH (0 \
%\ LGHQWLI\LQJ WKH VWUHVV F’Rp"\f w} Vﬁﬁ ‘FQ%XODWLRQ -
GXULQJ WKH RSHUDWLRQ RI WKH I
FODVVLI\LQJ WKH JUHHQ SHOOHWYV L & i fﬁ%\l&g’é@wv -

WKH OLIHVSDQ RI WKH UROOV ZKLFﬂgslp,g &MWKIﬁl@,lpwlgﬁ AKLY PH
FRPSRQHQWYV RI WKH VFUHHQ 7KLVW@@LE3FH@ Ifa WerRROPR[LPXP YDOXF
PREWLQJ WKH JHRPHWULF FKDUDFWHY&VWIHEY ILEXFKFDWLRQV ZKHUH W
WKH UROO GLDPHWHU DQG PHFK[FQQFBQWL‘BIDJ\RISGIUWLHV

LQFOXGLQJ WKH VKHDU PRGXOXV D
38 OLQHU &RQVHTXHQWO\ XxwLd f@%@u%@ y}’@ﬁ\%ﬁﬂvlsgp\“
UHVXOWY DOORZV IRU WKH GHVLJBSBHwWOG Wi luw@ AN

VWUXFWXUH WIKIH WHKHE\ SHKIRQPID QFW| RV JUHDWHU WKDQ WKH DYHUDJH
WKH VFUHHQ 7KLV LPSURYHPHQW le/@bR/DWM\Qs\HlFQ/EUH@\VHV

ERWK WKH TXDQWLWDWLYH DQG TXD7 Il—'IVk hg‘% g§/® gzL\HXVﬁDIO GHIR

ET

WKH VFUHHQ DV ZHOO DV WKRVH RQ Rl WKH UR
IXUQDFH DQG SHOOHWL]LQJ FLUFXL IW\I/U VWUDLJK
GXUDWLRQ RI VFUHHWQ J®R ZIOVDIRAKO ¥ HTXHQWO\ DIIHFWV WKH XQLIRU|
UHGXFHG ZKLFK LQ WXUQ HQ;&g@md:Hg(g WKH UROOV DO
SURGXFWLYLW\ $ ODUJHU YROXPH @HPEDWHKHNWW@@{ILEEEDQH\U VFUHH G
SURFHVVHG XVLQJ D UROOHU V¥UWNMHQXH GKHPHWYXA@WWVKH UROO GHFU
REWDLQHG FDQ EH DSSOLHG WR WMWRH VWRKGWIRH RWHUDUH YDOXHV RI
SURFHVVLQJ HTXLSPHQW VXFK DV EBBI® AL RQ IMHBUNTXLYDOHQW VWU

UROO LQFUHDVHG E\ DQG WLPHYV

9DOLGDWLRQ Rl REWDLQHG UHVXOKA\WHIRUH WKH GLDPHWHU RI WKH
WKH ILUMDN LLERHOOQFUHDVHG WR PLWL

&RQVLGHULQJ WKH ORZ YDOXHV RQWXoHV LR FHIVHIE W WIHGH IRUPDWLR Q
E\ WKH SHOOHWYV GXULQJ WKH ODERUDWAWLQWH\WWY DV ZHOO DV
WKH LQGXVWULDO VWXGLHV FRQOGX%WHG UHWVLQJIHWH G WE W NQKIDW RI W
WKH VWUHVVHYV DSSOLHG WR WKH URR@WVRPFPRRU RY MR H[WRQLHEOH PDL
SHULRGV RI VFUHHQ RSHUDWLRQ FRQMWD &W piRR ﬁ'eDPHWHU WKH Y]
HSRVXUH OHDGV WR GH|RUPDWLRQG\:&'RW%'€> ELYDOHQW VWU
FRQVHTXHQWO\ D GHFUHDVH LQ L \[/’QG HWbVPRHVUH‘
YDOLGDWH WKH ILQGLQJV RI WKH %{S&Z@? 58S oWoLor
FRXSOHG)(0(OVLPXODWLRQV UHJDU b URSHUWLHV FR@VLGHULQJM

HIITHFWV Rl UROO GLDPHWHU SDUWLFNAHEONKR G I\BKE WKk ENQHVY DO
UROO ZXHWKDVHLQ LPSDFW UROO DQﬁg@Q/@/)@MHV N\{gHULHQFHG E\ WKH UR

KLIJIKHVW OHYHOV RI IRUFH GHIRUP % RG X O XV
ZHOO DV WKH PHFKDQLFDO VWUHGQJ 8 03D
OLQHU LQ LQGXVWULDO VFUHHQV M’V;'ﬁ OpqQaG +

VKRXOG EH LQFUHDVHG $GGLWLRQQ§Q3\L|_R; WWWW%@& 1QFUHDVHG
OLQHMKZID KLJKHU VKHDU PRGXOXVwRREpy UbB)SHE@ LYHO\ 7KHUHIRUH
WKLFNQHVYV VKRXOG EH XVHG $IWHUKBDWS HREXNISGORYHURHY DGYLVDEOF
WKH UHVXOWYV VKRXOG EH H[DPLQHGLRQ®EL AR WKB UGS ALADKVLRQ RI WKH
WKH VWDWH SULRU WR WKH FKDQJHROQ@KLFK ZLOO EH WKH

IRFXV RI IXWXUH UHVHDUFK
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X )LQDOO\ LW ZDV FRQFOXGHG WXDW WHKIDKRYXWEOHG&R@FXUURWFIORXOWL
)(0O QXPHULFDO VLPXODWLRQ PHPWEKRG LQJ R IVXULIWDXOMNU PDWHWQUIAYV 5RO
DQG HIIHFWLYH DSSURDFK IRU LRSURYLERX\EKRBISIXWIPHWKRGY $SSO 0OH
VWUXFWXUH DQG HIILFLHQF\ RIQROOHU VFUHHQV

> @KHQ - :KHHOHU & ,OLF ' &KHQ

SHIHUHQFHV $SSOLFDWLRQ RI RSHQ VRXUFH )(0 DQG '(

> @DUYDOKR 50 7KRPD]LQL $ ' IRX@KREODPIsF BEHOW G RIFOAGHNL RQFRR®&IDO O L

6LOYD % % 7DYDUHV /0 6LPXODWLRQ RI

&ODVVLILFDWLRQ DQG 6'WEJI{DWRD_GB;NL%Q|J+QH§3(,@Q¢I . _RKQVRO - .XOFK

6FUHHQLQJ RI *UHHQ ,URQ 2UBQRHOOHWVXWIRJT "(Px  .ow  &ROI. 'LVFUHW

'QGLDQ . QVW OHW OHWKRGV ' 606t

> @VJKDUL 0 1RDSDUDVW 0 -DK D@D\&[KNUQLO 0 DIDUL $ %DUDGDUDO
QURYWLIDWLRG RI FLIDUMWWH RUINGD GO BROYILE venie yHILer

SODVWLF EHKDYLRU RI JUHH Q LURQ,,slbi,q) @WM&%@IWUHB P Y FHRv D 0 0

HIITLFLH®@¥\3RZGHO 7THFKQR

,PSDFW Rl NH\ SDUDPHWHUV RQ WKdi §R®|—RP'WL$DU<%%WMMQPM REWLPLIH UF
VFUHHQLQJ SHHMWRDRD G THFKQRQURYLGLQJ KLJKHU HIILFLHQF\ LQ JU

FODVVLIKBRPE KR/ UV &KHPLFDO (QJLQH
> @HHU ) 3 -RKQVWRQ (5 'H:ROI -7 OD]XUHN
") OHFKDQLFV RI PDWHULDOV QL‘]@MBYD % % &DUYDOKR 5 0 &XQK

> @DYDKHUL 0 -DIDUL $ %DUDGHMPY®OFRPQWHL L3 $ 7/DYDBBWOLQJ RI
(IlTHFWV RlI 5ROOHUV 6SHHG 5HQPMVR O mMPMWL BRORDIHWIRQ RUH JUHHQ SH(

6FUHHQ (IIQEQHQFBURFHVV ([wWU 0KWb®b GLVFUHWH LRGBSy RHR Wo BBIW KR C
$JORPHUDOmMR OL@pULRYV

> @LNLQV . $ B8FJXO 0 %DUU - % @O0 % %HWkXQKD (5 &DUYDOKR 5
DO 5HYLHZ RI 'LVFUHWH (OHPHQwW O0HWRRBLQJ DQG VLPXODWLRQ RI JU

6LPXODWLRQV RI 6RLO 7LO®DUHFDQ§|'|2 QU WZzFODMYILOGFDWLRQ LQ D V LQJOH ¢
H GLVFUHWH FBQREBHQW?7 IR FKKRDG
> @DQJ = - /LDQ ; 6DYDUL & %DU_,LJRX 0

(YDOXDWLQJ WKH HIIHEVWIQYG BRYV RI
'(0 IRU FRPSOH[ SLSH IORZ VLPX@DV@_R?Q{\,DCZ@WR DPREGUtIXHNQOPLF

ZLWKRXW SOHRV L(FJIHBFL ORGHOLQJ RI D 9LEUDWLQJ 6FUHHQ &RQ\
. HUWLD DOG )RUFH Rl WKH 2UH RYHU WK
> @UDQGW 9  *UDERZVNL - -XUW[wlk 'tYPEAWHO(GKRAQWLEHWKRG

LUXJIJPOGHQ  + '(0 DQG '&Q'
PRGHOLQJ RI VIVWHPV ZLWK JHRPHWU@N#W)—WL@LFWBR%QWV@JO -DKDQL
D QHZ SDUWLFOH OEHD’\HDRRRBDVHGJ@’&@@\[YLQ@J WKH UROOHU VFUHHQ HIILFLH
DSSURRFEIGHU 7THFKQRO RQ SHOOHWYV XVLQJ '(0 VLPXODWLRQ

D G LPSOHPHQWLQJ EBGYQBRARIHUIXUDV
>@x 1 :DQJ ; /LQ ' =XR Q Q Q erQ

1XPHULFDO 6LPXODWLRQ DQG 2swipL D?NLRQ RI 6FUHHQLQJ
BURFHVV IRU 9L)BDRIWERUHHIL S%DVHG@ERHKDUL 0 1RDSDUDVW 0 -DKDQL
'LVFUHWH (OHPHILGN WIHH WEBRBHQW ORSKRRHQWDWLRQ RI (0 WR FDOLEUDWH F

0OXOMWRG\ '\QDPLFV &RXS)G)Q(BIJJDEDWKFDG/ D QRYHO VLPXODWLRQ RI WKH HODVMW
JUHHQ LURQ SHOOHW FGBVYVBIRHGHE\N UR O
> @KHQJ + T7KRUQWRQ $5 /XGlufFkqglko *DIHO
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