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,QIOXHQFH RIFRRAMWBRAN RQ WKH VLQWHULQJ EHKDY
82 3X2IUHH]H JUDQXODWHG SRZGHUV XQGHU UHG

FRQGLWLRQV

-XOLH 6LPOIRQHQW /MHEWHWIDRRBREODY &ODYLHU
*XLOODXPH %HUQDUG *UDQJHU
&($ '(6 ,6(& '05& 8QLY ORQWSHOOLHU ODUFRXOH )UDQF

*,&&60 8QLY ORQWSHOOLHU &($ &156q]HL6)0D QWFHIQROV VXU

SEVWUDFW
7KH VLQWHULQJ EHKD YLRXU3KI2SRH I&]HHU U BRYXW D MWMHLGD 8 2
DQG PRO 3X 8 3X ZDV LQYHVWLJIJDWHG XQGHU UHGXFLQJ FR
f& )YRU ERWK FtRPghaR Mie WikiR @afive density” trajectory ZD V
FRQVWUXFWHG $00 WKH H[SHULPHQWDO SRLQWYV IRUP D VLQJ
UHODWLYH GHQVLW\ JUDLQ VL]H SDLU REWDLQHG DIWHU VLQW
WKHUPDO SDWK KHDWLQJ UDWH VRDN WLPH VRDN WHPSHUD!
Exploiting the “grain size versus relative density trajectory” HQDEOHG DOVR WR
SURSRVH WKDW GHQVLILFDWLRQ ZDV FRQWUROOHG E\ JUDLQ E
JURZWK E\ WKH JUDLQ ERXQGDULHY ZKDWHYHU WKH 3X FRQW!
DURXQG N- PRO ZzDV REWDLQHG IRU GHQVLILFDWLRQ ZKLFK
UHSRUWHG IRU WKH JUDLQ ERXQGDU\ G3I¥2XVLRQ RI SOXWRQL
SRO\FU\VWDOV :KDWHYHU WKH 3X 8 3X FRQWHQW WKH VLQ
GHQVH VDPSOHV SRVVHVVHV D KRPRJHQHRXV GLVWULEXW

XUDQLXP FDWLRQV

L H\ZRUGBNVQWHULQJ FHUDPLFV R[LGHV PLFURVWUXFWXUH 02;

7KH VXEPLWWHG SDSHU LV RULJLQDO DQG KDV QRW EHHQ RU |

WKH SHHU UHYLHZ SURFHVV WR DQ\ RWKHU MRXUQDO

&RUUHVSRQGLQJ DXWKRU JXLOODXPH EHUQDUG JUDQJHU#FHI




,QWURGXFWLRQ
02; IXHO SHOGBXW®W\GRQGHUV ZLWK GLDPHWHU DQG KHLJKW
DURXQG PP DUH PDQXIDFWXUHG E\ D GU\ URXWH SRZGHU P
JULQGLQJ SUHVVLQJ DQG VLQWHULQJ B5HFHQWO\ WKH IUH
VROLG ORDGLQJ ZDWHU EDVHG VXVSHQVLRQV ZDV VKRZQ WR
PDQXIDFWXUH GHQVH UHODWLYH GHQVLW\ KLJKHU WKDQ (

KRPRIJIHQHRXV GLVWULEXWLRQ RI WKH XUDQLXP DQG SOXWRQL

,Q D SUHYLRXV SDSHU > @ WKH VLQWHULQJ EHKDYLRXU RI D
FRQWDLQLQJ PRO RI 3X 8 3X ZDV LQYHVWLJDWHG XQGHU |
R[\JHQ SRWHQWLPRORDW LQ F&GHU WR WDUJHW D 2 0 UDWLR

ZKLFK LV D VWULFW VSHFLILFDWLRQ WR EH UHVSHFWHG
QHXWURQ QXFOHDU UHDFWRUV 7KHUHE\ WKH SUHVHQW VKRU
VLQWHULQJ H[SHULPHQWYV SHUIRUPHG RQ D IUHH]H JUDQXODW
PRO RI 3X 8 3X XQGHU UHGXFLQJ FRQGLWLRQV WDUJHWLQJ
7KH UHVXOWVY DUH WKHQ FRPSDUHG WR WKH RQHV DOUHDG\

3X 8 3X SRZGHU > @

([SHULPHQWDO VHFWLRQ
$ IUHH]JH JUDQXODWHG SRZGHU FRQWDLQLQJ PRO 3X 8 3X
WKH VDPH URXWH DV WKH RQH UHWDLQHG IRU WKH SRZGH!
3X 8 3X > @ UKXHSIBRZGHU zZDV VIQWKHVIEHG WKURXJK D GU\
UHGXFWLR®@ RD¥)SKDVH W FRQWDB&DVH RWG KIDWKIH 8
JOREDO RYHUDOO 2 0 UDSRIZRE RU ZDV7KEHWX2QHG WKURXJK R[DC

SUHFLSLWDWLRQ RI SOXWRQLXP ,9 QLWUDWH DQG FDOFLQD\

$V VKRZQ LQ WKH VXSSOHPHQWDU\ PDWHULDO DQG DV DOUHD!
JUDQXODWHG SRZGHU FRQWDLQLQJ PRO 3X 83X > @ WKH

FRQVWLWXWLQJ WKH PRO 3X 8 3X SRZGHU REVHUYHG XV



HOHFWURQ PLFURVFRS\ 6XSUD 93 =HLVV KDYH D VSKHULFI
RI DQ\ FHQWUDO FDYLWLHYV 8VLQJ PLFURVFRS\ REVHUYDWLRQ
I[UHTXHQF\ GLVWULEXWLRQ RI WKH JUDQXOH VL]H IRU ERWK SR
VHH DOVR VXSSOHPHQWDU\ PDWHULD® TRHHQXPEHU PHGLDGC
DURXQG DOBIRU WKH DQG PRO 3X 8 3X SRZGHUYV

UHVSHFWLYHO\ 8VLQJ WKHUPDO LRQL]JDWLRQ PDVV VSHFWU
PDJQHWLF VHFWRU PDVV VSHFWURPHWHU ,VRWRS[ WKH REW

LQ WKH IUHH]H JUDQXODWHG SRZGHYV zZBQHE GHWHUPLQHG

+ PRO

$V IRU WKH PRO 3X 8 3X SRZGHU > @ F\OLQGULFDO VDP:

PP DQG D KHLIJKW DURXQG PP ZHUH REWDLQHG E\ XQLD]

PRO 3X 8 3X IUHH]H JUDQXODWHG SRZGHU ZLWK D FRPSDF
WR 03D PDQXDO K\GUDXOLF SUHVV $WODV 6SHFDF %\
YROXPH PDVV RIDW URRP WHPSHUDWXUH ZKDWHYHU WKH 35
FRQWHQW FDOFXODWHG DV DOUHDG\ H[SODLQHG LQ D SUI
OLPLWDWLRQV WR FRQVLGHU > @ XVLQJ WKH UHODWLRQVKLS
> @ VWDWBRYD WRMDWEB VROXWLRQVY KDYH D IOXRULWH VWUXFW
WKDW WKH WDUJHW 2 0 UDWLR LV DQG DVVXPLQJ D PRODU

WKH UHODWLYH JUHHQ :GHQMRW\WIDH DWPROQIBX 8 3X

JUHHQ VDPSOHV DJIIRWWWH PRO 3X 8 3X RQHV

$V MXVWLILHG SDEYULRXR®OHV@HUH H[SRVHG DW f& IRU |
$U YRODWPRVSKHUH KXPLGLILHG ZLWK YSP Rl ZDWHU R]
SUHVVXUH DQG R[\JHQ SREBPQWLOED- PRW 'R (f&

UHVSHFWLYHO\ IRU D GHELQGLQJ VWHS 6XFK D WUHDWPHQW

RQ WKH 2 0 UDWLR RSERAGHUWD@®WLQJ 82

7KH JUHHQ SHOOHWYV ZHUH VLQWHUHG IURP URRP WHPSHUDW X

WHPSHUDWXUH GLODWRPHWHU ',/ &FIFRVU]JFE®JI MRGHU $U  YF



.DWR WKH R[\JHQ SDUWLDO SUHVVXUH UHTXLUHG WR REWDLQC
IRU D 02; FRPSRVLWLR@RBQIWD L3RRI DW f& LV DURXQG

[ EDU ZKLFK JLYHV DQ R[\JHQ SRWHQWLDO RI N- PR
FRPSDULVRQ IRU WKH VDPH WHPSHUDWXUH DQG WKH VDPH
SDUWLDO SUHVVXUH DQG WKH REDUW® GEWHQMW-LPROZHUH [
UHVSHFWLYHO\ IRU VLQWHULQJ WKH JUHHQ VDPSOHV FRQWDL
> @ 7KHUHE\ WKH DWPRVSKHUH ZDV PRQLWRUHG DQG FRQW
pump (Gen’air, Setnag) in order to have a constant water YDSRXU FRQFHQWUDWLRQ
RI YSP FDOFXODWHG XVLQJ WKH :KHHOHU DSSURDFK > @
R[\JHQ SDUWLDO SUHVVXUH DQG R[\JHQ SRWHQWLDO DW f
UXQV RI WKH PRO 3X 8 3X VDPSOHV )RU FRPSDULVRQ W
FRQFHQWUDWLRQ ZDV DGMXVWHG WR YSP IRU VLQWHULQJ

SHOOHWYV > @

+HDWLQJ UDWHV IL[HG WR DQG f& PLQ ZHUH XVHG IRU W
LVRWKHUPDO GXUDWLRQ ZDV UDQJLQJ IURP WR K DQG WKH
WR fBATHUS PHQW FRQWULEXWLRQ ZDV VXEWUDFWHG EL

PHDVXUHPHQW PDR2RGHHIHWHK @KH $0

$V UHSRUWHG EHIRUH WKH IROORZLQJ UHODWLRQ LV XVHG WF
@

D(ry(%) = Do e3e¢(=To) (1)

£ 1 +ALL—<0T>]3

ZKHR)MH LV WKH VDPSOH LQVWD @WID\Q WRXVVDHGSDW LUYHHOG MQ Y HW \

JUHHQ GHOYH/EUWHVHQWYV WKH VKULQNDJH DQLVRWURS\ RI WKH \

E\f=&L—°:mL—°ZLWfKWKH ILQDCD,f GABPRHWHO WKHJIKW
o Ly b0 L1

LQLWLDOLG WIKRHH WHLWV D @& KKHH ILIXWW D QWD QR XV GLDPHWHU DQC

WKH LQVWDQWLRQHRXVYLKHLIKW WKH VDPSOH KHLJKW YDULDWLI



a LV WKH OLQHDU WKHUPDOLW [WHEE VLEWYWWPRIMWDEGHRA®W DEVROX
WHPSHUDRY WHKHDIEY ROXWH URRP WHPSHUDWXUH )URP D SUD
YLHZLY GHWHUPLQHG IURP WKH FRROLQJ VWHSV RI WKH GLODYV

YDOXH RI | LV UHWDLQHG IRU WKH PRO 3X 8 3X VDPSOH\

I+

[ IRU WKH PRO 3X 8 3X SHOOHWV )RU DOO WKH V

WKH SDYIZPNWHORVH WR

7KH GHQVLW\ RI WKH VLQWHUHG VDPSOHV ZDV PHDVXUHG XVLC
ZLWK EURPREHQ]HQH GU\ LPPHUVHG DQG KXPLG ZHLJKWYV

PHDVXUHPHQWY ZHUH FDUULHG RXW IRU HDFK VDPSOH

7KH DYHUDJH JUDLQ VL]H RI WKH GLIIHUHQW JUHHQ DQG V
LQYHVWLIJDWHG )RU JUHHQ FRPSDFWV LW ZDV GHWHUPLQH(
REVHUYHG XVLQJ 6(0 6XSUD 93 =HLVV LQ VHFRQGDU\ HO|
VLQWHUHG VDPSOHVY HDFK FRPSOHWH VDPSOH ZDV HPEHGGHC(
ORQJLWXGLQDO SROLVKHG FURVV VHFWLRQ ZDV SUHSDUH
PHFKDQLFDO SROLVKLQJ VWHS XVLQJ DQG QP FROORLGDO
WKH PRO 3X 8 3X VDPSOHV VXFK D SURWRFRO ZDV HQRX
JUDLQV RI WKH SRO\FU\VWDOV XVLQJ WKH EDFNVFDWWHUHG |
OLUD 7THVFDQ REVHUYDWLRQV > @ )RU WKH PRO 3X 8 3
HITHFWLYH DQG WKH JUDLQ VL]H ZDV REWDLQHG IURP ,3) LQY
FROOHFWHG E\ (%6' HOHFWURQ EDFNVFDWWHU GLIIUDFWLRC(
DYHUDJH JUDLQ VL]H ZDV GHWHUPLQHG E\ WKH OLQH LQWHUF
JUbLQVY DUH FRQVLGHUHG FRUUHFWLRQ IDFWRU VHW WR

,3) PDSV

3ROLVKHG FURVYVY VHFWLRQV IURP WKH DQG PRO 3X 8 3X
IRU K DW f& KHDWLQJ UDWHG IL[HG WR f& PLQ DOPRVYV
ZLWK VLPLODU JUDLQ VL]HV ZHUH FKDUDFWHUL]HG E\ ZDYHC

VSHFWURVFRS\ :'6 XVLQJ DQ HOHFWURQ SUREH PLFUR DQDO



&DPHFD 2Q HDFK SHOOHW XUDQLXP DQG SOXWRQLXP PDSSL
VHYHUDO —Pi OHBR DWHMEHQWY ZHUH SHUIRUPHG DW N9 D
8 0 DQG BRLOQHYV ,Q WKHVH FRQGLWLRQV WKH SUREH YROXPH
GLDPHWHU DQG —P LQ GHSWK 8 DQG 3X OLQH LQWHQVLW\ |
R) DW OHDVW WKUHH DUHDYV —Pi —P ZLWK D —P VWHS
RQ WKH VDPSOHV 7KH GLIIHUHQW PDSSLQJV JDYH YHU\ VLI
PHDVXUHPHQWY ZHUH FRPSOHWHG E\ TXDQWLWDWLYH PHDVX
—PORQJ OLQHV ZLWK D —P VWHS HDFK RQH ORFDWHG LQVL
JRU WKH ODWWHU WKH 8 DQG 3X FRQWHQWYV ZHUH TXDQWLI
PHWKRG DQG XQG@XBRPSOHYV DV VWDQGDUGV IRU 8 3X DQG 2
DQ XQFHUWDLQW\ RI DERXW ZW RQ WKH 8 DQG 3X FRQWHQW\
7KH FRPSDULVRQ EHWZHHQ WKH GLVWULEXWLRQ RI FRXQWV Q
RI 3X FRQWHQW LQ WKH TXDQWLWDWLYH OLQHY DOORZHG SVH

EH FUHDWHG

5HVXOWY DQG GLVFXVVLRQ
)LJ D VKRZV WKH LQFUHDVH LQ UHODWLYH GHQVLW\ DV D IX
IRU ERWK NLQGV RI VDPSOHV :KDWHYHU WKH KHDWLQJ UDWH |
VDPSOHVY VWDUW WR GHQVLI\ DURXQG f& 7KH ORZHU WKH
WKH UHODWLYH GHQVLW\ IRU D JLYHQ WHPSHUDWXUH DQG 3X
H[SODLQHG LQ WKH OLWHUDWXUH WKH ORZHU WKH KHDWLQJ

WLPH DQG WKH KLJKHU WKH VKULQNDJH DQG UHODWLYH GH

WHPSHUDWXUH > @ ORUH LQWHUHVWLQJO\ DQG HYHQ
DUH QRW H[DFWO\ WKH VDPH GLIIHUHQFH RI WK H PRO
UHDFK KLJKHU UHODWLYH GHQVLW\ YDOXHYV RI GLIIHUHQF

UDWH DSSOLHG $FFRUGLQJO\ D KLJKHU 3X 8 3X FRQWHQW
GXULQJ WKH KHDWLQJ VWHS RI WKH VLOQWHULQJ UXQV DV SU

> @



$V VKRZQ RQ )LJ E WKH JDLQ LQ UHODWLYH GHQVLW\ GXULQ
f& IRU VDPSOHV KHDWHG DW f& PLQ LV PXFK KLJKHU DL
IRU WKH PRO 3X 8 3X VDPSOH 7KHQ HYHQ LI D ODUJH
EHQHILFLDO GXULQJ KHDWLQJ WKH GLIITHUHQFH EHWZHHQ ERV
GXULQJ WKH VRDN SHULRG ORUHRYHU WKH ILQDO UHODWLY
VDPSOH FRQWDLQLQJ PRO 3X 8 3X LV XOWLPDWHO\ VOLJFk

RI WKH SODWHDX

)LJ F VKRZV WKH GHQVLILFDWLRQ UDWH DV D IXQFWLRQ RI V
Rl VDPSOHV :KDWHYHU WKH 3X 8 3X FROQWHQW WKH KLJKHU
KLIKHU WKH LQVWDQWDQHRXYVY GHQVLILFDWLRQ UDWH IRU D J
KDV EHHQ DOUHDG\ UHSRUWHG IRU UDGLRDFWLYH DQG QRQ U
JRU WKH PRO 3X 8 3X VDPSOHV WKH FXUYHV GR QRW HI[KI
EHOO VKDSH ZLWK D FOHDU PD[LPXP GHQVLILFDWLRQ UDWH E
WKH PD[LPXP WHPSHUDWXUH DFKLHYDEOH 6LPLODU UHVXOW:!'
XWW\ > @ DQG 1IDNDPLFKL > @ &RQYHUVHO\ D EHOO VKDSH
WKH PRO 3X 8 3X VDPSOHV FRQILUPLQJ DQ HDVLHU GHQVI
KHDWLQJ VWHS RI WKH UXQV )RU WKHVH VDPSOHV WKH KLJKH
WKH WHPSHUDWXUH DW WKH PDfRPDRRU GHQVRULRFDWLRQ UDWH

f& IRJEPLQ DQG& IRfU& PLQ

PRO 3X 8 3X f& PLQ a)
PRO 3X 8 3X f& PLQ
PRO 3X 8 3X f& PLQ
PRO 3X 8 3X f& PLQ
PRO 3X 8 3X f& PLQ
PRO 3X 8 3X f& PLQ

+HDWLQJ UBRWHQ  °&

Relative density (%)

PRO 3X 8 3X
b) PRO 3X 8 3X

Relative density at soak (%)

7THPSHUDWXUH 7LPH K

PRO 3X
PRO 3X
PRO 3X
PRO 3X
PRO 3X
PRO 3X
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YLIXUH



7KH IDFW WKDW GHQVLILFDWLRQ LV IDYRUHG GXULQJ WKH
3X 8 3X FRQWHQW LQFUHDVHV LV DOVR SRVVLEO\ OLQNHG W
FDUULHG RXW LQ D UHGXFLQJ DWPRVSKHUH IRU ERWK NLQGYV
UDWLR RI LV WDUJHWHG W FDQ WKHUHIRUH EH HQYLVDJ
FROQWHQW LQ WKH VDPSOHVY WKH JUHDWHU WKH SURSRUWLF
R[LGDWLRQ VWDWH DQG SRVVLEO\ FRXQWHUEDODQFHG E\ WKF

DFKLHYH HOHFWURQHXWUDOLW\ ZKLFK ZLOO SURPRWH GHQVL

)LJ G VKRZV D ]RRP RI )LJ & LWHWSHUDWXUH UDQJH
'KDWHYHU WKH KHDWLQJ UDWH DQG WKH 3X FRQWHQW WKH |
UDWH H[KLELWV D ILUVW PP&L\W XPH DR XW KDWR EBIQVLILFDWLRQ
VWDUWYVY DURXQG GRZ®Q DURP BURZVWXODWHG LQ SUHYLRXV
SDSHUV > @ LQ DJUHHPHQW ZLWK VLPLODU UHVXOWV UHSRU
@ DQG HYHQ LI DGGLWLRQDO WHVWV DUH QHHGHG IRU YDC
H[SHULPHQWY DV D IXQFWLRQ Rl WHPSHUDWXUH DQG WLPH
UHFHQWO\ E\ 9DXFK\ > @ RU WUDQVPLVVLRQ HOHFWURQ PLF!I
WKH /(&$ 67%$5 IDFLOLW\ LQ &($ &DGDUDFKH RQ LQWHUUXSWHC
ZH SRVWXODWH WKDW D VROLG VROXWLRQ IRUPV LQ WKH GHC
f& ZKDWHYHU WKBOKRHDWQGIJWICHVEX FRQWHQW $V VWDWHG E
EHFDXVH WKH VROLG VROXWLRQ IRUPDWLRQ LPSOLHV WKH LQV\
WKH ©DWWLFBWLR® 8 L QWRWMWLH B XPW SURYRNHV D GHFUHDVH
GHQVLILFDWLRQ UDWH (YHQ LI ZH KDYH QR IRUPDO SURRI W
LQWXLWLYHO\ WKDW WKH DWRPLF PRYHPHQWYV LQYROYHG GX
JUDLQ RI VROLG VROXWLRQG UR B UD DURIQDRIRKA H G
FRPSDUHG WR WKRVH DOORZLQJ WKH FORVXUH RI WKH LQWH
VWURQJ JUDGLHQWY RI FKHPLFDO SRWHQWLDOV ZKLFK ZLOC
LQWHUGLIIXVLRQ RQ VKRUW GLVWDQFHV :KDWHYHU WKH 3X F
UHVXPHV DURX@G WKH VIDPFS GRVVLEO\ PRUH KRPRJHQHRXV DQ
FRXOG EH GHVFULEHG DV D SRO\FU\VWD®ZXLQH ERG\ FRQVWLW

{ VROLG VROXWLRQV DQ@® OB UINLD UQW BDIDR QWKD Q 82



The “grain size versus relative density” WUDMHFWRU\ ZDV WKHQ FRQVWUXFWHG |
UHODWLYH GHQVLW\ DQG JUDLQ VL]H YDOXHV REWDLQHG IRU
VKRZQ RQ )LJ LW LV FULWLFDO WR SRLQW RXW WKDW DV D
PDJQLWXGH RI WKH HUURU EDUV DQG HYHQ LI WKH GDWDVHW
FRPSRVLWLRQ LV VIVWHPDWLFDOO\ VOLJKWO\ DERYH WKH RQH
IRUPXODWLRQ DOO WKH H[SHULPHQWDO SRLQWYV VHHP WR IRU
EODFN FXUYH ILUVW OHYHO ILWWLQJ XVLQJ WKH /DE )LW &XUY
WKDW D UHODWLYH GHQVLW\ JUDLQ VL]H SDLU REWDLQHG DIW
RI WKH WKHUPDO SDWK KHDWLQJ UDWH VRDN WLPH VRDN W
FRQWHQW ,I LW LV ZHOO HVWDEOLVKHG WKDW D PXOWLWXC
FRQGLWLRQV OHG WR WKH VDPH PLFURVWUXFWXUH DV SUHYL
DQG QRQ UDGLRDFWLYH R[LGHV > @ VXFK DQ REVHUYDWL

UHSRUWHG LQ WKH OLWHUDWXUH UHJDUGLQJ WKH 3X FRQWHQ

Grain size (pm)

-
-
-
-
-
-
-
- -
- -
e -

SHODWLYH GHQVLW\

JLIXUH

$0zZD\V DV D ILUVW DSSUR[LPDWLRQ QHJOHFWLQJ WKH WLQ\
EHWZHHQ WKH DQG PRO 3X 8 3X VDPSOHV WKH UHODWL?
SDLUV FRQVWLWXWLQJ WKH VLQWHULQJ WUDMHFWRU\ VKRZQ |
WKHRUHWLFDO H[SUHVVLRQV OLQNLQJ WKH JUDLQ VL]H WR W
EHVW FRHIILFLHQW RI GHWHUPLQDWLRQ YDOXH DPRQJVW WKH'

JURZWK LV FRQWUROOHG E\ WKH JUDLQ ERXQGDULHY DQG GH!



JUDLQ ERXQGDU\ GLIIXVLRQ DV VKRZQ RQ )LJ LQGHSHQGHC

FRQWHQW 1RQHWKHOHVV RWKHU PHFKDQLVP FRPELQDWLRQ

GHWHUPLQDWLRQ YDOXHYV DERYH
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SHODWLYH GHQVLW\

JLIXUH

$V GHPRQVWUDWHG LQ D SUHYLRXYVY SDSHU > @ ZH KDYH

VbDbl

— = 20.323 = 20 —2(2
50ays, 62Dy, wm== (2)

ZKH#,HLV WKH JUDLQ ERXQGDAULW XWKBFRDWWOVULBQIIXVLRQ
FRHIILFLHQW WKURXJKaWKHDI BBRY VERRWGHUWRSHRUWLRQDOLW)\
EHWZHHQ W KGHDIQU® MDKWLYHD G LXK R IRW K M UNUDW R UFR XQGDULHV

Ye» LV WKH VROLG YDS§XUVVWKH BHDWE GRRAG DU\ WKLEFNQHVV
D, LV WKH JUDLQ ERXQGDU\ GLIIXVyy ~2y,,a~2lLFLHQW $VVXPLQJ

> @ DQG D W\SLFDG,YRDWXIHVRRXQE WRKIDW
D, ~ 250D (3)

$FFRUGLQJO\ WKH GLIIXVLRQ FRHIILFLHQW DORQJ WKH JUDLQ

PXFK KLIJIKHU WKDQ WKH RQH WKURXJK WKH JUDLQ ERXQGDULF



JUDLQ JURZWK DSSHDUV OLPLWHG GXULQJ VLOWHULQJ ERWK
GHVSLWH D PD[LPXKMWHKPB3W& DANOFKHDDEVMHKDYLRXU FRXOG EH

DWWULEXWDEOH WR D KRPRIJHQHRXV GLVWULEXWLRQ RI WKH ¢
VLIH LQ WKH UDZ VDPSOHVY GXH WR WKH SUHSDUDWLRQ RI W}
E\ XQLD[LDO SUHVVLQJ E\ WKH I[UHH]H JUDQXODWLRQ URXWH
PHUFXU\ SRURVLPHWU\ FRXOG EH XVHG 8QIRUWXQDWHO\
FKDUDFWHUL]DWLRQ LV QRW DYDLODEOH LQ RXU QXFOHDUL]HC
ZLWK SOXWRQLIHURXVY PDWHULDO ,Q DGGLWLRQ HYHQ LI WK
WKLV W\SH RI DQDO\VLV ZRXOG WKHQ DULVH WKH SUREOHP RI

PDWHULDOV

,Q RUGHU WR JLYH PRUH VWUHQJWK WR WKH PHFKDQLVPV SU
GHQVLILFDWLRQ DQG JUDLQ JURZWK OHW XV GHWHUPLQH WKI
IRU WKH PHFKDQLVP FRQWUROOLQJ GHQVLILFDWLRQ $V SHUI|
HTXDWLRQ IRU WKH GHQVLILFDWLRQ UDWH FDQ EH VHSDUDWH:
JUDLQ VL]H GHSHQGHQW DQG GHQVLW\ GHSHQGHQW TXDQWLW
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ZKHAUHY D FRQYWDQINVIXQFWLRQ BJ IGH @AKLHV D REMOUH QW

DFWLYDWLRQ HQHUJ\ IRU WKH PHFKDQ WKRHFRQWUWHRIFOIOQJ GHQ
JDV FRQMWDWQKH DEVRO XW.N WK PFASIHMIDY\WKYXHIHUDLQ VL]H
HISRQHQW ZKRVH YDOXH GHSHQGYVY RQ ZKHWKHU WKH GHQVLIL
E\ ODWWLFH GLIIXVLRQ Q RU JUDRDTQtBERXW&BU\ GLIIXVLRQ

KHDWLQJ UDWH WKDW LV KHOG FRQVWDQW GXULQJ DQLVRWKH

$ SORW RI WKH OHIW KDQGINLBRXRIGUH OB RQ O X HY HRIW XV
SURYLGHG WKDW WKH GDWD SRLOWVYV@EHLWDNHQ DW D FRQV\

VKRZV WKDW HDFK YDOXH RI UHODWLYH GHQVLW\ FRUUHVSRQ



VL]JH UHJDUGOHVV RI WKH VLQWHULQJ FRQGLWLRQV DQG RI V
IRU D FRQVWDQIW M DIODQGH RDWHG E\ FKDQJLQJ WKH KHDWLQJ
PHDVXUHPHQWYV @p ® W RS LYl DFDUKHHQYWR K D\D XRVPRIOLVP LV

NQRZQ DV WKH &RQVWDQW 5DWHV Rl +HDWLQJ PHWKRG

8VLQJ VXFK DQ DSSURDFK OHDGV WR )LJ 7KH DSSDUHQW
GHWHUPLQHG IRU WKH PRO 3X R-3XRODB3$DIHYVMW

“ N- PRO IRU WKH PRO 3X 8 3X RQHV 7KHUHE\ LQ D ILUVYV
DQ DSSDUHQW DYHUDJH DFWLYDWLRQ HQHUJ\ RI “ N- PRC

GHQVLILFDWLRQ PHFKDQLVP LV WKHQ FDOFXODWHG ZKDWHYH

= 1 % Q(33%) = 490 * 60 ki/mol
£ 1 % Q(15%) = 530 * 10 ki/mol
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,W KDV WR EH HPSKDVL]HG WKDW WKH XQFHUWDLQW\ UHODWHC
Rl WKH PRO 3X 8 3X FRPSRVLWLRQ LV VXEVWDQWLDOO\ Kl
FORVHO\ DW )LJ LW VHHPV WKDW IRU WKH PRO 3X 8 3
VORSHYVY DOORZLQJ DFFHVV WR WKH YDOXH RI WKH DFWLYDWL
7KLV LV QRW WKH FDVH IRU WKH PRO 3X 8 3X FRPSRVLW
VHHPY WR LQFUHDVH DW OHDVW ZKHQ JRLQJ IURP WR

+RZHYHU WKLV DSSDUHQW GLIIHUHQFH LQ EHKDYLRXU PD\ EH

DFTXLVLWLRQ SKDVH RQ WKH GLODWRPHWHU ,QGHHG IRU DQ



QRW KDYH VFUXSXORXVO\ WKH VDPH YDOXH RI UHODWLYH GH

WHPSHUDWXUH HVSHFLDOO\ IRU WKH PRO 3X 8 3X VDPSOF

1R\DX PHDVXUHG WKH YROXPH DQG JUDLQ ERXQGDU\ GLIIXV
SOXWRQLXP FDWIDRBDY SRODFRUBSVWDOOLQH PDWHULDO |IRU DQ F
SRWHQWLDO VHW WR N- PRO > @ +H UHSRUWHG DQ DFWL)
ERXQGDU\ GLIIXVLRQ RI SOXWRQLXP FDWLRQV DURXQG N- P
WR WKH RQH ZH REWDLQHG IURP RXU VLQWHULQJ H[SHULPE
SRVWXODWH WKDW GHQVLILFDWLRQ RI RXU GLIIHUHQW VDF
FROQWUROOHG E\ WKH JUDLQ ERXQGDU\ GLIIXVLRQ RI WKH SOX
WKH 3X FROQWHQW ZKLFK LV FRQVLVWHQW ZLWK WKH DERYHPF

JURZWK VFHQDULR

$W WKLV VWDJH DQ DGGLWLRQDO UHPDUN PXVW EH UHSRUW
VLQWHULQJ LQYHVSXJIRZIGRHQAV RROWRLQLORG ZW RI 3X2
DOVR VIQWKHVL]HG E\ IUHH]H JUDQXODWLRQ ZHUH FRPSOHWH
WR f& $Q DFWLYDWLRQ HQHUJ\ DURXQG N- PRO ZDV |
GHQVLILFDWLRQ > @ ZKLFK ZDV FORVH WR WKH YDOXH UHSRU
SOXWRQLXP FBYLB@O\EQ\¥WDOV > @ )RU WKHVH LQYHVWLJD
82 UDZ SRZGHU XVHG ZDV VIQWKHVL]HG WKURXJK D OLTXLG UR
VROXWLRQ ,Q WKH SUBIVHGWR ZSHIHDD W KHQ#2KHVL]HG WKURXJ
GU\ URXWHHG X FW LIRQ JDIV8SKDVH LW FRQWD2QV DOVR ZW RI
SKDVH :H FDQQRW WKHUHIRUH H[FOXGH D SRVVLEOH LQIOXF
SRZGHU VHOHFWHG RQ WKH PHFKDQLVP FRQWUROOLQJ GHQVL
PRUH LPSRUWDQW GLIIHUHQFH VKRXOG KRZHYHU EH XQGHUOL
LPSRVHG BWZDV f N- PRO IRU WKH VLQWHULQJ WHVWV FDUU
IRUPXODWLRQ FRQWDURSRUWH® L@XR VHSDUDWH SDSHU > @
SUHVHQW DUWL@ SR WHIQW RD\O 18P SRVHG DDWQG |

N- PRO IRU WKH DQG PRO 3X 8 3X VDPSOHV UHVSHFWLY

VHHPVY PRUH SUREDEOH WKDW LW LV WKH GLIITHUHQFH LQ SEC



LPSRVHG GXULQJ WKH VLQWHULQJ UXQV DW KLJK WHPSHUDWX

GLIIHUHQW GHQVLILFDWLRQ PHFKDQLVP

3ROLVKHG FURVV VHFWLRQV IURP WKH DQG PRO 3X 8 3X
IRUK DW f& KHDWLQJ UDWH® RVWG WEHQMNMHPLMP SOHV

ZLWK D VLPLODU JUDLQ VL]H ZHUH FKDUDFWHUL]JHG E\ :'6 (3
UHVXOWLQJ 3X PDSSLQJV LQ )LJ VKRZ WKDW WKH 3X GLVWUL
3X 8 3X SHOOHW LV QRW DV KRPRJHQHRXV DV LQ WKH PR

QRQHWKHOHVYV TXLWH KRPRJHQHRXV
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1RWDEO\ QHOQOWHKH3X 8PLFK ODUJH FOXVWHUV DUH REVHUYHG

ZKDWHYHU WKHLU DYHUDJH 3X FRQWHQW 7KH 3X ULFK FOXVW
PLFURPHWUHY LQ VL]H ZLWK 3X 8 3X UDWLRV RQO\ YHU\ O
PRO ,W FRQILUPVY WKDW WKH I[UHH]H JUDQXODWLRQ URXWH R
EDVHG VXVSHQVLRQV LV D VXLWDEOH URXWH WR PDQXIDFWXI

02; IXHO SHOOHWY HYHQ IRU 3X 8 3X FRQWHQWY DV KLJK DV



&RQFOXVLRQ

7KH VLQWHULQJ EHKDYLRXP RIHE]BW2JUBQXODWHG SRZGHU
FRQWDLQLQJ PRO 3X 8 3X KDV EHHQ LQYHVWLJDWHG XQGH
DQG FRPSDUHG WR ZKDW KDG EHHQ REWDLQHG LQ D SUHYLR

SUHSDUHG LQ WKH VDPH ZD\ EXW FRQWDLQLQJ RQO\ PRO 3>

It was shown that the “grain size versus relative” density trajectory VHHPV

LQGHSHQGHQW RI WKH 3X 8 3X FRQWHQW /LNHZLVH UHJDUC
FROQOWHQW GHQVLILFDWLRQ VHHPV WR EH FRQWUROOHG E\ WK
WKH SOXWRQLXP FDWLRQV DQG JUDLQ JURZWK VHHPV WR EH

ERXQGDULHYV

J)LQDOO\ WKH IUHH]H JUDQXODWLRQ URXWH RI KLJK VROL(
VXVSHQVLRQV KDV EHHQ VKRZQ WR EH D VXLWDEOH URXWH V
KRPRIJHQHRXV 02; IXHO SHOOHWY HYHQ IRU 3X 8 3X FRQWH(

PRO

$GGLWLRQDO ZRUN LV FXUUHQWO\ XQGHUZD\ RQ D SRZGHU
JUDQXODWLRQ DQG DQRWKHU E\ GLUHFW DGYDQFHG FR JULQ

PRO 3X 8 3X

$FNQRZOHGJHRHQDXYWKRUV ZDUPO\ WHKRPQKDQDWKLOGH 3RQV
$OLEHUW /LVH %DUQRXLQ &DPLOOH $ORLQ DQG 5RPDLQ /DXZ}

KHOS GXULQJ WKH H[SHULPHQWY FDUULHG RXW ZLWKLQ WKH |
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