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I1XPHULFDO GRIRBRODWDRQ &XWWLQJ DQG /.

JRUPDWDK@ QQOHFKDQL]HG 0LQLQJ )DF

<XDQ <RM@XJ 6KHQ.ORU :HQPLEDR&KHQJ

.H\ /DERUDWRU\ RI '"HHS &RDO 5HVRXUFH OLQLQJ &807 O0LQlL

8QLYHUVLW\ RI OLQLQJ DQG 7THFKQRORJ\ ;X]KRX -LDQJV
6WDWH .H\ /DERUDWRU\ Rl &RDO 5HVRXUFHV DQG 6DIH OLQLQ
8QLYHUVLW\ RI OLQLQJ DQG 7THFKQRORJ\ ;X]KRX -LDQJV

$SEVWUDRWGLIILFXOW WR DFFXUDWHO\ FDOFXODWH WKH OXPS FRD
7KHUHIRUH D QXPHULFDO VLPXODWLRQ RI WKH FRDO ZDOO FXV
H[SDQVLRQ GHYHORSPHQW HYROXWLRQ LQ WKH FRDO ERG\ DQC
PHFKDQLVP ZDV SHUIRUPHG LQ 3)& ' ORUHRYHU D FRUUHODWLRC
IRUFH DQG OXPS FRDO IRUPDWLRQ DQG D VWDWLVWLFDO DQDO\V|
FRDO UDWH 7KH IROORZLQJ FRQFOXVLRQV DWRINW GEDDX@ R BB P QV K
FRDO ZDOO FXWWLQJ PRGHO ZDV HVWDEOLVKHG %\ VHWWLQJ WK
DQG VLPXODWLQJ WKH UROOHU FXWWLQJ SURFHVV RI WKH FRD!
HIIHFWLYHO\ VLPXODWHG DQG DFFXUDWH OXPS FRDO UDWH VWD
VWUHVV WKH FRDO ERG\ LQ WKH ZRUNLQJ IDFH XQGHUZHQW WKUH
H[SDQVLRQ DQG IUDFWXUH SHQHW U D WLKRJD PMRX LRHU I LOXHFFSV ERQ C
RUWKRJRQDO WR WKH FXWWLQJ SUHVVXUH FKDLQ :LWKLQ D FHUYV
RI WKH UROOHU LQFUHDVHG WKH QXPEHU RI QHZ IUDFWXUHV L
VWDELOBM®HU WKH FXWWLQJ VWUHVV WKH IUDFWXUWHWGERRDO EF
IRUPLQJ D FRPSDFW FRUH 7KH IRUPDWLRQ DQG GHVWUXFWLRQ R
WKH FXWWLQJ IRUFH 7KH IOXFWXDWXNWRKHD PEDOWOGN Z D V YSHRIV/IL X\
VLPXODWLRQ GLG QRW FRQVLGHU VHFRQGDU\ GDPDJH LQ WKH FR
WKDQ WKH DFWXDO OXPS FRDO UDWH LQ WKH ZRUNLQJ IDFH WKL
OXPS FRDO ZLWK D GLDPHWHU JUHDWHU WKDQ PP
_H\ZRUPBRMO O\ PHFKD QX PHSGF OO DBWXUH & XWX \WAMBWEFOH IORZ
VLPXODWLRQ

 QWURGXFWLRQ

$V DQ LPSRUWDQW IRVVLO IXHO LQ &KLQD FRDO LV XVHG DV
LQFOXGLQJ WKH FKHBUF® @ PLSRAWIQW VYRXGUFH RI LQGXVWULDO K
7KH OXPS FRDQ WIXWH UKIFKWLRQ RI OXPS FRDO ZLWK D GLDPHW
WRWDO FRDO YROXPH LV DQ LPSRUWDQW LQGERBE VKR UKRIUWKKIHT X L
OXPS FRDOWWWKBMWEHWWHU WKH FRDO TXDOLW\ WKH KLIJKHU WKH FR
GXVW DW WKH FRDEOFWKEE\ IDFIVRUYV VXFK DV FRDO VHDP FRQG
WHFKQRORJ\ WKH FRDO OXPS UDWH LQ &KLQHVH PLQHV LV RQO\
HIILFLHQF\ LPSURYHPHQWVDINL GRDVKH@WHQBUPYBYQJ DUHD DV D
RXWSXW RlI XQGHUJURXQG OXPS FRDO WKURXJK FRD® FXWWLQJ |
+HQFH LQFUHDVLQJ WKH OXPS FRDO UDWH LQ D IXOO\ PHFKDQL]F



FRDO UDWH LQ D PLQH

'LWK WKLV JRIXUJUB®PWQAHVHDUFK KDV PDLQO\ IRFXVHG RQ WK
FRDO ZLQQLQJ PDFKLQHV DQG WKH RSWIRP L [DPAVIHY HR IWAKRD O XFPPLQ E
UDWH ¥HIXDQG &KBPIQDO\]JHG WKH FXWMWKIHDPU M SHHGGRSDUDPHWHUYV |
FXWWLQJ ZAKBEHUHIRWPRHG PXOWLREMHFWLYH RSMWRPRHMKREVRI WK
DUH XVXDOO\ XVHG WR FDOFXODWH WKHRORPSLBRIINO UDWHD R F WIKGE
DPRXQW RI FRDO WUDQVSRUWHG RQ D VHFWLRQ RI WKH VFUDSHU

VLPXODWLQJ WKH FXWWLQJ SURFHVV RI WKH ZRUN IDFH WKUR X
UDWKIH ILUVW WV RRAKREFRSMHEODOWH ZKLFK DIIHFWV SURGXFWLRQ DQ
WR DFFXUDWHO\ FDOFXODWH WKH OXPS FRDO UDWH LQ WKH FXW)
PDQSRZHU PDWHULDO UHVRXUFHV DQG ILQDQFLDO UHVRXUFHV
FRPSDUHG DQG YHULILHG ZLWK WKH ILHOG WKH\ FDQQRW TXLFN
RQ WKH ZRUN+®@QRPX UL BFKUDWHO\ FDOFXODW IDBR DK BREGORAIW BU V V
WKH UROOH U YODYURHEKDGI FXWKDW PXVW EH VROYHG

7KH GLVFUHWH HOHPHQW PHWKRG '(0 LV LGWEQQNEG LQ
HQIJLQMHUVQRSH HQJIJLQHHULQJ DE8 |8 D& WaXREM dhtitioD Q L FV
software package, has great advantages for studying relatively fragmented macroscopic objects,
such as soil and stone pifé3°, Liu?? XVHG 3)& ' WR FRQGXFW D VLPXODWHG
IUDJPHQWDWLRQ DQG IUDFWXUH GHYHORSPHQW XQGHU WKH VWUH
DQG LW VKRZHG WKDW WKH VHOHFWHG PLFURVFRSLF SDUDPHWHU
Rl WKH PRGHO WR6MDPAHODVDNL Q3HEWHP®W DOVR EH XVHG WR VWXG\
LQWDFW FR%\ODRIMDOAHMJ JUD QL V¥*H HVR\PSIR@MIWVEW G HXDQLWH IORZ
GLIIHUHQW FRPSRQHQWY DQG VWXGLHG WKH GHYRHEORSBIPGHW R |1
WKH PHVRPHFKDQLFDO SDUDPHWHUV RI FRDO DQG URFN PDVVHV
WHVWV XQGHU GLIIHUHQW FRQILQLQJ SUHVVXUHV WR DQDO\]JH W
PHVRFKDUDFWHULVWLFV GXULQJ IUDFWXUH GHYHORSPHQW

,Q VXPPDU\ 3)& ' FDQ EH XVHG WR VLPXODWH WKKH GURFHVV F
PHFKDQL]HG PIRRDGGUBNN WKH DERYHPHQWLRQHG GLIILFXOW\ RI
UDWMHXIO®D\ PHFKDRQW BGRWFRISLF OHYHO WKLV SDSHU XVHV PDFUR
IRU WKH XVH RI PHQ)RSDURHAHVWDHURFKDUDFWHULVWLFV RI FRDO P
IRUPDWLRQ DUH VLPXODWHG DQG WKH OXPS FRDO UDWH RI WKH

(VWDEOLVKPHQW RI D QXPHULFDO VLPXODWLRQ PRGHO

(QJLQHHULQJ EDFNJURXQG

7KH ZRUNLQVKBFHDQJVKXLMLQJ PLQH ZKLFK LV D IXOO\ P



IDFH KDV D VWULNH OHQJWK RI P DQG DQ LQFOLQHG OHQJWK
FRDO VHDP LV LQ WKH UDQJH RI * LQGLFDWLQNKWKZIRW NLKQLN VHI
IDFH DGRSWV D UROOHU VKHDUHU ZLWK D PLQLQJ KHLJKW RI =
WKH SULFH RI OXPS FRDO LV WZLFH WKH SULFH Rl SRZGHUHG F
WHFKQRORJ\ WKDW FDQ HQKDQFH WKH OXPS FRDO UDWH DQG LQF
WKH PHFEKDQLVP RI OXPS FRDO SURW K®MAR @ RDPDG UWDKH AKD O KHH @&
VWXG\LQJ WKLV WHFKQRORJ\

3DUWLFOH FRQWDFW PHFKDQLFV PRGHO

7KH SDUWLFOH PRGHO LV D FRPSOH[ PRGHO FRPSRVHG RI D ¢
SDUWLFOHV RU [PYUFRKKOPRY SPHQQWFRHVYQGLYLGXDO SDUWLFOHYV
1HZWRQYV ODZV Rl PRWLRQ DQG SDUWLFOH IORZ RFFXUV ZKHQ V
IRUFHOH VROXWLRQ SURFHVV RI WKH SDUWLFOH IORZ FRQWDFW P
PRGHO FDQ EH VLPSOLILHG LQWR D VRIW EDOO PRGHO DQG D K
HUBROKH VRIW EDOO PRGHO )LJXUH UHSODFHV WKH QRUPDO FI
VSULQJ DQG D GDPSHU DQG WKH WDQJHQWLDO FRIKMDWRNWRUFH Z
EDOO PRGHO GRHV QRW FRQVLGHU WKH GHIRUPDWLRQ RI SDUWLF
WKH RYHUODS EHWZHHQ SDUWLFOHV ZKLFK FRQIRUPV WR WKH V
LV DSSOLHG WR WKH PDFURNKHRRGRIENPRIBH® RRGHE LV VXLWDEOH |
FRPSRVHG RI PXOWLSOH SOUWPSBHWDR@GDSSURDFK IRU FRQQF
SURSHUWLHV ZLWK PHVRSDUDPHWHUV )% SR R RHEG BIXGIOL BRG HF
GLVFUHWH VLPXODWLRQ Rl SDUWLFXODWH PDWWHU $IWHU PRUH
PRGHO KDV EHFRPH DQ HIIHFWLYH WRRO IRU REWDLQLQJ PHFKDQ
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yLJ 6RIW EDOO PRGHO
%XLOGLQJ WKH LQLWLDO VLPXODWLRQ PRGHO
,Q 3)& ' WKH FRDO ERG\ LV VLPXODWHG ZLWK D EDOO FRPELQL
ZLWK D ZDOO FRPPDQG 7KXV DQ LQLWLDO PRGHO ZLWK D OHQJW
HVWDEOLVKHG &RQVLGHULQJ WKH UHODWLRQVKLS EHWZHHQ PRC
WKH EDOO LV VHW WR & PP ZKLFK LV HTXLYDOHQW WR D FRDO
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$V D UHVXOW RI WKH ORZ VXSSRUW SUHVVXUH RI WKH ZRUNLQJ

SURFHVV )LJXUH WKH FUXVKLQJ HIITHFW RI WKH VXSSRUW SUH\

WKLV WLPH 7R UHDFK WKH LQLWLDO HTXLOLEULXP TXLENO\ WKH

7KH LQLWLDO SDUDPHWHUV RI WKH PRGHO DUH VKRZQ LQ 7DEOH
7TDE ,QLWLDO PRGHO SDUDPHWHUYV

(ODVWLF PR *UDYLWD %DOO Gt $YHUDJH
WIOHQHDU DFFHOHL

*3D PV NJ P H

ORGHO SDUDPHWHU VHWWLQJ PHWKRG

7KH SDUDPHWHUVY WKDW FDQ EH VHW GLUHFWO\ LQ WKH 3)& ' PF
VLPXODWHY D PDFURVFRSLF PRGHO FRPSRVHG RI PDFURPDWHUL
UHODWLRQVKLS EHWZHHQ WKH PHVRSDKHID ERWBURNRGARIG WYKHGP ODRAW
3)& ' VLPXODWLRQ Rl URFN PDWHULDOV L VWP PR QHBIG S\DKLHD O C
UHVHDUFK SHUIRUPHG E\ GRPHVWLF DQG IRUHLJQ VFKRODUV R
FKDUDFWHULVWLFV RI WKH SDREDOWOFORQI®IRY) PRVREBYH D P HK\OHU



DVLPXODWLRQ RI WKH PHFKDQLFDO EHKDYLRU RI URFNV DQG R
PDFURSDUDPHWHUY DQG WKH PHVRSDUDPHWHUYVY DV VKRZQ LQ HT
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7KH PDFURSDUDPHWHUV LQ HTXDWICRY 3R IDWWHERVI WKL RV IR
HODVWLF PRIGEXOX\WREPBGEHVVLYH VWUHQJWK

7KH PHVRSDUGIFNWWUR Q DUH GHEL QMNGKIBDWWREORZFRQWDF\
PRGX&XK, LWIQRURIRKHDU VWLIFRQ KV WKNWIRUWLFOH AULFWLRQ FR
I DQlg DUH IXQFWLRQV RI 3RLVVRQ V UDWLR HODVWLF PRGX
UHVSHFWLDKIG\DUH WHQVLOH VWUHQJWK LD Qan FRRGH/Q FK®I L UKW S H F'
DQE_ R, LWKH UDWLR RI WKH PD[LPXP DQG PLQLPXP UDGLXV LQ V

7KURXJK D FRPELQDWLRQ RI HTXDWLRQ 27 D@E KHNVRITBQ WKHY H
DFFXUDF\ Rl WKH SDUDPHWHUV Rl WKH PDFURVFRSLF PRGHO DQG

SDUDOOH® BRO\G DSSURDFK W KBIQE[ SLUOH YT XR QAL FRQ DUH PRGLII
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ZKHWHK, LWERQG QWERDBIOU VWLIIQHWYKUHD ®DLRHDIHO ERQG UDGL
PXOWLSCELHUN DM ®LQHDU SDUDOOHO ERQG PRGXOXV

7KH OLQHDU SDUDOOHO ERQG PRGHO GHILQHV WKH PHFKDQLFI
SDUWLFOHV IURP D PLFURVFRSLF YLHZ DQ LQILQLWHVLPDO OLQH
ZLWK D ILQLWH VL]H WKDW FDUULHV D IRUFH DQG PRPHQW 7KH O
LQ )LIXUH 7KH ILUVW ERQGLQJ PHWKRG LV D OLQHDU PRGHO )
URWDWLRQ DQG OLPLWY WKH WDQJHQWLDO VOLS Rl WKH SDUWLF(
7KH VHFRQG ERQGLQJ PHWKRG LV WKH SDUDOOHO ERQGLQJ PRGH
PRGHO LV ERQGHG WKH UHODWLYH URWDWLRQ Rl WKH SDUWLFO
LV OLQHDU HODVWLF XQWLO WKH DGKH YV LXH Q WEKHRO H@HB\UHS DRIDE



ERQG PRGHO EUHDNV GXH WR VWUHVV LW QR ORQJHU FDUULHYV
PRGHO LV HTXLYDOHQW WR WKH OLQHDU PRGHO

)LJ /LQHDU SDUDOOHO ERQG PRGHO EHWZHHQ WZR

el el dis
3 ke 2k,
D/LQHDU PRGHO /LQHDU SDUPOOHO ERQG PRGHO

)LJ /ILQHDU PRGHO DQG OLQHDU SDUDOOHO ERQG |
7KH IROORZLQJ H[SUHVVLRQ GHILQHY D UHODWLRQVKLS EHWZF
o. |' G

ZKHUK LV WKH UHODWLYH QRUPDO GLVSODgHPHQWKIHQ¥KP FRHQW
GLVSODFHPHQW

7THVW SLHFH SK\VLFV DQG VLPXODWLRQ WHVW

,Q 3)&' DIWHU WKH SURSRUWLRQDO UHODWLRQVKLS EHWZHH
NQRZQ DQ DGGLWLRQDO FDOLEUDWLRQ SURFHGXUH LV UHTXLI
SURSHUWLHYV RI D JURXS RI FRDO VSHFLPHQVEEMIOHQRBMIFMFRSLF
FRPSUHVVLRQ WHVWWDXUH. DQDYVSDQWEWLQJ WHVW )LIJXUH E
WKH UHOHYDQW SK\WLFDO DQG PHFKDQLFDO SDUDPHWHUV RI WKF

D 8QLD[LDO FRPSUHVVLRQ WHVW E %UD]LOLD
)LJ THVW LPDJHV



7KH PDFURSDUDPHWHUV RI WKH VDPSOH GHWHUPLQHG E\ WKH
7DE ODFURVFRSLF SDUDPHWHUV RI FRDO

(ODVWLF PI 3BRLVVRQY\ 8QLD[LDO FRF THQVLOH V
*3D VWUHQJIJWK 03D

7KH PDFURSDUDPHWHUV ZHUH REWDLQHG EDVHG RQ WKH WHVV
%UD]LOLDQ VSOLWWLQJ WHVW ZHUH GHVLJQHG E\ XVLQJ 3)& ' 7K
GHVLJQ GLPHQVLRQV RI PPT PP DQG WKH %UD]JLOLDQ VSOLW
PP DQG D ORDGLQJ SODWH RI ,PRKBHUDIVORDPQ VG OQLIWWIHQJ WHVW
WKLFNQHVV RI WKH WHVW SLHFH LV LQYROYHG ,Q WKH 3)& ' PRGI

VHW WR DQRG WKH WHQVLOH VWUHQJWK RI WKH WHVW SLHFH FD
¢ i

ZKHUH 3 LV WKH PD[LPXP ORDG 1 ZKHQ WKH IDLOXUH RI WKH WH

RI WKH WHVW SLHFH DQG W LV WKH WKLFNQHVYV P RI WKH GLVF

P VS

ZN—IUH LV M\OKHP XP VWUHVY LQ WKH HYHYWVKIHI E DOXOWH WO 3D D \I B G

P

D 1XPHULFDO PRGHO E 6SHFLPHQ GDPDJH
)LJ 8QLD[LDO FRPSUHVVLRQ VLPXODWLRQ WHVW



D 1XPHULFDO PRGHO E 6SHFLPHQ GDPDJH
)LJ %UD]LOLDQ VSOLWWLQJ VLPXODWLRQ WHVW

7KH ORDGLQJ PHWKRG IRU XQLD[LDO FRPSUHVVLRQ LV FRQWI
SDUDPHWHUV DUH DV IROORZVY WKH FURVVKHDG GLVSODFHPHQW
GRZQZDUG 7KH VSHFLPHQ IDLOXUH PRGH DQG FUDFN GHYHORSP
%UD]LOLDQ VSOLWWLQJ VLPXODWLRQ WHVWY DUH VKRZQ LQ )LJXL
YDOXHVY ZHUH DYHUDJHG WR REWDLQ WKH UHG FXUYH LQ )LJXUH
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%DVHG RQ WKH & HDWHBUDRIQ RVKHXFRPSUHVVLYH VWUHQJWK DQG
DSDUWLFOH IORZ PRGHO HTXDWLRQV DQG DUHQBRWEHQHG P
PHVRSDUDPHWHUV RI FRDO DUH REWDLQHG DV VKRZQ LQ 7DEOH

7DE  OHVRSDRIDWKMWHQLWLDO VLPXODWLRQ PRGHO

OHVRSDUDP| 9D O X H OHVRSDUDPH  9DOXH
/LQHDU SDUD 3DUWLFOH FRQ
*3D *3D
PRGX@XV E,

%RQG QWERBIO
1RUPDO VWLII *3D
VWLIITQHKVKUDYV

1RUPWRKHDU V
7HQVLOH Ut 03D
uD Wy K, Q ww

JULFWLRRQ DC &RKHWLRQ 03D

5ROOHU VLPXODWLRQ DQG PRYHPHQW SURFHVV FRPPDQG DVVL

7KH UROOHU LV WKH PDLQ SDUW RI WKH VKHDUHU LQ WKH SUR
RI VKHDUHU FXWWLQJ FRQGLWLRQV WKH UROOHU LV DFWXDOO\ \
HOHPHQW RI WKH ZDOO DQG LQ 3)& ' WKH IDFHW HOHPHQW LV D
HIWHUQD@® IRMFAHIVFWXDO FRDO PLQLQJ SURFHVV WKH VWLIIQHVV
JUHDWHU WKDQ WKH VWUHQJWK DQG VWLIIQHVV Rl WKH FRDO ER
ZLWK D ZDOO FRPSRVHG RI IDFHW HOHPHQWY +RZHYHU WR DFKI
DSSO\ D ERQGLQJ SDUDPHWHU E HWZRDHXY KV KK IZDIO QV QG GD W KH VEE
WKH UROOHU DQG WK HGIRPHD B DEOROQY/G LR GHDOLWWHW EHWZHHQ \
&RQVLGHULQJ WKDW WKH UROOHU DQG WKH FRDO ZDOO DUH LQ
SDUDPHWHUV WKH FRQWDFW IRUFH EHWZHHQ WKH ZDOO DQG WKI
WKH QXPEHU RI SDUWLFOHY SDVVLQJ WKURXJK WKH ZDOO GXULQ.
VKRZQ LQ 7DEOH

7DE:DOO EDOO FRQWDFW ERQG SDUDPHWHU

/ILQHDl 1RUPWRKHD 1RUPDC
3DUDP| %RQG 6KHDU V\
PRGXO: VWLIIQHVYVY VWLIIQI

9DOXH]| 1 PP *3D *3D *3D

7KH LGHDO UROOHU PRGHO IRU VLPXODWLRQ GLUHFWO\ XVHV
ZDOO DQG WKHQ DVVLJQV D KRULJRQWDO GLVSODFHPHQW LQ WKFE
FRDFRZHYHU LQ WKH DFWXDO VLWXDWLRQ WKH URWDU\ WDEOH F
FRDO FXWWLQJ EXW UIDW KH UNSDWOW PEMSMQHIVIRQPN DQG WKH EHD



WKDW LV LQVWDOOHG RQ WKH URWDU\ WDEOH7RHWHWRUHROOHU L
VLPXODWH D UHDOLVWLF QXPHU L MHIRORGROR IFSE H QW B XWW GE H RDO3X
PRGHO LV VKRZQ EZQHDIKHWURI WKLV UROOHU PRGHO LV VLPSOLILH(
PRGHO )LJXUH D &RQVLGHULQJ WKH UHOLDELOLW\ RI WKH V
VHFWLRQ RI WKH ' UROOHU PRGHO LV WDNHQ )LJXUH E DQG |
EHWZHHQ WZR DGMDFHQW FXWWLQJ WLSV LV PP
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D $FWXDO UROOHU E 5ROOHU SURILOH
)L 5ROO0OHU

7KH DFWXDO FRDO VKHDUHU FXWV WKH FRDO ZDOO ZKLOH VLP;
LW ODWHUDOO\ 7R HQVXUH DXWKHQWLFLW\ WKH UROOHU URWD\
WKH VLPXODWLRQ FXWWLQJ SURFHVYV WKHIG [\WKH OPXVOHDMIORQLW B
VSHHG RI WKH UROOHU LV VHW WR PV VR WKDW IRU HYHU\
KRUL]JRQWDOO\ WR WKH ULIKWORRNHARWHDUWRKE G RW Y HH QWWD W/ R
URWDWLRQ VSHHG ZLWK WKH KRUL]JRQWDO GLVSODFHPHQW VSHHG
'LWK WKH FRPELQDWLRQ RI WKHVH WZR SDUDPHWHUV WKH UROO
WR WKH ULJKW 7KLV SURFHVYV LV WKH VDPH DV WKH DFWXDO VLW

/IXPS FRDO UDWH VWDWLVWLFDO PHWKRG

$IWHU WKH VLPXODWLRQ LV FRPSOHWHG WKH OXPS FRDO UDW|
LV VKRZQ LQ , QA MWKH LQLWLDO PRGHO WKH W\SH RI FRQWDFW IR
SDUDOOHO ERQG :KHQ WKH EDOOV DUH FXW E\ WKH UROOHU PRGI
IRUFH EHWZHHQ WKH DSOOLDW IDFUHDR GEGH FRRP MWK H GLITHUHQW SURSFH
LOWHUSDUWLFOH IRUFH FKDLQ EHIRUH DQG DIWHU IDLOXUH WKF
GLVWLQJXLVK WKH W\SH RI FRQWDFW IRUFH EHWZHHQ WKH EDOO\
WKH SDUWLFOHY DUH OXPSHG FDOFXODWH WKH OXPS VL]H DQG




Simulated coal
mining

Simulation
Ending

Count the number of ballg
the scope of coal
cutting by rollefM;

Count The number of balls g
linearpbond model,M

Total lump coal ratio

A=M2/M1
( End )
)LJ JORZ FKDUW RI OXPS FRDO UDWH VWDWLVWL

'"HYHORSPHQW DQG HYROXWLRQ RI IUDFWXUHV GXULQJ F

JUDFWXUH GHYHORSPHQW

3)& ' SDUWLFOH IORZ VRIWZDUH FDQ GLUHFWO\ PRQLWRU FUI
WKURXJK J)UDFWXUH D EXLOW LQ ),6+ FRPPDQG 7KH FUDFN GHYH
JLIXUH VKRZV WKDW WKH IRUPDWLRQ RI OXP3UWHRDOXEBHY BPHHGL®
JHQHUDWHG ZKHQ WKH UROOHU FRQWDFWYV WKH FRD® ZDOO )LJX
FXWWLQJ IRUFH RI WKH UROOHU GRHV QRW VXIILFLHQWO\ GDPDJ*}
VHSDUDWHG IURP WKH FRDO ERG\ GXH WR WKH FRKHVLYH IRUFH §
QXPEHU RI IUDFWXUHYV DUH JHCH VDDAFAMVX BEXW MY B OFXGV WKL KHU %t
FRDO SHHOV RIlI IURP WKH FRDO ZDOO )LJXUH E WKH FRDO ZI
DQG D VPDOO DPRXQW RI SXOYHU/IXPM& FRD® IDAWHQ HHHAL\WQH G XIVQ G
SURJUHVVHV )LIWKH IUDFWXUHV GHYHORS DQG ODUJH FRDO O
ERXQGDULHYV RI VHYHUDO PDMRU ILVVXUHY DQG FRDO ERGLHYV
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D UHODWLRQVKLS RI IUDFWXUHV SHU VWHSV 7KH UHDVRQ

7KH UROOHU MXVW FRQWDFWYVY WKH FRDO ZDOO DQG WKH LQFU
LOQOFUHDVH LQ WKH QXRHHU RHEMWAKBHF WXKHIHHH W XUKDFH DIITHFWYVY WKH
SURPRWHYV WKH GHYHORBRXWOQWERIRWKH |UDRMMWHSHNHWIKHH PRGHO X
VXUIDFH GHYHDORIS BHHYW ORSPHQW RI IUDFWXUHYV WR D FHUWDLQ (
RIl ZKLFK ZLOO UHGXFH WKH QXPEHU RI IUHH VXUIDFHV RI WKH F
IDVWHU WKH OXPS FRDO IDOOV RIl DQG WKH ODUJHU WKH UHGXF
HTXLOLEULXP SRLQW ZKHUH WKH QXPEMYWR IDUH B S'SUR DLAAHD WHH@F
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OLFURVFRSLF DQDO\VLY UHYHDOV WKDW IUDFWXUHV DUH JHQH
DQG WKH\ LQWHUVHFW DSSUR[LPDWHO\ SHUSHQGLFXODUO\ ZLWK
/LY SHUIRUPHG XQLD[LDO FRPSUHVVLRQ H[SHULPHQWV ZLWK F
FRPSUHVVLYH VWUHQJWK VKHDU VWUHQJWK DQG WHQVLOH VWU
VDPSOHV GHVWUR\HG E\ XQLD[LDO FRPSUHVVLRQ DUH DFWXDOO\
WKH IUDFWXUHY DUH RUWKRJRQDO WR WKH SUHVVXUH FKDLQ DQ
FKDLQV

&RUUHODWLRQ DQDO\WLYVY EHWZHHQ WKH FXWWLQJ IRUF}
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$V VKRZQ LQ )LJIJXUH "KHQWKH UROOHU URWDWHY WKH FRQ
FRDO zDOO JUDGXDOO\ LQFUHDVHY :KHQ WKH FRQWDFW IRUFH U
ERG\ WKH FRDO ERG\ VWDUWYV WR UXSWXUH IRUPLQJ D FRPSDFW
LQFUHDWRIPV)LIXUH DV WKH UROOHU FRQWLQXHVY WR URWDWH \
DFFXPXODWHG HQHUJ\ LQ WKH FRPSDFW FRUH LV UHOHDVHG DW
VPDOO SLHFHV RI FRDO DQG FRDO SRZGHU DUH GLVFKDUJHG DOR
'XULQJ WKLV SURFHVV WKH FXWWLQVKIR WRHDUH D E K HFVKW.K/HD KNI KV
SRLQW RI FRPSDFW FRUH GDPDJH $IWHUZDUG WKH FRPSDFW FRI
%HFKVH WKH UROOHU URWDWHY DWLMRARUBKG/ YRR D VWHUZ WKPSHL
FRPSDFW FRUH LV GHVWUR\HG 7KH FRDO SLFNLQJ SURFHVV LV D
FRUH DQG GHVWUR\LQJ WKH FRPSDFW FRUH ZIZRWVNRKK IFXWW®QYVRJIWK
IRUFH RI WKH SLFN :LWK WKH GHHSHQLQJ RI WKH FXWWHUV RI Wk
RI WKH FXWWLQJ IRUFH JUDGXDOO\ LQFUHDVH ZKLFK LV FDXVHC
UROOHU RQ WKH HQWLUH FRDO ZDOO
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RFFXUV GXH WR WKH GHYHORSPHQW RI GLVWDQW IUDKRWXUHV FD
GLDPHWHU RI ODUJH FRDO LV PRUH WKDQ WKH GLVWDQFH EHWZHE
LQ )LIXUH F /IDUJH SLHFHV RI FRDO IDOO RII WKH FRDO zZDOO
EHWZHHQ WKH UROOHU D QG WHKIHOVRW & DA QWX H) UKQWBHU DQG WKH
RI SRZGHUHG FRDO DQG VPDOO SLHFHV RI OXPS FRDO 7KLV SURF

UROOHU DQG WKH ODUJH EORFN RI FRDO DQG WKH FXWWLQJ IRUF
WKH FRDO ZDOO DJDLQ

)LJ /IDUJH OXPS FRDO VWULSSLQJ
7KH OXPS FRDO GLVWULEXWLRQ DIWHU WKH PRGHO FDOFXODW
WKH UROOHU PRYHV WR WKH ULJKW WKH LQGLYLGXDO EDOOV JUL
WKH FXWWLQJ IRUFH RI WKH UROOHU DQG PRVW RI WKHP DUH GH



WKH UROOHU DQG WKH ERXQGDU\ PRUH OXPS FRDO LV JHQHUDW
FRPSOHWHO\ VHSDUDWHG IURP WKH FRDO ZDOO DOWKRXJK LW L
DQG UROOHU FXWWLQJ WKH KLQJH DQG OLQHDU FRQWDFW ZLWK
REYLRXV VHSDUDWLRQV RI ODUJH OXPS FRDO DQG VPDOO OXPS F

yLJ (QG RI VLPXODWLRQ
$IWHU WKH VLPXODWLRQ LV FRWDMHWN B0 WW & HD BKXRS GARD OWRD ¥
SURYLGHG LQ%DVKGHRQ WKH SRVWSURFHVVLQJ VWDWLVWLEV Wk
DQG WKH SURSRUWLRQ RI HDFK OXPS VL]H FRUUHVSRQGV WF

IDFH RI WKH AIFR@XY RXOML®Y VKRZQ LQ 7DEOH

7TDE IXPS FRDO VWDWLVWLFV

IXPS FRDO UDWH

6FD®H "RUNLQJ '"HYLDWL
6LPXODWI
/JLDQJIVKX

7TRWDO

7KH FRPSDULVRQ LQ 7DEOH UHYHDOV WKDW WKH SURSRUWLR
DFWXDO ZRUNLQJ IDFH RI WKH /LDQJVKXLMLQJ FRDO PLQH LV QR
VLPXODWLRQ WHVWV 7KH ODUJHVW GLIIBGHNYLAHVLR QRRI OD U JH HD
PDLQ UHDVRQ IRU WKLV JDS LV WKDW DIWHU WKH ODUJH OXPS FR
WR WKH VFUDSHUXERDLYHARQY VHFRQGDU\ GDPDJH DQG LV WKHQ E
VPDOOHU OXPS FRDO 7KH FRDO LQ WKH VLPXODWLRQ IDOOV RQ \
GDPDJH RI ODUJH FRDO WKLV SKHQRPHQRQ LV DOVR WKH PDLQ U
DQG WKH DFWXDO ZRUNLQJ IDFH
&RQFOXVLRQ

$PHWKRG IRUDPRGEBUFIXWWLQJ D FRDO ZDOO DQG IRU WKH V
RWKHXPS FRDO UDWH RWBRIMSEPBOG PRIBVWHG D FRDO ZDOO FXWWLQ
7KH UHODWLRQVKLS EHWZHHQ WKH PDRUKRIFBRVIFPHFKBBERD Q LFI
SDUDPHWHUV Rl FRDO LV GHWHUPLQHG QRW RQO\ WKURXJK IRUP X



E\VHWWLQJ WKH UROOHU SDUDPHWHUY EDVHG RQ OLQHDU ERQGL
WKHR @DAHGBHVLIQLQJ D VWDWLVWLFDO PHWKRG IRU DQDO\]LQJ WK
PHWKRGV FDQ HIIHFWLYHO\ VLPXODWH WKH FRDO ZDWRHFXWWLQJ
OXPS FRDO UDWH LQ D IXOO\ PHFKDQL]HG PLQLQJ IDFH

7TKH HYROXWLRQ UXOHV RI FRDO IUDFWXUHYV XQGHU WKH DF!
WKH PLFURIUDFWXUH JHQHUDWLRQ VWDJH WKH IUDFWXUH H[SDQ
WKH FRDO ZzDOO DUH REWDLQHG 7KH IUDFWXUHVY DUH JHQHUDW
RUWKRJRQDO UHODWLRQVKLS ZLWK WKH SUHVVXUH FKDLQV 7KH
ZLWKLQ D IL[HG WLPH XQWLO WKH UHODWLRQVKHW RHUH BUWHFNV S
IHZHU IUDFWXUHY DV WKH KRUL]JRQWD:QWHKIVQDQFPRPIURIRV MWK HV K F
FXWWLQJ GHSWK RI WKH UROOHU H[FHHGV PP WKH IUDFWXUH
EH VWDEOH

7KH PHFKDQLVP RI OXPS FRDO IRUPDWLRQ LV UHYHDOHG
FRPSDFW FRUHV FDXVH WKH FXWWLQJ IRUFH RI WKH QRBOOHU WR |
WURXJK RI WKH FXWWLQJ IRUFH ZDYH LV DFFRPSDQLHG E\ WKH SU
JUHDWHUPRPKPR FRQWUDVW D VPDOO FKDQJH EHWZHHQ WKH FUHV
ZDYH LV DFFRPSDQLHG E\ WKH SURGXFWLRQ RIPVPDOO OXPS FRDC

$ VWDWLVWLFDO DQDO\WLVY PHWKRG IRU OXPS FRDO UDWH
PHDVXUHPHQWY 7KH UHVXOWY VKRZ WKDW WKH PDLQWHDVRQ ZK
ODUJHU WKDQ WKDW RI WKH DFWXDO ZRUNLQJ IDFH ERIEGFDXVH |
LMVGURSSHG RQ WKH VFUDSHU FRQYH\RU FDXVLQJ VHFRQGDU\ GI
FRQVLGHUHG LQ WKH PRGHO
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