-RXUQDO RI 0LQLQJ DQGIRXYLURDPHQW

RXUQUIL@LQJ DQG (QYLUR( //,A
,UDQLDQ 6RFLHW\ RI

6KDKURRG 8QL -RXUQDO KREHSDJIMH 0LQLQJ (QJLQHHULQJ
7HFKQRORJ .560(

,QYHVWLJIDWZLRQOUJBWKNUH Rl 0DUTDLVFWERIQWM\ LR) WI
&DWLRQV

$PLUUBDMD Q@EDPLQ 'RRVWPRKDPPDGL

O0LQLQJ (QJLQHHUL DDFXSINIQWEEBRULYG U VLW \=RIQAD@MWD Q

$UWLFOH ,QIR $EVWUDFW

6R IDU OLPLWHG UHVHDUFK KDV EHHQ FRIQGXFWHG F
pUOVWRQH LQ WKH SUHVHQFH RI FDWLRQV ,Q WKLV VW
HUH SHUIRUPHG RQ URFN VDPSOHV REWDLQHG IURP W

5HFHLYHBEQXDU\
5HFHLYHG LQ 5H\$IX\IJI){GWRQJ

$FFHSWEIGSWHPEHU QRUWKZHVW ,UDQ 7KH VSHFLPHQV XQGHUZHQW ZHWWLQ.
3XEOLVKHG RHENIQME H U HTXLOLEULXP FRQGLWLRQ EHIRUH FDWLRQ LQILOWUDWLEF
ZLWK GLVWLOOHG ZDWHU DQG ZLWK DQG PRO / VRO:

DQG FDOFLXP FKORULGH &D&O 7KH ILQGLQJV VXJJIJHVW
VROXWLRQV HHOAUHYJ WHHVWZAUH Rl ODUOVWRQH GLPLQLVKI
2, MPH VDPH FRQFHQWUDWLRQV WKH VZHOOLQJ SUHVVXUH RI V

.H\ZRUGV ZDV OHVV WKDQ WKDW RI WKRVH WUHDWHG ZLWK 1D&O

VDWXUDWHG ZLWK &D LRQV H[KLELWHG JUHDWHU UHVLV
6ZHOOLQJ FRQWURO VDWXUDWHG ZLWK 1D LRQV 7KH ILQGLQJV RI WKLV UHVH
&DWLRQ UHWHQWLRQ FDYZHOOW\QJ SUHVVXUH RI ZHDN URFNV LQ SUR[LPLW\ WR VX

1D FDWLRQ
&D FDWLRQ

,QWURGXFWLRQ

5RFN VZHOOIGHSHQ®WHOMW SKHQRMHIQRYLFDOO\ GHSHQGHQW RQ WK
IROORZLQJ H[FDYDWLRQ SRVHVWRDRBQRILE D QWROKIRYO@®PE B RBDOL WK P
LQ URFN PHFKDQLFV  0DUOVWRIDHVL RQMWPIDALTKRLY XQGHUVFRUHYV
FRPSRVHG RI W R FOD\ DQEWUDMRIJ\ VXFK DV FDWLRQ LQIL
FDUERQDWH H[KLELWV ZDWHU DXEOWRLPDWHR® DQG® NWZHOIKOHL @LFURVFRS
EHKDYLRU ,WV VRIW DQG ZHDNGQDWXUEHXWSRQ MRR WDIFHWWLYHO\ FR
ZLWK ZDWHU FDWHJRUL]HV LW DAZ DO GURE OFEBVWEHUBRFA RI FDWLR
&RQVHTXHQW @\HOLIW BEBWSWRMHFVWNMLSWRKDWNMRQ LV JRYHUQHG E\ FRI
GDP FRQVWUXFWLRQ PDUOVWRQMWHUDFWHRGAEG ZDWKRLQ FOD\ PLQHU
WURXEOHVRPH VZHOODEOH URGFROHFKDWU FDQD AFLDPW B/ L PXIOW W LR Q V
FRQVLGHUDEOH GDPDJH 2QH P HADKR G RV HP L WHOBWHQW KMLR/IWZDUH V XF
VZHOOLQJ LV WKURXJK WERKHLQ IUE WHDW MWRKD R FDWILRQVEHKDYLRU LV
FRPSOH[ QDQRVFDOH LQWHUDFWLKRHQW IYROYOHH@A\Q K \FEDUDMRLGR Q HQH U J\
HIILFDF\ FDQ EH HOXFLGDWHGF WHRKWLRPDIXO D G P DADEHHEFLQJI WKH VWU
FRPSXWDWLRQDO PRGHOLQJ )RADW BYWD®RE HW KH UHPHQ@OW QW VZHOC
FRDUVBHLQHG PROHFXODU G\QD P LK\ WWGLX\DB\HTRQ JF DEDL RSRNV O NW FD O
HW>D@LPXODWHG WKH ZHWWLQJKRIJRRQWRBUDMLRQLWEBHUJ\ DQG FDQ
FOD\ DJJUHJDWHV HVW DPEDCFILVRK LRU JD GLBIBF WK FAFDWLRQ VKHOO ZLW
UHODWLRQVKLS EHWZHHQ VZHQQWQMIUODNHHVDW Q® KWKH)DQRVFDOH
GLVWULEXWLRQ RI FOD\ WDFWR IPRQ RMDDFHNHGE DY B WLKKWPL U7 KHDLRWU RV FR S
ILQGLQJYV GHPRQVWUDWH WKDWIINEWODVY QW KMWRSSRNLMWH 7KH VWU

E &RUUHVSRQGUOQPIDXWRRYWPRKD PP IRRHMPR DD PLPD G L
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EULGJHV IRIDPHRQE\EHWZHHQ Q DIDAVHIOWHERWLRQV KLQGHU FU\WWDOOLQ
FKDUJHG FOD\ SODWHOHWY DFWODVHSRYENOXOL ER QXKHIOHIQW YUHD W H U
HITHFWLYHO\ VXSSUHVVLQJ RDEURQWY HQRDEPPHIEREEOEIRQJ DQG OF
VZHOOLQJ DQG UHVXOWLQJ LQUHILUQDQFADRHQOY AU RIZKKY WG\ FV ZHO C
VZHOOLQJ SUHVVXUMLRQVFRRUMBIDHMWY XUH H[SHULPHQWY ZHUH FDU
ZHDNHU GLIIXVH OD\HUV DO @PRIICMWRRY VHIDPSOHN IURP WKH 0DUL
VHSDUDWLRQ RI FOD\ SDUWLFOHVLODGG ZDWHWKRBROFRLEEB FKORL
PDFURVFRSLF H[SDQVLRQ &RQWIRTLK@WPKORLREBHDQ1D&O VROXWLR
HQJLQHHULQJ SHUVSHFWEBH WHKRQ EQOQVDWDUDWVRIRQ RKH RXWFRPHV Z
FDWLRQV LV D KLJKO\ HITHFWLY B WWWH/DWKRY IRMWRIRQLVI DWGQWKHLU FR
WKH VZHOOLQJ SWH¥WXURFRV RIKIMHVZHOOLQJ SUHVVXUH RI WKH 0D
PDUOVWHRFHQW VWXGLHV KDYH 7HLD/PLSOHSHUW HPVY WR SURSRVH D
VZHOOLQJ EHKDYQRWHRIS RWREHVRMRROWUROOLQJ WKH VZHOOLQJ EHKDYL
LQILOWUDWLRQ RI VDOW VROXWLROQNXCIDULRXOVLQBERUQWRSURMHFW
H[SHULPHQWY KDYH LQYHVW L JDRANG UW RW L BFEOIPQGIEDAWHIX FW X U H V
LPSDFWV Rl FDWLRQV RQ WKHFPRHRQLQRQ MMEMOLRMD RXUWKHUPRUH
GLIIHUHQW EHQWRQLWHY UHYHOR®.U RVKOMD BLGHWUHDVMWHKIQV VZHO:
VROXWLRQ VDOLQLW\ FRUUHO DWHM KRB KZIKGIRUHPSWRAVG 8 ZMR FLBOLF ZD
EHKDYLR® $V SRUH ZDWHU VDODRODXWW LR FHHDLWHRWQPHQWY 7KLV VWXC
WKH WKLFNQHVV RI WKH GRXENMH\ ODQBRBYBWARDWKHYUVWO\ D QI
UHVXOWLQJ LQ UHSIXFHGX@H HOWDELOL]DWLRQ SURWRFRO ZDV GHY
‘DNLP HW DO > @ H[SORUHG WKIRANWSDSEWFRP WRDXWQBBUJR V\VWHP
FKHPLVWU\ RQ WKH VZHOOLQJGDQ®JVKBO®NDIHIRRIH FDWLRQ H[SRV
7RXUQHPLUGHRNKQ@WOWUDWLQJ D VWWDBDOH FDDHD OLKQLN EDUVHHRR@GILWLR QL
UHGXEWLRQ VZHOOLQJ ZLWKHPWWKRGRORJI\ HIIHFWLYHO\ HOLPLQE
LQFUHDR@QRWLRQ FRQFHQW W@ WLRQLVEQI HWRPOKHWHURJHQHRXV PLQF
DQG <H H® DQYBVWLIDWHG KRZDQEOW MRWXWH RIAWWRU\ WKHUHE\ H
LPSDFW WKH VZHOOLQJ FKDUDFRMR-PEIDMNVRQ R R IFRPEBWERGIGHITHFW V
*DROLDR=L *0= EHQWRQLWH LQ[SKLQAPHYKPMZLQUUDPHZRUN ZDV HV
WKDW WKH VDOLQLW\ RI WKHFROBIOHKHDWLYBHOVRBXWQRQWH OHDF
VLIQLILFDQWO\ LQIOXHQFHV ERWIGHZHOIORLQDID WHIEY VEKWGHUDXOLF FR
DQG VZHOOLQJ VWUDLQ ZLWKLPROWMPHQQWBHGH VWgWWRHULJRURXVO\
FRQFHQWUDWLRQ RI WKHVH VFORQANHRR W VO BIDLCONON H TRE HIED WISRIG L P H
UHGXFWLRQ LQ ERWK SDUDPHWNKQGHHG GLWXROWHB EKHODXOLF FR(
HW D@ Y¥WXGLHG WKH VZHOODQDOSVHWVXWRYIRGHY FULWLFDO GDW
EHQWRQLWH VXEMHFWHG WR NWODWHJUQH\OWWRWERWWEWHQ VZHOO
GLVWLOOHG ZDWHU DQG YDULR XMGRIEGIQAWIUDIW D R @\ RA WL D& 19
VROXWLRQV 0 O DQG O QRWLQJ WKDW

VDOLQL]DWLRQ DQG GHVDOLQL]D®WILWRIQUED A VHVYE \0 HWHKRGNG
PDUNHGO\ GLIITHUHQW HIIHFWV RQOID’\Z/H-HOODQS/ EHKDYLRU

HYHQ DW LGHQWLFDO FRQF® QWU

REVHUYHG WKDW KLJK FRQFH FRUPSFRV\\,/LLI\?NQLF
VROXWLRQV VLJQLILFDQWO\ UHG DEWRP |
RI *0= EHQWRQLWH DQG IXUWKH G$JFRHWLRQ R
FRPELQHG HIIHFWV RI YHUWLFD e URXQG N
VROXWLRQ RQ VZHOOLQJ EHKDY RO ET KH S
LQIOXHQFH RI WKH 1D&0O VROX \8 P LQ WKH i 5

LQWR WKH
PSDFWHG z

XGWU%@JJ‘ESS

PD[LPXP VZHOOLQJ VWUDLQ RI *g
RQ YHUWLFDO VWUHVYVY DQG VDOW
> @ H[SORUHG KRZ K\SHUDO
WEHRBGHU OL
LOQIOXHQFH WKH VZHOOLQJ SUH ILI'QD ,,f!‘_, R o I—P ® Q

; FRPSDUL
FRQFHQWUDWLQJ RL(DFW)PN-LR_(B\‘B
2+ DOLRQV 7KHLU UHVXOWV v lFW/'ﬂBvaV\le KHPNY ZLWK UHIHU

LQFUHDVLQJ YHUWLFDO GH® G
GHYHORSHG DQ HPSLULFDO IRU Qi@
R HE
Q
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WKH 3RZGHU 'LIIUDRWLRSHFILAHY 7HVW DSSDUDWXV
LQILOWUDWLRQ GLVWLO® HID &XD
VROXWLRQV ZHUH HPSOR\HG 7 7R '%%E@'@r‘—%%%YDHSOSRDSUHDGWXDVW'F\;
FKORULGH DWB&¥RGLXP FKORU WV OV HAG X S
VROXWLRQV ZLWK WKH UHTXt: \PHO SO XOUHUT
DSSURSULDWH PDVVHV RI GHK HOO VSHEL
*HUPDQ\ ZHUH FDOFXODWHG E VHE 5 VWHHO E
FRQFHQWUDWLRQ 7KH ZHLJKHG &?/B'ﬂSOHVV VWH I
LQ RI WKH ILQDO YROXPH R VSHELPHQ FROW
DW‘ f& XQGHU FRQWLQXRXV V WPLLIRK D OL F
FRPSOHWH GLVVROXWLRQ 7KH GLVSODEH
DGMXVWHG WR WKHLU ILQDO O GDWD .
YROXPHWULF IODVNV WR DFKLH A
PRODULW\ ZDV Y HWMLIWH® W
PHDVXUHPHQWMNHSWLRQDOO\ ORZ[ SR T( L Fmn
VWUHQJWK RI WKH ODUOVWRQH
VSHFLPHQ IUDFWXULQJ GXULQJ PI
'HVSLWH H[WHQVLYH SUHSDUDWL
LQWDFW VDPSOHV FRXOG EH VXFF
DGGUHVV WKLV VDPSOH VL]H
H[SHULPHQWDO SURWRFRO ZDV I
WHVWLQJ PXOWLSOH IOXLG FR
YDU\LQJ VROXWLRQ FRQFHQW
LPSOHPHQWLQJ UBSBPBWIHE FN RO
ZDVKLQJ SURFHVVHV IRU HDFK V¢ :
XYLQJ VZHOOLQJ HTXDWLRQV DQG | cuime e
SKHQRPHQD 7KLV PHWKRGRORJ K.mf

Emirates

UHOLDEO\ FKDUDFWHUL]HG WUHQGYYKWRFYHITIRY RRWREHHBYbBRY DP LQ QF
LQFOXGLQJ ERWK LQFUHDVLQJ DQG GHFUHDVLQd SDW Vv

ZLWKRXW FRPSURPLVLQJ PHDVXUHPHQW DFFXUDF\

YW

7DEOH OLOQHUDORJLFDO SURSHUWLHYV RI ODUOVWRQH VSHFL

6SHFLPHQRQWPRULOO,RPO@QUWHDROLQLWKORULWNKDUW] )HOGVSREDOFLMWHIPLFXOLWH

0
0

r

| :|00.00Kg|

[4] =

DVFKHPDWLF RI WHVW DSSDUDWXMESLFWXUH RI WHVW DSSDUDWXV
JLIXUBHWXS IRU VZHOOLQJ SUHVVXUH WHVW
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6SHFLPHQ 3UHSDUDWLRQ SURSHUWLHV ZLWKLQ WKH URFN EOI
&\OLQGULFDO UREN VSHFLPHDWK YL'@ dﬁv\ﬁ/\?rﬁ'g‘#HQW VSHFLPHQV |
U ORTRUH LW LV HVVHC
PHDVXULQJ PP LQ GLDPHWH P
H K WKH YLFLQLW\
KHLJKW ~ZHUH DUUDQJHG 7KH/ SV u § i)t AL
PDFKLQHG XVEQHM WIRIE ODWKH X N y QZHO
QR YLVLEOH FUDENV RU VWUXFWA rl? waﬁla% \bcﬁql/w/(\ﬁwm
ZDWHU DQG VL[ VROXWLRQV 0 ,
L QV XQGHUZHQW ZHW
DQG 0 0 DQG 0 1D&0O ZHUH e

VSHELPHO VDWXUDWLRO F D EXVWRP DSSDUDWXV WR
VZHOOLQJ SUHVVXUH EHIRUH FDWLR(
Y)LIXUH 7KH VZHOOLQJ SUHVVXUH RI W
THYW SURFHGXUH LOOXVWUWDMHE LMHY ZLWK WKH LQFUF
JROORZLQJ VSHFLPHQ SUHSDWXMLARPEHDFK|I BRFONHYV 6SHFLPHQV 0
VSHFLPHQ ZDV SODFHG LQVLBHKLHYAR®MWHOLEDQUHYXMHH E\ WKH

HQFORVLQJ ULQJ WR SUHYHQW @R H)WIMR EB HI R OR-VW IURIY S BIEWK Y H O\
SRURXV SODWHV LQVWDOOHG DEBEBHDQGKERAHWRVKDIWKH/ DPSOH 0 6
VSHFLPHQ 7KH ULQJ PDGH RI \W&DQMWPRHMO VRVGLHDOH WEKRAW HQW W KD (
KROGV WKH URFN VDPSOH ZDWKYXEKVFRXHQWERQEXWR LWV JUHDWH

WRJIJHWKHU ZLWK WKH RWKHU BEWDBEVRRMHY WFHQ PMIEVWG QIJIXUH
HTXLSPHQW *LYHQ WKH YDULDELOLW\ RI PLQHUDORJLFDO

'
b
1=

—— 1st cycle 400
——1st cycle
< —&—2nd cycle < 350
Q & —&—2nd cycle
) 3rd cycle 2 300 )
° o
E ——4th cycle R 3rd cycle
% ~&—5th cycle 2200 —=—4th cycle
of)
E? 6th cycle £ 150 ~0—5th cycle
5 7 o
; —o—7Tth cycle £ 100 1 eth cyele
\ —+—8th cycle
50 —+—Tth cycle
—E—9th cycle
) 0
8 0 2 . 4 6 8
Time (Day) Time (Day)
DO 6 EO 6

JLIXUBI\FOLF LQILOWUDWLRQ RI ODUOVWRQHV ZLWK GLVWLOOH

JROORZLQJ FRPSOHWLRQ\LRIJ VEGKN WIHO/MOWIGQ JZDWHU 7TKH HYROXWLI
F\FOHVY HDFK VSHFLPHQ ZDV LQBWOWHWYXWHG ZRWKNKHPWZR VSHFLPHQ\
Rl WHVW VROXWLRQV LQFOXBULIXUHEKMWHLDORAKP ZZWBOLQJ SUHVYV
FRQWURO FDOFLXP PEGRVRGHXRED&O®MG 0 6 ZHUH PHDVXUHG DW
FKORULG® DW& VSHFLILHG FRORHKBQWUDWBRQWHVSHFWLYHO\ )RU W
JROORZLQJ HDFK LQILOWUDWLR®RIF\EOBDQ/SHEDRPBQWREBXWLRQYVY DW
VDWXUDWHG ZLWK GLVWLOOHGFRDWHQWWRBRWHEBOQRLQWWH WWKIHOOLQJ S
LOQIOXHQFH RI SUHFHGLQJ FDWLEHVNVUNO@EF HGHWKRARQ WKHR3WR 0 1D&O \
WKHLU LQLWLDO VWDWH 6XEVHNIB QW OLD&@XOH DQL SURYVYXUH N3D

ZDV PHDVXUHG XQBGIXPHARRR/OWDIQWE BRD & WOV R N3D O LIDX&ED
DW D WHPSHUDWXUH RI “f& 6LPLODUO\ WKH VZHOOLQJ SUHVV)
GHFUHDNRPG | N3D 0 1D&O0 WR N 3
5HVXOWYV 0 1D&PLIXWUPH DQG IURP N3D 0

URFN VSHFLPHQV 0 6 DQG
QJ VROXWLRQV ULVHV W

0),
LQILOWUDWLR@Q’GRID&&@/ROXV\}(S o GL%@%\/KHV  RPSDUHG
suRvYYxul "BHD G ZLWK GLVWLC

6ZHOOLQJ SUHVVXUH WHVWYV 855?&]?#}{3{75)\%\;9%% o wkn F
EWRE

YDU\LQJ FRQFHQWUDWLRQV



.DYDQ@®IBRVWPRKDPPDGL -RXUQDO RI OLQLQJI9RQYLURRPHQW

VZHOOLQJ SUHVVXUH REVHUYHG )ZIXWKH VROWXVWORWHRQWKH SHUFH
LQILOWUDWLRQ ZDV VLJQLILFDQWB O QHEIX SHGE VVRGHFRWIQUOVWRQH
WKDW WKH SUHVHQFH RI VDOWUMBRRWILRQV LMLJYZHFORWIO\SUHV VX
UHGXFHV WKH VZHOOLQJ SUHV VIXQIH ORV LDIDW IOR/QV R QY OTRKEHW MRK@\Q W K [
ILQGLQJ LV FRQVLVWHQW ZLWK DMK RV K H WXCOPMV VIRFDSKRAULVR DG FRQ FHQ W U |
&DVWHOODQRW®W HMJIDOGLS®J FRPSHDFEWHGE FRQWUROR®JIVHHIBGIGMQ R
)(%(; EHQWRQLWH DQ@ ERQRHUQI@I VYV XUH FRPSDUHG WR 1D
FRPSDFWHG *0= EHQWRQLWH

= 700 = 700
& 600 < 600
0 —8— Disilled ) —8—Disilled
£ 500 Dl & 500 Disl
2 400 N —— 1 M NaCl §400 ——1 M CaCl2
o H ,
- i ) N a o)
; 300 s 2MNaCl o 300 & B 2 M CaC12
= 300 =3 M NaCl = 20 $ 3 M CaC12
[ 4 H—H—H—H——X
& 100 & 1oo§
0 1 J 0 | |
0 100 200 0 100 200
Time (Hour) Time (Hour)
DO 6 DO 6
= 450 = 450
& 400 &1 400
> 350 ~ 350 =
= 300 Rl = 300 N
7 water 7
g 250 —a— 1NNl 4 250 A MG
2 Y a |
o 200 ts 2 MNadl o i:)g ' 2 M CaC12
2 150 § ) 8 13 3 M CaCl2
T 100 =¥—3Med B 100 f
& 5 2 50 I—N——n—x—x—x—x
0 L | 0 L )
0 100 200 0 100 200
Time (Hour) Time (Hour)
DO 6 EO 6

JLIXUHIIHFW ROQ® &ADWLRQV RQ VZHOOLQJ SUHVVXUH RI ODUOVWRQH XQG

80 r 9% r

70
60
40 r
30 F
20 il NaCl
e CaCl2
1 2 3

[ ]
o O O
T T T

=
o
T

o
o
T

~—{—NaCl

swelling pressure (%)
swelling pressure (%)
3

Reduction percentage of

—_
o O
T T

10 F g CaCl2

0

Reduction percentage of

Il 1 1 J

4 0 1 2 3 4

Concentration (mol/L) Concentration (mol/L)
DO 6 EO 6
JLIXUBHGXFWLRQ SHUFHQWDJH RI VZHOOLQJ SUHVVXUH RI ODUOVWRQH

o

0
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SUHGLFWLRQ RI 7KH OD[LPXPK HZH®LH J
3UHVVXUH WWKH HODSVHG WLPH +RXU

7KH VIH®® FXUYHV H[KLELWHG3QN|}@|S\}tLp_|FO%Q§5 SUHVVXUH .3D
SDWWHUQ ZKLFK FDQ EH DSSUR[LPDWHG J

(TXDWLR®@ %\ UHZULWLQJ WKH HPRPMKHERRP BB VZHOO SUHVVXUH .3D
SORWWLQJ W S WLPH VZHW Summwswnmw\)vww EH IL[HG

GLIIHUHQW WLPH LQWHUYDOV LW P HD HH ViV SUHC
DPHWHU E

MRUHWLFDO P

E#y UHGLFWL

V" ZHUH s

OLQHDU UHODWLRQVKLS LV W
SDUDPHWHUV D DQG E 7KLV SU
|%ﬁLP HDVXUHG YDOXHV
H OWLQJ SORW GHPR

DQDO\H WKH VZHOOLQJ EHKD
DFURVYV GLVWLQFW FRQGLWLR
ZHHQ SUHGLFWHG
DV HYLGHQFHG E\ GDWD SI

FRQFHQWUDWERQWRIL DR QL RAR O X

UHVXOWYV DUH SUHVHQWHG LQ )OI)
7KH PD[LPXP YDOXH RI VZH é

3PD[ .3D FDQ EH FROXBXWDRQG,

_,Igéj”

s L ! FORVHO\ DURXQG WKH ELVHFWRU
=E> FRHIILFLHQW H[FHHGLQJ 7KLV KL
. FRUUHVSRQGHQFH YDOLGDWHYVY WKH S
. o < < (TXDWLRQ IRU FKDUDFWHUL]LQJ
ok flf £ A Mg EHKDYLRU
0.25 04 r
= ® % 035 | »
7 y=0.0016x +0.0006 .- = - y=0.0026x +0.0011 .**
o _ 02t Ri=1 o 2 L R?=09999 @
8= 5 0.3 .
as L
%:,% 0.1 o %5 0.25 .
TS o E% 02t o
T 0.1 0 9
n L . 0.15 r -
) (] & .
§ 0.05 @ Distilled water § 0.1 @ Distilled water
= Ve Ca = o
= 005 F
0 ’ 0 ' 1 1 1 J
0 50 100 150 200 0 50 100 150 200
Time (Hour) Time (Hour)
DO 6 EO 6
06 r ®1MNaCl 12 ¢1MNaCl
g 05 A2MNaCl 2 -t A2MNaCl
2 y=0.0036x + 0.0003 3MNaCl 2 y=0.0068x +0.0021 3IMNaCl
82,04 R*=0.9998 v =0.0022x + 0.0003 5=08 Ri=1
o g R2= 0.9999 o g ¥ = 0.0039% +0.0004
E A 8B | R*=1
= %03 A = 506 A
22 . 3
% T o2 AT GEToat P S
> AT k) o
g 01t ,.‘_'.'.'--‘ ¥=0.0017x + 0.0002 g 02t ‘ y=0.0032x +0.0003
-f:‘ ' ‘ ’ R#*=1 = \“ R*=1
0 :“. L ! ! ) 0 .:j' 1 1 1 )
0 50 100 150 200 0 50 100 150 200
Time (Hour) Time (Hour)
FO 6 GO0 6

JLIXUH/LPH 6ZHOOLQJ SUHVVXUH YV WLPH UHODWLRQVKLS XQGHU G
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1 r @1 M CaCl2
(]
a A2 M CaC12
§ 0.8 N
o~ ¥ = 0.0064x - 0.0005 SMGcL2
as R*=0.9998 _y=0.0036x +0.0001
o0 g 06 r R®=09998
S5 A
D 204 L A
2 504 e
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[5] "\ '~*
g 02 r PRI i
[ g ®T ¥ =0.0019x +0.0011
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0 a"‘ 1 1 1 J
0 50 100 150 200
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Time/Swelling pressure
o
i

0

-RXUQDO RI OLQLQJI9RQYLURRPHQW

r y =0.0157x - 0.0023
R?*=10.9999

¢ 1M CaCl2
A2M CaCl2
3M CaCl2

y = 0.0062x - 0.0006

| R?=0.9998
A
et
L AT e o
R W T ®'20.0035x +0.0005
g4 L Re=1, ;
0 50 100 150 200
Time (Hour)
106

ERQWLQIRXVWURILPH 6ZHOOLQJ SUHVVXUH YV WLPH UHODWLRQVKLS XQG!

7TDEOBUHGLFWLRQ RI PD[LPXP VWZHIRQLDO® G WHMAMXYHO B

6ROXWLRQV

5HODWLRQVKLSD

E

&RUUHODWLRQ BRHIBIFLHQW

'LVWLOOHG Z2DWHY TETrrr»

0

O O O oo

1D&O
1D&O
1D&O
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&D&O
&D&O

LLrrrs TErrrrt
LLrrrttTErrrrt
LLrrrulErrrrt
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7TDEOBUHGLFWLRQ RI PD[LPXP VZHOOLQJ SUHVVXUH 3PD[ IRU DOO

6ROXWLRQV 5HODWLRQVKLSD E &RUUHODWLRQ FR¥FblI LFRHQW
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DQG OORFDWHG EHWZHHQ WKH VZHPOBG ORB\WWDOOLQH VZHOOLQJ
7KHVH FOD\V DUH FRPSRVHG RRPSBQHWQRPLQXIP FU\WWDOOLQH VZH
RFWDKHGUDO VKHHW VLWXDW HZHEHW DH HEH DV RS  \OLQ@E& PBKH GLVSHU
WHWUDKHGUDO VKHHWWV73URFIBRKEOH OD\HU LQLWLDWHG WKH VHFR
FKDUDFWHULMWIBUPVVXKAOIWQJ G XAV WER JXYW
UDSLG RFFXUUHQFH 2QFH WKH PDXMRQLWWKRI KXBODWG®Y SURFHVV P)
KDYH EHHQ DGVRUEHG WKH UDWR XEIOWX OIM\FH \K\IRWPWMGR QQ WKH SRL
GLPLQLVKHV OHDGLQJ WR WKHFRYWDW ORIQWKHY GLLXWHUOD\HU VSD
GRXPOMHU ''/ VZHOOLQJ @HFKORXE®H>OD\HU GEVSWHUNEE JUDIXID O
'LIIXVH GRXEWH VZHOOLWHUPD VEBRRUDWHG LQWR VHSDUDWH OD\HU"
SURFHVV RFFXUV RYHU D@ H[WH@GHAUMHIPM HDRSDFH OHDGLQJ WHFR
‘KHQ ODUOVWRQH VSHFLPHQV FRRPMH LDWHR PRZGWDEWIIXVMWHS LQ
ZLWK GLVWLOOHG ZDWHU WKH (MHFXWRDBDE OBOWOKDEE®DHH W XEGLYLG
FDWLRQV DEVRUE WKH ZDWHU DQGLE¥HGERPE & DGHDWHNNWH S K LIE®
7KLV SURFHVV OHDGV WR WKH SRNVQYWEHRXDOH PP \RIU WEHONDLQJ ZDV
FU\WWDOV LQWR WKLQQHU VWUXEWGOHYJ 7S<UHDHZUMW KRIQ@HKWH VSHFL]
VWUXFWXUHV ILOO WKH ODUJHUHYRLGVEBEHWE HHR® GUKWHLRRD UXNYV WK H
SDUWLFOHV ZLWKRXW FKDQJLQRIWKHEHGOLW D QFWHERWEZOIBIQWO\ RFFX!
WKHLU OD\HUV > @ &RQVHTXH®WGHUWKRQ RIJWHKHD@/IHVXVH GRXEOH
H[SDQGHG YWMKSHDQG WKH VSHFLPHQ

Inter- aggregate Interlamellar pore
pore

—

I Basal space  Unit layer
(Tom)

Initial state Step 1 Step 2 Step 3
JLIXUBFKHPDWLF GLDJUDP RI D VZHO®LQJ SURFHVYV RI FOD\ >

7KH '/92 WKHRU\ /DHUGEBUXHY FRXQWBY, LQ WKH LQWHUOD\HU ZDWF
2YHUEHHN LV D FODVVLFDO |UDPWZRMWLIRRQY @[SODLQLQJ

WKH EHKDYLRU RI FROORLGV DQG FOD\ SPUWLFOHV LQ

DTXHRXV HQYLURQPHQWY 7KLV OWKH#RUATARQVBGHUV WZR:(;

SULPDU\ (OHFWURVWDWLF UHSXOVLYH DQG Q GHU :DDOV
DWWUDFWLYH IRUFHV ,Q WKLV ZKRHGHO WKH EDODQFH

EHWZHHQ WKHVH WZR IRUFHV GHm@Hg,Lrgﬁy WKW ¥ RS & U
EHKDYLRU RI FOD\V +RZHYHU WgH /92 WKHRU\

DORQH FDQQRW IXOO\ DFFRXQW IRU WKH GLIIHUHQFHV LQ

FOD\ EHKDYLRU ZKHQ H[SRVHG WR/EETNHUWYWR! PHRYLRQRHUIDFLDO ZDW

HJ ¥¥ &DG6XSSOHPHQWDU\ %ROVIRONQORQFHQWUDWRR®Q RiA FRXQWHU|
'LVWULEXWLRIQRRN &RIXDMHBRQ FD
WR GHVFULEH WKLYV OLPLWDWLR%FFC;‘Q'EN@}&BHMFQWLH%WLRQ RI
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% (OHFWULF SRWHQWLDO®DW WKH FRXEWHUH REH © O DVWWRHRY AWROHQ MQAMUH UO D \H'

%ROW]PDQQ FRQAVWDQW ZDWHU & P3

) )DUDGD\ FRQVWDQW UHSUHVHQWLQJ
7 $EVROXWH WHPSHUDWXUH PROH RI HOHFWURQYV

'XH WR WKH ORZHU YDOHQFH ] ¢\ g@ EXRP R 8 YrgFHE WY DVKIR Q!
LRQV ~ HJ  WKH H[SRQHQWLQ(?DW% W’vs FKDUSHRBRWYQW\WDFWRL

X0

1S@— A LV ODUJHU UHVXOWNQIDEHDOLHM\IKIDOG UHGXBRE VZHOC
FRXQWROUFRQFHQWUDWLRQV LQ MRQGFHQWHBYWDOREW GLQAN WR VWURQ
HQKDQFHV WKH HOHFWURVWDW IUH §XGXOR/Q DR EHWEMHQ VFHIEDVZHOOLC
SODWHOHWY UHVXOWLQJ LQ LQFURDWKE VRHORIQBRQRYDO$ QW FDWI
,Q GLYDOHQW LRQIWKH J &D VWRHHU ] UBGXEZKWQ P WKH QHW
H[SRQHQWLDO WHUP LV VPDOOHOHBEWUORVWPWLOEWHQWHMWNFWLRQ E
FRXQWBU FRQFHQWUDWLRQV ORRGLHMHITMWHRQOQMQAWUHDVHG VZHOOLQJ
HOHFWURVWDWLF UHSXOVLRQ ZHONW&W XSURRIRWY QO HI M FOMUL R QV
IRUPDWLRQ RI FRPSDFW WDFWRI[ G QMUKTFENNEHY WKB QW WRHFWURY
ORZHU VZHOOLQJ LQWHUDFWLRQ EHFRPHV DWWUDFW|
7KH HOHFWURVWDWLE *REEVGHRUHHDIYHG VZHOOLQJ
LQWHUDFWLRQ EHWZHHQ FOD\ SODWHRMNHWVVEZHOPOQY REFWKM ZLWKL
FKDUJH GHQVLW\ RI WKHPVXEEW IGWRXWOR QDD\ HD VRIR@WIDWLYHO\ FKDUJ
WKH FRROQWHUQ WKH LQWHUOD\BQGZbW HW®RQNW U D L£HE NEH\O WIKHHQ JWEK H

GHVFULEK® WELR@ DOVR NQRZQ DV WKH HOHFWURVWDW
‘L N 7TKH TXDQWLW\ RI FDWLRQV DQG
F. Lt g < < GLIIXVH GRXEOH OD\HU GHWHUPLQHYV
DQG WKH UHVXOWDQW VZHOOLQJ DQGCGC
:KHUH FOD\ DV GHBL¥XWHEE LQ
Stern Layer Diffuse Bulk Solution D o
ation

1 Double
Layer

& &
NE "9 ® @u~
Clay surface oo . . g

charge) + |_Electric Potential @
=» X

"chyc Huckel

+ Length (k-1) g
T
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o
i
® 0“0
+
Stern Plane Slipping Plane

JLIXUHKHE\MXFNHO OHQJWK ZLWKLQ WK® GLIIXVH GRXEOH OD\HU

7KH SUHVHQFH RI FDWLRQV LQ WKHGLEHXVH GRXEOH
OD\HU UMGXKHNONGY QHJDWLYH VXUIDFH -FKDUJH
RI LQWHUDFWLQJ SDUWLFOHV DQ SURPRWHV SDUWLFOHYV
DWWUDFWLRQ DQG VWDELOLW\ 7KHUHIRUH WKH VZHOOLQJ
EHKDYLRU RI VZHOODEOH URFNV. LV IXQGDPHQWDOO\
JRYHUQHG E\ WKH WKLFNQHVYV RU—tWHH\|éLIIXVH GRXEOH
OD\HU '/ TXDQWL@LHG E\ N |

"KHUH
Q'LHOHFWULF FRQVWDQW RI ZDWHU
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0 SBHUPLWWLYLW\ RI IUHH VSDFH @HPRQVWUDWHY WKDW FDOFLXP FD\

% %ROW]PDQQ FRQVWDQW - . VYRGLXP FDWLRQYV
$FFRUG)QIXWEBRQG 7DEOH LQILOWU
7 SEVROXWH WHPSHUDWXUH . R DQG PRO / 1D&0 VROXWLRQV
ls $SYRIJDGUR V QXPEHU 1 8 PNEHOOLQJ SUHVVXUH GHFUHDVH RI
IRU 0 6 DQG DQG
H(OHPHQWDUY FKDUJH & IRU 06 FRPSDUHG WR GLVWLC
' RQLF VWUHQJWK  PRO / 6LPLODUO\ LQILOWUDWLRQ RI D Q
PL. PRODOLW\ RI LRQ PRO O VROXWLRQV OHG WR D VZHOOLQJ SU

6 DQG
7KH LRQLF VWUHQJWK WHUP LQWURG)PB%%D FUL”A/GEdDé FRPS%UF
GLVWLQFWLRQDBBWZHR K HDXDW

GHPRQVWUDWHY WKDW WKH XW?S dirtifo %T@é%%“%ﬂ%é“vv“ﬂoxé
(F)RHQD\C/;I—YTXV\I/ﬁF\’QWDoQ\ ba\F/l)J(gl\DN\{_TQJ LQ %@@ %5 LQFUHDVHV
WiRSY UDWLQJ

3 LRowa'y B

GRXEOH OD\HU WKLENQHVYV 7KL

7TDEOBHUFHQWDJH UHGXFWLRQ LQ VZHOOLQJ SUHVVXUH RI ODUOVWRQH VI
&RQFHOWUDWLRQDPRO® /0 6 &D&O 0 6 1D &0 0 6 &D&O 0 6

7KH H[SHULPHQWY FRQGXFW HGVRQFNIQUHOANWWR RBIW KRZUHVSRQGV WR
WKDW XVLQJ VDOLQH VROXWLRRV PRRQEPEROM AXHD V ZZ2IDMOHQ JRQ LWV \
SUHVVXUH DQG WKLV LV GLUHFRFOQ WRHOD\W R® QI RVABG BIHFRBI\DWH R OD\}
LQ WKH WKLFENQHVV RI WKH "'/ROZMHWH ¥ KR QRIR/KQ@BV X RDW AXJIJHV WV
REVHUYHG LQ ODERUDWRU\ H[SHMKBWQMDW O XIWKIDH DL VBKMKH EDVDO V
WKHRU\ WKDW UHODWHY WKH WKRPNSQUWG RV REOHK DIWO BINJK WR PRUH
WR WKH LQYHUVH VTXDUH RI WKWLER QHRHQYWDWAHRRO*QJ L@ 0DUOVWR
&RQVHTXHQWO\ KLJKHU VROXWHROWERQVHQ@WUPRMALRAMEOH FRQFH
UHVXOW LQ GHFUHDVHG "'/ WKLRYQHOML ®R §u MMHKUHRIHDUOVWRQH
GLPLQLVKHG UHSXOVLYH IRUFHWRBWWHRQWV @R\ SRVW MrOHY WKDW R
> @ $V D UHVXOW PDWHULDOX_ W[SHB kldQyRIOUIMI KK REVHUYDWLR
VZHOOLQJ ® VXJIJHVWYV WKDW WHKR Q VIDHKMO@LEGI R

W LV ZHOO HVWDEOLVKHG W KDY WK MK\GYWEOMMWRIOR RYVYHPRUH VLIQ
DVVRFLDWHDBQZDWIOWDRQV DUH GPVWLQFW
ORQWPRULOORQLWHILDWBDYWWKMLOL]HV
H[FKDQJHDEOH FDWLRQ LV FDSDEOH RI SURGXFLQJ D

700

~—{— NaCl

—4— CaCl2

o
o
o

Swelling pressure (KPa)

Concentration (mol/L)
DO 6 EO 6

JLIXUHSRPSDULVRQVISHIIMAIFRMQRQ VZHOOLQJ SUHVVXUH RI ODUOVWF
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:KHQ 1D&O LQILOWUDWHY FODWR RARKHA P RIDQINRIFEY® Y&/ OWEH
XQGHUJRHVPHRWBLEP IRUPLQJ +RRA®BHQJ VSHFLPHQV L@DOWUDWHG
PROHFXOHV 'XH WR WKH ORZ GDGHQRW BBSBPRLWKHIU LQLWLDO VZt
1D WKH ERQG LYDZADIN EHQGHD@LWHU ILYHIXEB BWPG XUE 7KLV
VHSDUDWHG &RQYHWBDHROH VXD WWWUWIHWWRQ WKDW ODUOVWIRQH VDWX
LQ D VWURQJ ER@GDEEWZBWEADWLRQV H[KLELWV JUHDWHU UHVLYV
PROHFXOHV GXH WR WK&DKLJKFHRP YDOH® FMRRIRQV LQ®&@IOFDWLQJ WI
OHDGLQJ WR VWDELOL]DWLRQ mMIMBLRK® WGHQIHYJ DR/ DNVRRUH VWDEOH
LQWHUODPHOODU SRUH VSDFH »J@Q WQL §¥ KIRPY MWK GAR @ MWVRI U

WKH LQILOWUDWLRQ RI 0 1D&0O WKH VSHFLPHQV ZHUH

ZDVKHG ZLWK GLVWLOOHG ZDWHU IRU RQH F\FOH WR UHWXUQ

LO 6 EOG6

I 06 06
JLIXUHWKH UHVLVWDQFH RI LQILOWUDWHG ODOVWRQH DJDLQVW ZDVKLQJ ZL)\

UDFWLFDO ,PSOLFDWLRQV $QQXDOO\ IROORZLQJ WKH RQVHW RI \

DOG DIWHU D VSHFLIL WLPH ODJ ZDW
2Q0H RI WKH SUDFWLFDO LPSOLFD d:R\Q\I\\IIRFbé)-IW BVHYNVHRYGK oY LOWUDWLRG
&

WKH XVH RI FDWLRQV WR PLWLJIDWH;NZH b EHKRXL R JHYLRXV F\F

SURMHFWV ZKHUH VZHOODEOH URY bg ,gp x[?&hRR LEHHO UHFRUGH
é “3 vARED 'ERwa LJXUH ﬂ
U VX g
Fbk

VXSSRUW V\VWHPV VXFK DV FRQFU|I5|

FDQ H[HUW VLJQLILFDQW SUHVVXUdiy RUWWLY YWHG LO Wi
SRWHQWLDOO\ FDXVLQJ GDPDJH $éJ|_H mgg W kDR & HPDJQ?P WK H
SRZHUKRXVH FDYHUQ &ROMRBQ OLNMREEG 7,y s PR KH UHVXOWV LQC
K\GURSRZHU SODQW ZKHUH WKH FRQRHRKH QIob o EYD ']6 FROVGLILED QW
WR VZHOOLQJ PXGVWRQH DQG VXgMGHWHGE " th’ﬁt@’@l&‘? URRBMMG IDFL
SUHVVXUH 3UHVVXUH FHOOV LQVV\{_Q/Q/QﬁQ QHDU WKH OLQLOJT KbYH
UHFRUGHG WKH VZHOOLQJ EHKDYLRU RI'WKH URFN RYHU WLPH

JLIXUK @
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JLIXUHBRZHUKRXVH DQG FRQWDFWHG PXGVWRQH OD\HU > @
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JLIXUH’TKH PRQLWRULQJ UHVXOWYV RI 7TRWDO 3UHVVXUH &HOOV LQ GL

$GGLWLRQDOO\ )LJIXUH VKRZV KMKDRRXQ W RH \OMVYMNVY LQGXFHG L
\HDU

IRU ZKLFK GDWD ZHUH DYDL@QDRBOHE\WWHK HJI WRRIDEH®J IRUFH Gt
SUHVVXUH YDULHG IURP WR ORFDNWDRRBHRIZMWHKG VZHOODEOH OD\HL
GLIIHUHQW VWDWLRQV 7KLV VXNEHV®/LVQMWXD W, QG WH KHNXSIWM MHQW FDV F
KHWHURJHQHLW\ RI WKH URFN PDYVQDQIGV WK N HUDVWLER® ZDOO IL[HG
FRQWHQW RI VZHOOLQJ PLQHUD®@FKRZMOORQG SWRVVUKRGWDO FRQF
GLIIHUV DFURVV ORFDWLRQV FRONGEIYHQWR\ EHK\RYUQJ DV D FDQW
UHVSRQVHV WR WKH LQMHFWLRPRRBKXGXVI HRIHQXS WXBHVDBOGLHG RQ V
FRQFHQWUDWLRQV RI FDWLRQWKH7IQHXMEDB OLQ@H IRM WKLV EHDP

UHFRPPHQGHG WKDW LQ VXFKGEDNFHWO\VBBERNQW]HGNKH VZHOOLQJ
ODERUDWRU\ WHVWV VLPLODU WWRL@XBWHRSURSRVHG LQ WKLV
VWXG\

EH FRQGXFWHG WR GHWHYPLQH WKH RSWLPDO
WUHDWPHQW DSSURDEFK é(L\—llE

-
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™MEtrta VZHOOLQJ EHKDYLRU LQ VWUXFWXUH\
HOYLURQPHQWY VXFK DV K\GURSHF
PPORGXOXV RI UXSWXUH FRQVWUXFWHG QHDU PDUOVWRQH IR
36ZHOOLQJ IRUFH FROWH[WY WKH SRWHQWLDO IRU VZH
E\ LOMHFWLQJ BEGEYWD QWVKRQV WK
[7LQLQJ OHQJIWK SUHYHQWLQJ VXEVHTXHQW GDPDJH
E/LQRBUGWK

WLOHU WKLFENQHVYV /LPLWDWLRQV DQG )XWXUH SHVHDUF

SV FDQ EH VHHQ WKH VZHOOLQJuﬁ%é”ﬁlboo%fW—V&PWbﬁQ!D%%ﬂZﬁéﬂGV

UHODWHG WR WKH PRGXOXV RI uxs,\o(,gg Q,@ng FIRSE “wKH VDF
WKH VDPH DPRXQW WKDW WKH VZH@ 0/|.}<dJ|_thLL\<5|_W\ RI WKH U
UHGXFHG E\ FDWLRQ LQMHFWLRQ ZL UHGXF#‘ WKH S bwLrRO RI V
LQGXFHG PRGXOXV RI UXswxUH LG R BYQRdyo W Ry OV LUROPHOV
VDPH H[WHQW
Q FHVVLWDWHV IXUWK
*RZHYHU WKH SUDFW L RIDO LPSOH&R?%@P&@S%’FL%&@{' lLHOG DSSOLFDWLRC
LQMHFWLRZR L@G USIDRMHFWV PXVW y RS L IR E @ F3H RE KIHPL.G D O

IDFWRUV ~ VXFK DV ~ HFRQRPLF FR@@VWER VW‘\ZRQKL@WWMIIWNLLRQV C
HQYLURQPHQWDO LPSDFW DQG VFDHPISGUDMKUGIOHIWIHDWLRQYV DOVR L
:KLOH ODERUDWRU\ VWXGLHV VXFKDWDNIKRKN DRWNU B \VWXGE \

HW DO > @ XWLKDLYHQ®HPIRREVWUDWHG

DGYDQWDJHV LQFOX®WIRQUFOWX MRABNU HRRH YV

PLQLPDO HQYLURQPHQWDO FRQ%@%}QDV@HQJQLUMKI—[)VH?RQJ_ <X )
ILQGLQJV DUH HVWDEOLVKHG FRRMI ROOHGFURVERSLE
FRQGLWLRQV $ FULWLFDO WUDQYHh®dIRQ PV YW KBWHDRWGH EWUXFWXU
PDGH IURP LGHDOL]JHG ODE R UDIW®RHD WH WWV\L\Q B U DSRHFSR DRIREBIHF X OD U
FRPSOH[ ILHOG HQYLURQPHQWAMQDPKHY -RRWEGZONIRDOSRFNQGHFKDQLFYV
LQIOXHQFH LRIQ PKIOHPLL VW U\ WI—’IF’@WUBW\QX—LHPIO (QJILQHHULQJ
IOXFWXDWLRQWSHBQIGF VUWRFKH RO s - =DRXL $DKHRNINDO -
LQWHUDFWLRQV RQ WKH WUHDWPHQW blrkchHFFL)Hde:U R XG UGV RI FOD\ |
WKRURXJK LQYHVWLIDWLRQ & RQRAHMUH K AWW\Q HIZ RAHBGIBQUMMAIER Q &KH P LV \
DVVHVVPHQWWHUP ORIQUIRUPDQF&H Y LHZVYW

HIIHFWLYHQHVV DQG FRPSUHKH@Y%idcWQBLURQRHLMNRA oV, 7 -
LPSDFW UHPDLQV DQ HVVHQWLDO IRRXY HRUWEwWNY RYNDEW OXWLRQV R
VFDOH UHVHDUFK EHQWRRQW®W H LAWBUBYQHUDOV

>@3XVFK 5 ([SHULPHQWDO 6WXG\ RI WKH
&RQFOXVLRQ Rl +LJK 3RUHZDWHU 6DOLQLW\ RQ WKH 3t
7KLV UHVHDUFK H[DPLQHG WKRI DZHOWXUPD $OHRGLXYIHE XEODIDGE )

Rl ODUOVWRQH LQ FRQQHFWLRWWH QPRXDIEBDMWAVRGR

HPSOR\LQJ GLVWLOOBQG ZDWH: @ 8BDWEO 0 & +\GUDXOLF %HKDYLRXU |

VROXWLRQV DW GLIITHUHQW ok RQWRQWAHDIWWONRHEBV OL[WYJUHY LQ (QJLQH

LQILOWUDWLRQ 7KH UHVXOWV%GHPRQY WQBWHDXWKBWW WWHWKH bVs

VDOLQLW\ RI WKH LQILOWUDWIQQYHWVRIOKVRILRDWD&BELDD

FRQVLGHUDEOH HIIHFW RQ WKH MZHOQLQY VX BH R srod RI R\
ODUOVWRQH VDPSOHV  ZLWK RHQYq $EHIYYXMH RImWIBQW QD PH QG H
GLPLQLVKLQJ DV WKH FRQFHQW WiPAMNREX dRIF WK HRIXQ G0N UDW L Q J
VROXWLRQV LQFUHDVHV ORUHRY H_V
FRQFHQWUDWLRQV WKH VZHOOlO kli{EJ'\HLv &%F@ém\%@ﬁgyﬁ?zxk

WUHDW R® S RKXWLRQV ZDV W@L DJJUHJDV\/P&-S\BCILIQHGD&ODVROX
ORZHU WKDQ WKDW RI VDPSOH6\4: ZLWK 1D&O

VROXWLRQV $GGLWLRQDOO\ ODUOVWR H VDEWXUDWHG ZLWK

&D FDWLRQV VKRZHG D KLJKH

OHDFKLQJ FRPSDUHG WR WKRV %Té%@@é H‘I’DFOD\ XQGHU R\
FDWLRQV 7KH ILQGLQJV RI FDQ EH

XWLOLJHG WR PLWLJDWH WKH GHWULPHQWDO HITHFWV RI
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>@5DR 6 0 7K\DJDUDM 7 SRO*HRIE 0 =KX & 0 &KHQ < * &KHQ %
GLUHFWLRQ RI VDOW PLJUDWLRQ R WKBYZHOOLQJ EQKDXYHE®KW RI VDOW VR
FRPSDFWHGF®MHE &O0D\ 6FLHQFH WKH VZHOOLQJ EHKDYLRU RI WKH FRP.

> @5DR 6 0 7K\DJDUDM 7 gf'l—POV\bR@Y' QPHQWDO (DUWK 6FLHQFHV

FRPSUHVVLRQ EHKDYLRXU RI FRPSIERWHG ROD\\EKXQG@HM <H : 0 &XL < -
FKHPLFDO JADGRGEOMNY *HRWHFKQLEDQJ-RXUQDO 6ZHOOLQJ SUHVVXUH DQG
FRQGXFWLYLW\ Rl FRPSDFWHG *0= EHC

> @DVWHOODQRV ( 9LOODU 0 9 %ﬁ%ﬁ%gg%UQWLR@QMH@QGLW

$ *HQV $ &KHPLFDO LPSDF
PHFKDQLFDO EHKDYARQULWRI )KBIK @&KHQ < * =KX & O <H : 0 &XL < -

EHQWREGLWIHY DQG &KHPKNWDUWK &ITHON W (IIHFWV Rl VROXWLRQ FRQ
$ % &6 6 YHUWLFDO VWUHVV RQ WKH VZHOOLQJ E|
> @ +HUEHUW + - DVERKP - 63UHGHQMRESOLHG &OD\ 6FLHQFH

JHUQDQGH] BHLFKHOW & 6ZHAEED@I ) <H : 0 &KHQ < * &KHQ

SUHVVXUHV RHQWRQLWH LQ VROXW&RRYV RI-GLIIHUHQWIOXHQFHV RI VDOW
LRQLF VWKWQFWVKDQG &KKHWKWWWUWRKQFHQWUDWLRQ DQG YHUWLFDO VWUHV
3DUWV $ % &6 WKH YROXPH FKDQJH EHKDYLRU RI FRPS

> @ RPLOH + <DVXKDYODNDPL 6FEHQWRRIMOHHULQJ *HRORJ\

6ZHOOLQJ FKDUDFWHULVWLPV@RX EHQWRQHQYHY *LQ<H : 0 &XL < -
DUWLILF L DOMDHEDLDNHRWHFKQLFDOXRX®WQDO  (IIHFWV RI K\SHUDONDOLQH
WKH VZHOOLQJ SUHVVXUH RI FRPSDFWHG

> @6LGGLTXD 6 %DDRHQV * EHQWRQLWH IURP WKAFDWLRDSRDQW R+ 1D

(YDOXDWLRQ RI WKH LPSDFW RI SRBIQLI%QﬁgLF—I-'KGH&P\PV\/S{:IR%Q\II:V%H

K\GURPHFKDQLFDO EHXKDM.®XVHRCL@E@BBMRQ 2XTXHWWH / 9 $QDO\VL)
PDWH WRIMDELDQ *HRWHFKQLFDO -RRW®RE VZHOOLQUQRL PKIBWIRFNYHRORJ\

> @HH - 2 /lLp - * .DQIRQ 06 > @RRVWPRKDPPDGL 5 ORRVDYL O 0X
6ZHOOLQJ SUHVVXUHNORMRARABD FIMD® &B 6ZHOOLQJ SUHVVXUH RI PXG

(QJLQHHULQJ *HRORJ\ XQGHU F\FOLF ZHWWQ QJWBQ&R Q UUHYY RI
> @<H : =KDOJ < &KHO &XL &kHQVEH -QWHUQDWLRQDO 6RFLHW\ IRU 5RFN

([SHULPHQWDO LQYHVWLJDWLRQ RQ WKH WKHUPDO
YROXPHWULF EHKDYLRU RI KLJKO» BRFRWFRRKDPRBGL 5 ORRVDYL O 0X

%HQWRRIWMHG &0OD\ 6FLHQFH 7 2VDQ & ,QIOXHQFH RI F\FOLF ZzI
> @GLGGLTXD 6 6B6LHPHQV * %oo%ﬁ MQ HOOLQJ Eﬁgggj\RU RI PXGVY
ILP % ) ,QIOXHQFH RI SRUH IO'XL WERWRE

WKH PHFKDQLFDO SEBERSHGWPEWHRM B®BUJDUD 073LDQWDI\OOLGLV 7
*HRWHF PQIGFPBRORJILFDO (QJLQHHWIZGOOLQJ EHKDYLRU RI YROFDQLF URFI
ZHWWLQJ DQQWGHWQ@RWLRQDO -RXUQDO |

> @<H 00 =KDQJ ) &KHQ % gk—FHlﬁjQé-F*V DQG OLQLQJ 6FLHQFHYV

:DQJ 4 &XL < - (IMTHFWV Rl VDO®/. RRIOQHNLRQV 6LPSOLILHG HYDOXD
RQ WKH PKWHKLCRQLFDO EHKDYLRU FIZHRPISPFWHG UDFROIUVWRWLGNHRLQEHQW
*0= %HQWRXYLWRQPHQWDO (DUWK*6IRLOHRIRH V

> @ODGVHQ )OXO®RQPRRV 0
> @:DNLP - KDWMQ 'H :LQGW / 7KH VZHOOLQJ FEGIDSFPBIORHEG RIOD\ 6FLHQFH
(IHIHFW RI DTXHRXV VROXWLRQ FKHPLVWU\ RQ WKH

VZHOOLQJ DQG VKULQNDJH RI WKHE% %H?I—FP'LU?IKI-YK-RPI-FFWV RI KLJK VDOI

’GQFY_VHHQUFQHDVWLRQDO -RX D Q DoV RD G5R i GZDWHU RQ WKH SHUIRUPDQFH R
6ZHGLVK 1XFOHDU 3RZHU ,QVSHFWRUDWH

> @KX &0 <H :0 &KHQ <* &KH s
&XL < - JQIOXHQFH RI VDO <§< ﬁé@m
VZHOOLQJ SUHVVXUH DQG K\GUD \%\%‘%yi VP |‘(’3VLL)EPVZHF?<CC’)LR%JL(§
FRPSDFWHG *0= (RHIHMRIQQWH HRO WHFID@LGFDEDRORJLFDO (QILQHHULQJ



.DYDQ@®IBRVWPRKDPPDGL -RXUQDO RI OLQLQJI9RQYLURRPHQW

> @DQJ 4 &XL < - 7DQJ $0 'HO@IHWLSDWK\ 6 6UBEGKDQPQ7 $

*DWPLUL % WHURQJIIHFW RI 6ZBWBUQJ SUHVVXUHV RI FRPSDFWHG E
FKHPLVWU\ RQ WKH VZHOOLEDQVSIGH \GUX IV IR | ®REEQ W REQDVE WD @ KHHRWHFKQLF D
PDWHSEASDWMLHG &OD\ 6FLHQFH -RXUQDO

> @ %UDGEXU\ O0%DH\HQV % > @DUQODQG 2UHQWRQLWH VZHOOLQJ SU
3RUHZDWHU FKHPLVWIDWXQUBRAED PIMH G WHRQJ 1D&0 VROXWLRQV FRUUHOD\
EHQWRRXDHRI &RQWDPLQDQW +\GURIDRAIXODWLRQV DQG H[SHULPHQWDOO\

6ZHGLVK 1XFOHDU )XHO DQG :DVWH 0DQD.

> @9LOODU 0 9 7KHURW PRFKDQLFDD

FKDUDFWHULVDWLRQ RI D EHQWRQEWBXVRKR &MRER GH1*DOMDFURVWUXFWXUH

VWXG\ DSSOLHG WR WKH XVH RI REHQMHEQLMWHH D&/O DAWD ®IQE) (QJLQHHULQJ
PDWHULD®HYHRLUOGLRDFWLYH ZDVBWO RUHS RYRQYRIM HRQGRQ DQG 1HZ <RUN

SXEOLFDFLYQ 7pFQLFD (15(6% S . @RRVWPRKDPPDGL 5 ORRVDYL 0 OX
> @OHLMQ :2WHU - ' $ PRGKO RIDQ & 'QIOXHQFH RI F\FOLF ZI
FOD\ VZHOOLQJ D QRQSCRAW RD GG | REMMNQJ RQ VZHOOLQJ EHKDYLRU RI PXGVV
OLQHUDOV RI ,UMYLURQPHQWDO *HRORJ\

> @%D]DOL 7 / $FULWLFDO :Q®@BWWYWIBIDWLRIQ Rl :DQJ < J/LX : &KH

GLIIXVH GRXEOH OD\HUHCFHKEMQJUR® E®DBODK (ISHULPHQWDO VWXG

VIVWHPV DW KLJKRWWRBEBRWK\WHZWPSURYHPHQW E\ HOHFWURFKHPLFDO LQI

DQ@®JILQHHULQJ FKORULGH VROXWLRQV &EMHQWALLPH LQ
SHSRUWYV
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