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+\GURORJLF EHKDYLRU RI PRGHO VORSHV ZLWK VIQWKHWLF ZDW|

BKXDQJ =KGQWILR ' 1 /RXWHWOHRU - BIOHD)RMJ 0D\ $&KIKIO . <

1J eWXDUW : OLOOLYV

'"HSDUWPHQW RI &LYLO (QJLQHHULQJ 7KH 8QLYHYVIWKLAD+RQJ
6FKRRO RI (QJLQHHULQJ &DUGLII 8QLYHUVLW\ 8QLWHG .LQJGREF

2YH $UXS 3DUWQHUV +RQJ .RQJ /WG +RQJ .RQJ 6 $5 &KLQD

&RUUHVSRQGLQJ DXWKRU

$SEVWUDFW

,Q WKH QDWXUDO HQYLURQPHQW VRLO ZD W@ EUHDYHOWQFR |G HD
LQFUHDVHV HURVLRQ LQ VORSHV ,Q WKH EXLOW HQYLURQPH!
RSSRUWXQLW\ WR GHYHORS JUDQXODU PDWHWR S W B DWEEK OALR QW U
WKLV SDSHU WKH LQIOXHQFH RI VRLO ZDWHU UHSHORHOF\LRQ
LQYHVWEZZIBWMREKU IOXPH WHVWV ZHARRGADUWQRSHRXXQGHU DUWLIL
VRLOV ZLWK YDULRXV ZHWWDELOLW\ OHYHOWZBQBOMH}EWHG LQ
VXEFULWLFDO ZDWH W D8 6HADWHHUNU KBS HOTTHRQ W XY UDLQIDOO LQW
PP QG PP K VORSHXD®OgIBH¥WQG UHODWLYH FRPSDFWLRQV

ZHUH DSSOLHG WR PRGHO WKH UHV-PRGWHH VRIR W XN OJ MDL@G L
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TXDQWLWDWLYHO\ DVVHVV WKH K\GURORJLFDO UHVSRQVH D Q

UXQRII UDWH HIIHFWLYH UDLQIDOO UDWH WXRPRRIWBFFRIQGUPJINL

WRWDO ZDWHU VWRUDJH DQG ZHWWLQJ IURQW UDWHHQEYHUDO

UHGXFHV LQILOWUDWLRQ DQG VKRUMRHY VZMWKK WKRHTRLF WX QIRA &

KLIJK UDLQIDOO LQWHQVLW\ &RPSDUDWLYHO\ WKH \ORISHRDQJO

FRQWULEXWLRQ WR WKH VORSH K\GURORJ\ 7KH @& XEF U DWLHADDL B

IRU ORQJHU WKDQ ERWK WKH ZHWWDEOH DQG ZDQMKWBGHIGISHOC

DGYDQWDJH LI WKH\ DUH WR EH XVHG L @ UWVKH VE X MOVENIEQHY DR Q

VXEVWDQWLDO LPEDGEM/\WRWRIVPOWKHWLFDOO\ LQGXFHG VRLO ZD!

K\GURORJLFDO EHKDYLRU RI PRGHO VORSHV LQ FRIQWWRRQ HRX UF |

XQUVWDQGLQJ RI K\GURORJLFDO SURFHVVHV LQ HQYLURQPHQV

VRLO ZDWHU UHSHOOHQF\ LV OLNHO\ VXFK D YOIRFSHOW XX DBDDHEFE

IRUHVWHG VORSHYV

.H\ZRUGBRLO ZHWWDELOLW\ VIQWKKHTURCRPWHD Q ESHKO ® HRW MRX
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1. Introduction

LOGILQGXFHG ZDWHU UHSHOOHQW VRLO VRLY WKDPNMOHNQALEZQY/ IR

DOWHULQJ WKH K\GURORJLFDO UHVSRQVHV DQG YDGRVH ]JRQH

IRUPDWLRQ RI XQVWDEOH ZHWWLQJ IURQW DRWULRWHGHWBGRLMR ZL

PRYHPHQW DQG UHGLVWAQAIHX W WRHDWER RURPWWHG VXUIDFH UXQF

HW DO Ritsema and Dekker, 2000; DeBano, 2000) %\LPSHGLQJ LQILOWUDWLRC

PDWUL[ HQKDQFLQJ WKH RYHUODQG IORZ DQG LIQWHHIKNRRG RIK

SRZWOGILUH GHEULV IORZV DQG FRQVHTXHQW IODYHENnM@RRGV LV

HW DO .HDQ HW DO SRELFKDXG HW DO

6RLO ZHWWDELOLW\ D PHDVXUH RI WKH\DUH@QLWMH® IWR MOKH | RW C

VORSHKWHVWURQJ FRUUHODWLARQ@ EHHWHEHGKE SIRWWORZV DQG WKH

HQKDQFHPHQW RI VRLO ZDWHU UHSHOOHQF\ KDV HEHQOH®MQVL

UHGXFHV WKH LQILOWUDWLRQ UDWH DQG LQRUHDY HM RKHD \HHUC

RYHUODQG IORZ DQG HURVLRQ 2Q WKH RWKHUWKDWG H[RUEZMWRALL

DIILQLW\ IRU ZDWHU WKH LQILOWUDWLR® DEPWHi WR U g O.COMWMLUYTHVD k

WKH VORSH DQG IRUP D VDWXUDWHG J]RQH DERYHDBQG UWPLSHUP® D

WKH SRUH ZzDWHU SUHVVXUH DQG D GHFUHDVH RIHWHK& WA DHIFQWX L

WULJJIHUL QMangbah®SaksH, 2001; 7TRKDUL HW DO ZKLOVW RWKHU I

LQIOXHQFH VORSH VWDELOLW\ RI ZHWWDEOH VRLDQYJOUMFERQ®DV |

UHODWLYH FRPSDFRDLRH) VIRRSHWDQKDYH EHHQ ZLGHO\ UHSRUWI
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GHFDGHV OLWWOH LV NQRZQ DERXW WKHLU WMIHEWOREWK UHJD

7KH VRIGWDXOLF SURSHUWLHV RI EXUQHG DQG XQEXUQHG VRL
FRPSDUEHEEHO DQG ORRG\ UHSRUWHG WKDW WKRHDREK@ RD O XF
WKH OLTXLG PRYHPHQW LQ D SRURXV PDWHUIEZDY EH¥BQLWODDRN\
JUHDWHU WKDQ WKDW RI EXUQHG VRLOV ZKRGKXBW MWHKM \ LZHDO/G Q\
VLIQLILFDQWO\ GHFUHDVHG LQ EXUQHG VRLOV FRFRSDHW G AQLWK

DQG 5RELFKDXG FRQGXFWHG ODERUDWRU\ DQG ILHOC
UHGXFHG VDWXUDWHG K\GUDXOLF FRQGXKFWHYHWMMRNV ZRIWHW t
UHSHOOHQF\ RQ RWKHU VRLO SURSHUWLHY KDYH DOVR EHHQ L

Czachoretal.,2010; /RXUHQOR HW)DWSODVHK HURGLELOLW\ $KQ HW DO

LPSDFW +DPOHWW HW DO DQG SHUPHWEKUDWAHGOIMEHER P S U
VRLOV %DUGHW HW DO ZDWHU HQWU\ SUHVVXWDLDH®QG IU
VPDOWUDLQ VKHDU PRGXOXV &KRL HW DO +RZHHQU DOW

ZLOGLRWBKFHG ZDWHU UHSHOOHQF\ DQG HQKDQFHG K\GURORJLFI

DQRG HURVLRQ LV JHQHUDOO\ DFFHSWHG LW LV FKDDWHQJILQJ

UHSHOOHQF\ IURP RWKHU LPSDFWV VXFK DV D VWHGKFMHL R | DLA)L Q/F

ZLWK SRUH FORJJLQJ

$OWKRXJIK VRLO ZDWHU UHSHOOHQF\ LV 19@HWMNILARQO LEHEHIGE W RC

HURVLRQ LWV DELOLW\ WR LPSHGH ZDWHU LQRL ®\WUDQHHRWQV L@X\H

WR LWV ZDWHUSURRQWRSBSWEEOZWWHY UHSHOOHQW VRLOV KDY}
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KDUYHVWLQJ LQ DULG DUHDV OH\HUV DQG )UDVLHU '"H% DQFR

RI'D ZDWHU UHSHOOHQW OD\HU LQ WKH SDYHPHQW EDWHKHVNR SUI

SDYHPHQW IURP IUHH]LQJ DQG WKDZLQJ 7KH SRWGOWWIRDLO® K \DH/ |

DOWHUQDWLYH ODQGILOO FRYHU KDV DOVR EHHQ SURSROVHG E\ '

F FRQGXFWHG D VHULHV RI IOXPH WHVWV WR PRIGHO® QMK HE U |

PDQLSXODWLQJ WKH OHYHO RI ZHWWDELOLW)\ | WK Z2HS/$\WU D EDW LW

RI' ZDWHU UHSHOOHQW VRLOV LQ VORSH HQJLMHARDWHG %DQGWW

ROKRUVHUDFLQJ WUDFNV DQG VSRUWYV ILHOGV WRLBYRXQGMKH G

UDLQIDOO

7R GDWHXVW Rl VIQWKHWLF ZDWHU UHSHOOHQW VRLOV KDV RQO\

FRQGLWLRQ ZKHUH QR LQILOWUDWLRQ RFFXUV LROHWFRHDEOH

FRQWUROODEOH ZLWK WKH SRVVLELOLW\PRIZDGMXV WQ LIO WD W I

VHPSIHUPHDEOH WR ZDWHU 7KLV FRXOG UHSUHMHOIWR @) DKEHEHHG

YHIHWDWLRQ LV UHTXLUHG WR JURZ RTUKHWHIRUHURVQRRB HYWH

ZHWWDELOLW\ FRQGLWLRQV FDQ FDXVH VORSH LRWMRIELWKW\ L

RSWLPDO FRQGLWLRQV WKDW UHGXFH RU LQKLNMKHG WARR $HK DWWV

VIQWKHWLF ZzDWHU UHSHOOHQW VRLOV FRXOG EH GHSWRKMHG RQ

LQIOXHQFH RI IRXU IDFWRUYV DVVXPHG WR DOWHQDWVKIHO K\CHRBGA.

RI zDWHU UHSHOOHQF\ VORSH DQJOH VRLO UHODWLYH GHQVLW

7KH DLP RI WKH SDSHU LV WR LQYHVWLJDWMRAXRHZB WHRWURIS M0
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RQ WKH K\GURORJLFDO UHVSRQW R VRV D/EOGRLSHKY WK M i FDQ GILMA R Q V
VORSH LQVWDELOLW\ HLWKHU WK URX DR $H F HRQ\EBWHMUDEQXRID UH V F
ZLWK WKUHH ZHWWDELOLW\ OHYHOV ZHWWDE O H O\OXEFW L \ZH B BIC
WHVWHG WKURXJK D VHULHV RI IOXPH WHVWYV LQ LFRRBH O/ @R RIS H \
DQJCHMEDLQIDOO LQWHQVLWLHY 7KH ZHWWDELOLW\$OHYHOV DL
WKH ZDWHU GURS LV SODFHG RQ D ZDWHU U HSQHOEDBIEDRX W X U | D F |
7KH DQJOH WKDW GHYHSKSWH DO QHK H VWKDJBIGIHG WKH &$ ZKLFK
UHODWLRQ EHWZHHQ WKH LQWHUIDFLDO HQHUJLBYTRL GV DK GV K
YDSRU &3RBZHWWDEOH VRLO DQG ZDWHU UHSHOOHQW VRLO LV

VXEFULWLFDO ZDWHU &$& HO GBHQXE NV RILWLEDMOD BV MUFRQGLWLRQ
LQILOWUDWLRQ DQG LV JHQHUDOO\ UHJDUQGHZHWW DE DHHWINIE IZD!
UHSHO O BRasoneRaL ®@010) 7KH VSHFLILF REMHFEWLYHV RI WKH VWXG\
LQILOWUDWLR® VRRGHWH WKH LQILOWUDWLRQ UDYWDN MRR WKH
DVVHVV WKH ORQJHYLW\ RI WKH ZHWMDLELIDA \B\Q GHATHONU IIRHWSW & |
WR DVVHVV WKH HIIHFWV RI UDLQIDOO LQWHQVLW\ WKIHRSH D
K\GURORJLFDO UHVSRQVHV ZLWKIDQRG DFR ZHWWDELQHWW KHH YRH

FRQGLWLRQV XQGHU ZKLFK WKH UXQRII HURVLRKGRU VORSH IDL

2. Materials and Methods

21. 6RLO GHVFULSWLRQ
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7KH VRLO VHOHFWHG LQ WKLV VWXG\ LV FRPSOHWHOP GHFRPS
+DSS\ 9DOOH\ +RQJ .RQJ ZKLFK LV ZLGHVSUHDG ORFDQO\ DQG F
VRLO DQG ILOO PDWHULDO /XPE 7KH PLQHQDAOQRI\ RI &'*
GLIIUDFWLRQ ;5' 3KLOLSV 3: $XWRPDWHEORBRABH W KH.I1U
1IHWKHUOD@®@KH PDMRU PLQHUDO FRPSRVLWLRQV DWHL]HXDUW]
GLVWULEXWLRQ FRPSDFWLRQ EHKDYLRU DQG RUJDQ@DW PWDMON H L
&'* 7DEOH/KH SHUFHQWDJH RHXBP QG DQP® G UHVSHFWLYHO\ 7K
KLJK SURSRUWLRQ RI ILQHV DJUHHV ZLWHKJ RK N RB U3 HUSHIWVRKSRNW L
&'* LV FODVVIAHPBOIBHG VLOW\ VDQG EDVHG RQ WKH SDUWLFOH
7KH PD[LPXP GU\ GHQVLW\ DQG RSWLPXP ZDRFNRBERWY WHWQ V& HZUL MV
0JP DQG UHVSHFWLYHO\ /RVV RQ LIJQLWLRQ /AP D@ AKHV Z
RUJDQLF PDW\BSI137FRIYOH GWEDP SOHVKHDWEHG f& IRU  KRXU 7K
RUJDQLF FRQWHQW ZDV -G UK H GV PIQOG 2\DLVH DHLG PP PHVK :

FRDUVHU PDWHULDO GLVFDUGHG IRU IXUWKHU XVH

22. 6RLO ZDWHU UHSHOOHQF\ DVVHVVPHQW

7ZR PHDVXULQJ WHFKQLTXHYVY ZHUH DGRSWHG LQ WKLV VWXG\ WR

Rl GLITHUHQW VRLO VDPSOHVY WKH VHVVLOH GUR® WHRXRNL P& O

:'37
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221. 6HVVLOH '"URS OHWKRG

7KH 6'0 LV D GLUHFW PHWKRG WR PHDVXUH WKH &% RFEDWHU GU
PHWKRG ZDV LPSURYHG E\ %DFKPDQQ HW DO VWDIQHG WRKI® S VR
VSULQNOHG RQLOHGRREBE®B&HVLYH WDSH IL[HG RQ D JODVV VOLGH
UHPRYHG WR HQVXUH D PRQROD\HU RI SDUWLFOHVHW UY[HG D
SUHYHQWHG 3O0ODFLQJ WKH VOLGH RQ D JRQLR®HW HU I/HY RQLU HH «
ZDWHU /I RQ WKH VDPSOH &% PHDVXUHPHQWY DUH'8BWKHQ SHU

.5h66 *PE+ *HUPDQ\ E\ DQDO\]LQJ WKH VKBBHORY XK B FGU RF&®
DQDO\]ILQJ WHFKQLTXH SURSRVHG E\ 6DXOLFN HW DWKLV ZLC
VHPRLRPDWNVHFKQLTXH WKH VWDQGDUG GHYLDWLRQ RI PHDVXUFE

ZDV LPSURYHG E\ FRPSDULQJ WR WKH FRQYHQWLRQDO DQDO\

222. :DWHU 'URS SHQHWUDWLRQ 7LPH WHVW

:'37 LV DQ LQGH[ WHVW WKDW HYDOXDWHVY WKH \BRHLO/ MDW IS QH\ R
7KH WHVW LQYROYHV GLVSHQVLQJ D GURS Rl GHLRUH$BDE H® W R U
VDPSOH DQG UHFRUGLQJ WKH WLPH IRU WKH ZDWHU G®RRS WR F
ZHWWDEOH VRLOV WKH ZDWHU GURS VKRXOG SHQWWWRDLWW LWRH (
VWURQJHU WKH ZDWHU UHSHOOHQF\ WK HQOLROQN bl D WK H6 DALIRE R
SHQHWUDWLRQ WLPH WKH ZDWHU UHSHOOH QWY HRJI W R DOWH FDUQL

7TDEOH
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23. :DWHU UHSHOOHQW VRLO WUHDWPHQW

,QRUJDQLF VRLOV DUH FRQVLGHUHG WR EH ZHWWDEPR$HRNVNVQVYKH \

PLQHUDOV VLOLFD DQG FDOFLWH LV KLIJKHU WKBQ TKKDW RI

RFFXUUHQFH RI VRLO ZDWHU UHSHOOHQF\ UHVXOWV¥RDWEQWYXH

DURXQG WKH VRLO SDUWLFOHV 1DWXUDOO\ RFFXUULSXIDWRNLO ZLC

VXUIDFH ZD[ DQG FHUWDLQ IXQJL VSHFLHV %LVGRRUWE DO

YDULHW\ RI ZDWHU UHSHOOHQW VXEVKWDEHHY VEPLR DD GV MW ERV

UHSHOOHQF\ VXFK DV VWHDULF DFLG /HHODPDQLH DQKW.DUXEH

DO DQG WXQJ RLO =KDQJ HW DO

1DWXUDO VRLO ZDWHU UHBBPBPOM QFAWK RDRIMNQWHWYHQ WKH ZHWWDI

ZLWK WLPH 7R DFKLHYH SHUVLVWHQW DQG VWDEOHOQ@RLO ZDYV

'0'&6 KDV EHHQ XVHG DV D K\GURSKBRAEL\MHU ODHERWOWR WRRRPD W L

VDPSOHV %DFKPDQQ HW DO 1J DQG /RXUHRHERWUH D WHKHQ A+

LV EDVHG RQ VLODQL]DWLRQ %\ UHDFWLRQ EHWZHHQ 'O

SRO\GLPHWK\OVLOR[DQH 3'06 WRRHPVHRE O GG IDRQRIGEE WX UMIXKAH

IRUPDWLRQ RI +& G URE XHRWD E\

7KH OHYHO RI ZDWEBHSURBHOWKIYFRRQFHQWUDWLRQ Rl '0'&6 DC

%DFKPDQQ HW DO XVHG P/ '0'&6 SHU NJGRSNDQG RRELOW
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WR DWWDLQ D &$a f ZKLFK LV D TXDQWLILLFPGLRQURIQARWHU U
IRXQG WKDW WIHKi$ PDPLEKPLQGXFHG E\ DQG '0'&6 E\ VRLO
DOOXYLXP DQG /HLIKWRQ %X]]DUG VDQG UHVSHFRLDMOWDIZ®&H |
KLJK ZDWHU UHSHOOHQF\ LQ &'* ZDV IRXQG WR EHYH 'D'&& E\ VF
a f )LIXUH $IWHU WKH WUHDWPHQW YH ® LRIQ Y RLFD @ WLHILF U Hi S
ZDV REVHUYHG $V VKRZ@®QRILWUHDW MK MRLOV LQFUHDVHG LQ
WKHQ VOLJKWO\ IOXFWXDWHG UHJDUGOHVV RI WKHW® &BHFRQF|
GXH WR D FRQWLQXLQJ UHDFWLRQ ZLWK ZDWHU YDSRWDWHRUUHOH
UHSHOOHQF\ WR HVWDERW KRQ@VWKMHFLODPRQJ WKH WHVWV W

DQBTXLOLEUDWHG DW DPELHQW DLUXERQGLWLRQV IRU GD\V EHI

24, )OXPH WHVWYV

JOXPH WHWWVULRXV KIFBPHNQ ZLGHO\ FRQGXFWHG WR VWXG\ W
G\QDPLFV RI GHEULV IORZV XEQkersldy, TOBO\\er4oF Al QakBenQ | D O O

Wang and Sassa, 2001; /RXUHQOR HW DRLQYHNWLIJDWH WKH LQIOXHQFH
FKDQJH RQ KIWROVRRIQFHV RI VRLO IOXPH WHVW V- ZH®HGF DU U L
IOXPH 7KH GLPHQVLRQV RI WKH SK\VLFDO PRGKO ZFRHKKLJKP OR
6DQGSDSHPD[ 3¢ ZDV JOXHG RQ WKH ERWWRP RI WKH IOXPH W
SUHYHQW WKH PRGHO IURPVRQOGILQW HUNDWHKH $\0 X\PKLV UHVHDUF
K\GURORJLFDO UHVSRQVH RI VRLOV RI YDULDE @ H]Z HS/RW B VDLLINC

PHFKDQLFDO HIIHFWYV D EDIIOH ZDV LQVSDHOYAHGNRBRVW KMEKINRN. ®H R
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234

PDVV 7KH DEVHQFH RI D UHWDLQLQJ HOHPHQW DW VRIQHLWRH RI
WKH WRH DUHD 7KLV ZDV WKH FDVH LQ 10 XRK WHMRVHIL\WR D WU
ZKHUH WRH HURW-VROQ @L@G@ EBPWUROOHG IDLOXUH S$UWLILFLDO
QR]]JOH FRQWUROOHG E\ D IORZPHEWGXULYR WG B FLRAD/OAHQ \
PRLVWXUH Y& QVREDJRQ 'H8BFENUH LQVWDOOHG DW WZR GLIIHUF
FP UHVSHFWLYHO\ WR WUDFN WKH YROXPHWUPHZDXWHI WRIQ W
YROXPHWULF ZDWHU FRQWHQW Rl WKH VRL®EQBWRPYWSWEIQJLFVK H
FDOLEUDWLRQ ZDV SHUIRUPHG XVLQJ WKH WHFKQLTXH UHFRPF
$ YLGHR FDPHUD +(52 686 YZDVN SRAMLRVLRQHG SDUDOOHO V
FDSWXUH WKH PRYHPHQW RI WKH ZHWWLQJ IURQ\WXOMIR Y IRH WE& R
FDPHUWD 1 SL[HOV ZLWK D VDPSOLQUODBHVXSHOFWRFRQG )LJX

VKRZV WKH FRQILIJIXUDWLRQ RI WKH IOXPH DQG LQVWUXPHQWDW|

241. ORGHO SUHSDUDWLRQ DQG WHVW SURFHGXUH

7HVWLQJ ZDV FRQGXFWHG RQ GU\ ZDWHU UHSHOOH @WG&'t ML Q F K
VRLOV 7KH &'* ZDVGIQIMELD QG \WUL KD W B % QRRZ\Y WHH & HDVUBIGG HG [
QRRY+BQW\LQJ ZDV FRQGXFWHG SULPWWKH DV P SHWDW B WH HQWN (
LQIOXHQFH VRLO ZDWHU UHSHOOHQF\ 7KH PRGHORDDNVQMRP SDFW
OD\HUVDILKMKENQHVV RI FP )RU HDFK OD\HU WKH PDVV RI VR
GXPSLQJ KHLJKW DQG FRPSDFWLRQ BUQNHD BRQ W ROMRKE PV R FDMW

PRLVWXUH VHQVRUV ZHUH EXULHG GXULQJ WKH FRPSBPWLRQ W
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256

DQ@WKH RWKHU WZR RQ WKH VHYHQWK OD\HUQI RRIRS MK M/ FE FSW W R IF

LQILOWUDWLRQ RQ WKH IOXPH VLGHYV DERWKHVZOGOV RO WHWFHDBA

GLYHUW WKH UDLQIDOO RXW RIKIWWKKROWRRQ)RIXWHKH UDLQIDOC

WRIJHWKHU ZLWK WKH VXUIDFH UXQRII DQG H[FOX3H®R Q Q WWKKIH

IOXPH ZDV MVMOW®HQG®KEYLUHG VORSH DQJOH

$W WKH RQVHW RI HDFK WHVW WKH DUWH UAFL@OG UIDQ W HXO/Q WD

DGYDQFH RI WKH ZHWZX\DZ QH QML QW Y AEKWRKWKH ZHWWDELOLW\ FKD

WKH FDRFKUD LQIRUPDWLRQ ZDV YDOLGDWHG E\ WKH PRLVWXUH

VSDWLDO HYROXMMERIQRWHHMWOWHUIYDOV S5XQRII DQG WKH VRLO C

E\ D VWRUDJH IFRVE\W DH QG IR | DM PIL QOXPH L GWEBVMDION HTXLYDOHQ\

WKH GLIIHUHQFH EHWZHHQ UDLQIDOO LQWH QWKW VY& B GH | MIWFDWL A

UHDFKHG WKH UXQRII GLVFKDUJH HTXDOV WR UDWED/DOP®HDWHQ'

WKH HIITHFWLYH UDMWXDQ OVKVYVIHFRRQWH[W WKH WHUP UXQRII GRI

RYHUODQG IORZ $V ZLOO EH ODWHU SUHVHQN MBEXRRVMHREVWHW Y

ZDWHU IORZLQJ ZLWKLQ WKH WRS PPIVWIUWMKAHVRLO SURILOH SCLC

242, THVWLQJ SURJUDPPH

7TZHQMRXU IOXPH WHVWV ZHUH FRQGXFWHG 7DEQ@R QYWHQIOMIUY B LI |

FRPSDFWLRQV UDLQIDOO LQWW QWKL N W XDGENGRTRHIN VO B LMWK\ H

VORSH DQBOBWLYH FRPSDFWLRQV DQG UDLQIDOO LQWHQVLWLH
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.RQJ QDWXUD-® DR PDORSHY 60RSH LQFOLQMWher®V °ZIskhvH IURP

the small end of slope angle for local man-made slopes 6 X Q BOQ 16 the largest

that can be obtained using this flume. The majority of fill slopes in Hong Kong are within this

range. 7TKH WZR UHODWLYH FRPSDFWLRQV VHOBFRUWHGIYERE G L QD Q3L

GHQVLW\ RUP DQ@G 0J PUHVSHFWLYHO\ )RU WKH UHODWLYH

FRUUHVSRQGV WR DQ XZXARPWSDFWH WRUHD PD[LPXP UHODWLYH F

FDQ EH REWDLQHG ZLWK WKH VRLO LQ D GU\ VWDWH

$vV IBUEODFN DQG DPEHU UDLQVWRUP VLIQDOV RI +RQJ .RQJTV

DQG /DL ZHUH VHOHFWHG ZLWK WKH K QWBQVPWILKHWHVSHFWLYHC

+RQJ .RQJ ,QWHOQWIWHT XHQF\ ,') UHODWLRQVKLSV UHFRPPHQGH

GUDLQDJH PDQXDO 'UDLQDJH 6HUYLFHVY 'HSDUWPHQWKH ZD)\

UHODWLRQ EHWZHHQUDDQODDOOL G WHDW L R/Q [ QD MK B QG \E X U Q VEIH

PLQXWHY ZDV DGRSWHG IRU DOO WHVWYV VWQWHK H V W6 IDRA\QDWI

FRQGLWLRQ ZDV DFKLHYHG -IRUPWEXWGEXUDWHREGIRUH D UDLQIDC

PLOQXWHYV %QRBIHU PP K DQG PP K FRODWHHWXBQG MRLRG RI \F

DQG\HDUMVSHFWHHDADVPDOO GLITHUH@FARQQ WKH WaNdWYV DW

40° slope angles, as the nozzle was fixed in vertical orientation and the area of apparent

horizontal plan changes with slope angle 7K, ZDV GHWHUPLQHG E\ PHDVXULQJ \

RI UDLQIDOO WKDW DFFXPXODWHG7KH DFBXIDY YDULRRY QRFDW

DQG “ PP RMABRSH D@F®HIRI “ PP K DQG  “ PB K IRU

VORSH DPDIOH RI
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Three water repellency levels were selected by treating the CDG at increasing concentrations

of DMDCS. The criteria were based on the CA and WDPT attained. For a wettable condition

the CA and WDPT should be as low as possible. For a sub-critical water repellent condition

the CA should be ~90° and the WDPT >0 seconds. For a water repellent condition the CA

and WDPT should be as high as possible. Therefore, the CDG in an untreated state delivered

a CA ~55° and a WDPT = 0 seconds corresponding to the wettable condition. Sub-critical

water repellent conditions were achieved at 1.8% DMDCS concentration (CA ~92 g WDPT

rising). Water repellent conditions were achieved for 3% DMDCS concentration (CA ~115 g

WDPT extreme) (Figure 2).

25. 'DWD DQDO\VLYV

7KH ubz GDWD JHQHUDWHG LQ HDFK WHVW LQFOXAHVHQWROX

ORFDWLRQV UXQRPILGXWAKDQWHDWDOV DQG  SHK&MSRIUDSKV R

VHULHV RI YDULDEOHYV ZHUH GHILQHG WR DQDO\]H WKH GDWD )L

X 5XQRII UDRMHK O9ROXPH RI ZDWHU UXQRRL @ RW6G HFWH-HGU ¥ I/OH

X (INHFWainteH UDWHWP K 'LITHUHQFH BEHRWPZKOH)@XQRII UDWH

HDFKPLQXWH LQWHUYDO 6WRRI HW DOT DQG 9d REMMN WYHH U X Q

UDWHHUH SUHVHQWHG LQ WLPH VHULHVY 7KH HRZWHVVLRQ I
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ELNFM

X 7LPH WR SRQBLQJ 'HWHUPLQHG IURP YLVXDO LQVSHFWLRQ

VXUIDFH 'LVNLQ DQG 1D]JLPRY DQG D FRUUHVBRQGLQJ .

7LPH WR VWHWGR MWDWHH DW ZKLFK WKW HWKQRO! WR WHKH UD
LQWHQVLW\ 7KH WLPW \WROO\W B G\ KHMD IMHD QIR FBRQUEH\QSIR Q G

WKH WLPH DW ZKLFK DOO UDLQIDOO EHFRPHYVY UXQRII L H Q

SXQRII DFFH®OHWPPW.R&H WHPSRUDO FKDQJH TORMKW KUEKKQRI |
WHPSRUDO FKDQJH LQ ZDWHU IORZ YHORFHRWLPAKHRPRW.WHD
VWDWH ,W UHSUHVHQWYV KRZ IDVW WKH UXQRIIl GHYHORSH

UHDFKHG DQG FDQ EH FDOFXODWHG E\

éa
R ©

X 7TRWDO ZDWH& FWRGXPEKODW L Yakhfal | UHUDAWH. GEKULQJ WKH PL(

UDLQIDOO HYHQW ZKLFK HTXDOV WKH GLIIHMBRHAH EHWZHHC

+ LRSER RGNFE A MP
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343

344

X HWWLQJ IURQMWP LFLWYH 7KH GLVWDQFH EHWZHHQ PRLVWXUH

DQG PP GLYLGHG E\ WKH WLPH WDNRWKWRE WHKB YAHWWIE

IURQW UDWH HYDOXDWHYVY KRZ IDVW WKH ZHWWIDBEKWVURQW |

I[lURP WKH VLGH RI IOXPH ZHUH FRQYHUWHG WR EODFN DC

LQILOWMESWBbRRWLPHY ZHUH VHOHFWHG IRU HDFK WHVW WR

WKH ZHWWLQJ IURQWYV

7KH K\GURORJLFDO UHVSRQVHV RI WKH WUHDWHG DQGLXQWUHD

FKDQJHV DQG WKXV WKH WHVWV ZHUH DQDO\]|HG LQLWFDWHJIRU

ZHWWDEOH VRLO VXEFULWLFDO ZDWHU UHSHIGIG WYW NV RRQOD RIGW.

UHSHOOHQF\ ZHUH FRPSDUHG DPRQJ FDWHJRULHV 5ZIOIQ0CH WKH

UHODWLYH FRPSDFWLRQ ZHUH VWXGLHG ZLWKLQ HDFK OHYHO

IURP HDFK JURXS DQG SUHVHQWHG LQ WLPH VHULHYKWR GHYV|

YROXPHWULF ZDWHU FRQWHQW F&maD JBID WX CRIH VAR ZHY | HE W L ¥ XL

JLIXUH DQG WKH LQILOWUDWLRQ PRGHY DUH VXPPDUL]JHG LQ )I

6WDWLVWLFDO DQDO\VLYVY LV DOVR FRQGXFWHG WHK®HYQ RMWPH OLV

YHULILHG XVLQJ WKH /LOOLHIRUV WHVW DWW & H%DWWK®BWWRW®Y WY VD

VDWLVILHG WKH SDUDPHWUDRK $MR2YY BODRXIVDPEHG REH QXOO K\

UHMHFWHGSWMKMHP QWQLF WHNWOOLVUWHYMWO .UXVNDO DQG :DOOLV
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DGRSWHG

3. Results

31. &DOLEUDWLRQ RI PRLVWXUH VHQVRU

6RWVGHFLILF FDOLEUDWLRQV ZHUH FRQGXFWHG IRU ZHWWDEOH

ZLWK WKH FDOLEUDWLRQ HTXDWLRQV SUHVHQWHGIGQRUJWWKH

ZDWHU UHSHOOHQW VRLO DV LQILOWUDWLRQ GLIQKYWERWRRFRXUWH

ZHWWDEOH VRLO ZDV Wb& T ZKHUH 9:& LV WKH YROXPHWULF ZI

DQG zZzDV GLIIHUHQW IURP WKH FDOLEUDWLRQ HIXDWLR® SURYL

T UDZ ZKLFK FRQVLVWHQWO\ SURYLGHG ORZHU YROXPI

FDOLEUDWLRQ HTXDWLRQ IRU WKH VXEFULWLFD@EZDWHU UHSHOC

VXJIJHVWLQJ WKDW WKLV UHODWLRQ LV FRQVHGMWUGRAHYHUFWHKE

FDOLEUDWLRQ HTXDWLRQ IRU WKH ZHWWDEOWFXKR VG & 0D WHHRIG | F

32. 6WDWLVWLFDO DQDO\VLV

7KH VWDWLVWLFDO VLJQLILFDQFH DQDO\VLV RWLWKHRPSDFWVNVR

DQG LQLWLDO ZHWWDELOLW\ DUH VXPPDUL]HG LQ VDVMDAH5DUXKH

GHYLDWLRQUOD®XH3S/ SVLIQLILFDQFH OHYHO DUH SUHVHQWH

LPSDFWV RI UHODWLYH FRPSDFWLRQ DQG VORSH DW1OM REDDOD
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VLIJQLILFDQW $V IRU WKH HIITHFWVRRVVEHDWGA PHVIY W S ROHOL W 1 QW LB

WRWDO ZDWHU VWRUDJHN VKR4 NWDRDWHVWHIFOBODYRD VWURQJ FRUU

EHWZHHQ 5, DQG UXQRII DFFHOHUDWLRQ 7RK) M KHF W\ RU RVOKR LLF

UHVSRQVHV LV YHULILHG DV WKH UHVXOWYVY Rl YDUWRKDNOZH\

VLIJQLILFDQFH

7KH HIIHFWV RI 5, VORSH DQJOH UHODWLYHRKRKSGBRQR QL BRX

UHVSRQVHVY DUH SUHVHQWHG LQ )LJXUH SHVXOWE¥ I D®P® WH)\

ZKLVNHU SORWY DUH DGRSWHG WR HVWDEOLVK FRPSBQGWRQV DF

RI WKH ER[ DUH WKH XSSHU DQG ORZHU TXDURWIOHYY L YK H @WICAH

ER[ DQG WKH PHDQ LV PDUNHG E\ D FURVV LQVRGH. YK¥YW ERWWLKI

WKH ER[ WKDW H[WHQG WR WKH KLJKHVW DQG ORZHVW YDOXHYV |

33. :HWWDEOH VRLOV

7KH UHVXOWY RI UHSUHVHQWDWLYH ZHWWMAINVBO H V/RKLIHO UDXWQHR M KURIY

effective rainfall rate are presented in Figure 6a, the change in volumetric water content at

several locations are recorded once a minute in Figure 6b, the infiltration mode is presented

in Figure 9a. An expanding wetted zone at the slope toe was observed which was caused by

the accumulation of water near the baffle. The remaining part of the slope was not affected.

Figure 9a shows a wetting front parallel to the slope surface and moving downward gradually,

this observation agreed with the results of volumetric water content change (Figure 6b) with
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the readings of sensor 1 and 2 unchanged at the beginning and suddenly rising at 7 minutes

simultaneously. At 22 minutes, the same responses occurred for sensors 3 and 4. The time

difference between sensors 1 and 2, and sensors 3 and 4 was 15 minutes. During infiltration,

the volumetric water content kept increasing until 47.2% for moisture sensors 1 and 2. This

implies the soil was nearly saturated, since for the soils at 70% and 90% relative compaction,

the volumetric water content at saturation should be 55.4% and 46.8%, respectively. The

difference among moisture sensors (around 8% for sensors 1 and 2 and 3 and 4) (Figure 6b)

could be due to the density increase with depth, as higher relative compaction leads to a

lower volumetric water content at saturation.

The hydrological response of the wettable soils followed a three-stage sequence, regardless

of the slope angle, RI and relative compaction (Figure 6a). In the first 15 minutes all rainfall

infiltrated and no surface runoff was observed, implying that the Rl was smaller than the initial

infiltration capacity, which is the maximum rate at which water can infiltrate into a given soil.

From 15 minutes to 65 minutes, the effective rainfall rate started to decrease together with a

concomitant increase in runoff rate. At 65 minutes, a steady state was reached with the

effective rainfall rate reduced to zero and the runoff rate equal to the RI i.e. all rainfall was

converted to runoff.

7KH PHDQ WLPH W&RDSREHDL@QMWLPH WR VWHOR\QRWD WKRZ PXFK

GLIITHUHQFHY 7KH PHDQ UXXNKRZNFMWXBDW WLRKQ 5, d¢if DGV WR

acceleration PP K FRPSDULQJ WR DW ®RZK5, )LJXUH

F

7TKH F
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ZHWWLQJ IR YW RID/MWMAKDW WKH ZHWWLQJ IURQW WUDYIHDHG

IDV'

WKDQ XQGHU ORZ 5, PP PLQ )LIXUH G UHKWXWRW DX ZIHV ML

LQIOXHQFH RI WKH VORSH DQJOH ZLWK WKH VWHRS®DUH ORSHV D

PP WKDQ WKH JHQWOHU VORSHYV PP )LIJXUH H

34. 6XEFULWLFDO ZDWHU UHSHOOHQW VRLOV

7KH UHVXOWY Rl UHSUHVHQWDWLYH VXEFULWLRKDE& WBWWU UHSH

7KH UXQRII ¥ffestivid rdnfalGrate are presented in Figure 7a, change in volumetric
water content at several locations are recorded in Figure 7b, the infiltration mode is presented
in Figure 9b (The other infiltration mode of subcritical water repellent soil is shown in Figure
9c and discussed later). Infiltration still occurred in the subcritical water repellent soil,
although the wetting front rate was significantly reduced. This observation agreed with the
result of the volumetric water content change (Figure 7b), with the readings of sensors 1 and
2 unchanged at the start of the test and rising at around 10 minutes. At 80 minutes, the
volumetric water content in sensors 3 and 4 started to increase. The time difference between
sensors 3 and 4, and sensors 1 and 2 was around 70 minutes, which is longer than the
difference for the wettable soil (around 15 minutes). As for the infiltration mode, unlike the
wettable soil whose wetting front was parallel to the slope surface, preferential flow (fingering)
and horizontal percolation were observed in subcritical water repellent soil. Along with the
evolution of infiltration, the volumetric water content kept increasing until the maximum was

reached. For the subcritical water repellent soil, the reading of the sensors was very high at



433  59.7%, as the volumetric water content of the saturated soil is only 46.8%. However, the time

434  at which the sensor measured the increase in the volumetric water content was accurate and

435 was used to calculate the wetting front rate. The calibration equation for the subcritical water

436  repellent soil was not adopted to acquire water content data. Because the influence of

437 DMDCS treatment gradually reduced with the draining of subsurface flow, the calibration

438 equation of the subcritical water repellent soil could change with time. Therefore, the

439 calibration equation for the wettable soil was used for all tests

440

441  The hydrological response of the sub-critical water repellent soils also followed a three-stage

442  sequence, regardless of the slope angle, Rl and relative compaction (Figure 7a). Runoff was

443  observed from O minutes (when the rainfall started), implying that the initial infiltration

444  capacity after treatment is reduced and less than the RI. The runoff rate increased from 0 to

445 20 minutes. From 20 to 65 minutes, the runoff rate increased albeit with a smaller runoff

446  acceleration (around 15% of the first stage). From 65 minutes, a steady state was reached

447  with the effective rainfall rate reduced to zero and the runoff rate equal to the Rl i.e. all rainfall

448  was converted to runoff.

449

450 7KH PHDQ WLPH WR SRQGLQJ DQG PHDQ WLPPDW®RLWWEBG\ VWD

451 UXQRIIl DFFHOHUDWLRQ VKRZHG WKDW KLJK 5, OHOP®PVKWR KLJK

452 FRPSDULQJ WR DW PRX 5, )LIJXUH F 7KH ZHWWLQJ IURQW UDW

453 ERWK KLJK 5,PP PLQ DQG ORZP¥®,PLQ JLIXUH G DQG WKH YD

454 OHVV WKDQ WKDW RI ZHWWDEOH VRLO LQGGNEYWDQL QU RQKAD W DW/KAIH Z
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DV VLIJQLILFDQW DV VRLO ZDWHU UHSHOOHQF\DWKHE MIRW DD RB W

D Q JtBeHmean total water storage LV VOLJKWO\ OHVYV PP WKDQ WKDW R

PP VXJIJHVWLQJ WKDW WKHUH LV OHVV ZDWHU VWRUDJH LQ

35. :DWHU UHSHOOHQW VRLOV

7KH UHVXOwWYVY RI UHSUHVHQWDWLYH ZDWHU WHSYMWDIOH QWQWRRILO D

U D W Heffec@v@ rainfall rate are presented in Figure 8a, the change in the volumetric water

content at several locations are recorded in Figure 8b, the infiltration mode is presented in

Figure 9d. Infiltration was prevented by the soil water repellency for all the tests, with only a

thin layer at the millimeter scale of the slope surface wetted. The wetting front rate was not

calculated as no infiltration was observed. This observation agreed with the volumetric water

content data (Figure 8b), with the sensors readings unchanged for all tests.

Runoff was observed from 0 minutes with no infiltration occurring. However, sub-surface flow

parallels to the surface were noted in the upper 2-3 mm with water flowing to the bottom of

the model and wetting the baffle area. These observations differed from those of /RXUHQOR HW

DO F ZKHUH LQGXVWULDO VLOLFHBUWDQR QDQ & VHG 0O G KK

WKH PRGHO VXUIDFH 7KLV GLIITHUHQFH FRXO G EWHWHWRLEQKHWGL MARDW

PLQHUDORJ\ WKH HURGLELOLW\ RI FRKHVLRQOHNRPBOHW®MOAD C

GHFRPSRVHG JUDQLWH ZKRVH FOD\ IUDFWLRQ SURYLGHV VXIILF

WKH FXUUHQW VWXG\ $V VXFK WKH HURVMWKQVLQGFODLODYEHUH |



477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

Only two stages in the runoff generation process were identified in Figure 8a, runoff rate
increased up to a steady state condition. The runoff rate started to increase at the start of the
test, until the steady state was reached at 30 minutes. After which a steady state was
reached with the effective rainfall rate reduced to zero and the runoff rate equal to the Rl i.e.

all rainfall was converted to runoff.

7KHUH LV QR VLJQLILFDQW GLIIHUHQFH REVHUYHG HBQ ZHHM WK
WR VWHDG\ VWDWH 7KH UXQRII DFFHOHUDWLRQ VKRZBY YDULD

- PP K DQG ORZ 5, mmh® )LIXUH F LPSO\LQJ WKDW W
UHSHOOHQW FRQGLWLRQ RI WKH VRLO GRPKD DAMMMAMU® @ R U RO L
FDQQRW EH GHWHUPLQHG E\ (T VLQFH QR ZDWHU UHDFKHG W
WR WKH YLVXDO REVHUYDWLRQ DQG UXQRII GDW DW QHR ZHWLDLVQU D
IURQW UDWH ZDV  7KH WRWDO ZDWHU VWR UDReHNeaKREIHG W KD W
water storage LV VOLJKWO\ OHVV PP WKDQ WKDW RV I DHRZW QRS
WKDW OHVV ZDWHU FDQ EH VWRUHG LQ VWHHSHIDWHMRIS MW RILD X
VKRXOG EH6RRPFHV RI LQILOWUDWLRQ LQFOXGH NV XFEP/ X U ID F H
GHSWK RI WKH VRLO DQG LQILOW U D VWLFFX RXHDMWW R B RD 2D W HD
WKH VXEVXUIDFH IORZ DQG WKH ZHWWDEOH IGIWRWH RO WEH E\N

LQWHUIDFH )LJXUH
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4. Discussion

41. (II1HFW Rl LQLWLDO VRLO ZHWWDELOLW\

7KH LQLWLDO ZHWWDELOLW\ FRRGQNKMH RQGKR® BJ & ERORY DGSRIQN Fi\
DV VKRZQ E\ WKH VW D$O& WH\DVDVDMWH WAXRPDUL]HG DQG FRPSDU
LQIOXHQFH RI WKH LQLWLDO ZHWWD EL O LW\HMRMDLELWILLRR W QU IV W I

ZDWHU VWRUDJH WLPH WR SRQGLQJ WLPH WR VWHDG\ VWDWH L

7KH UXQRIlI K\GURJUDSHKVHRKHVYKDSRLBYV WKH didfeRUDN HHEWLY -
JLIXUBVD DQ® DUH VKRZQ LQ )LJXUH5, D@BGQFXHQWIKHUDWH RI HDF
GLIIHUV WKH 5,V IRU DOO WHVWYV DUH XQRUPLUDWHE WERH QR WK
DFFRUGLQJIHQHUDO )LJXUH VKRZV WKDW ZLWK WKH LQFUHD
LQILOWUDWLRQ LV LQKLELWHG DQG UNXQRIH G WRURHRMKHW K B LWKH
7KUHH VWDJHV FDQ EH GLVWLQJXLVKHG IRU WK ZHDWMEREO H V.
VWHDG\ VWDWH WKUHH VWDJHV DUH DOVR REVHVURHG IBDSW®&H
JHQHUDWLRQ RI UXQRII VORZ JHQHUDWLRQ RDUMNQEY WDOGHGWR L
WKH ZDWHU UHSHOOHQW VRLO UXQRII JH Q HUIHW LARODQ DEHS XWAM I6D\G
LQWHUSUHW ILHOG GDWD ZKHQHYHU ZHWWDELODWBR X OB/ EXPHG

LPSOHPHQWHG LQ PRGHOV SUHGLFWLQJ UXQRII JHQHUDWLRQ LQ

7KH WLPH WR SRQGLQJ LV DOVR FRPSDUHG HDARQQ WIKIK GH. I | BU H K
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541

WLPH WR SRQGLQJ VKRZV D GHFUHDVH ZLWK DQ IPQFUHDVH LQ

PLQXWHV IRU WKH ZHWWDEOH VRLO WR P LOHKQWHWRRO W®E V

PLOQXWHV IRU WKH ZDWHU UHSHOOHQWLRRLBD SIXRHLUW VWL QN KW K\DF

UHGXFHG ZLWK DQ LQFUHDVH LQ VRLO ZBVWDHWX RHHG HO WHHQFV H/SH.O

RQ WKH WLPH VFDOH RI SRQGLQJ LV FRQVLVXaRQWWELMNK WKH OLV

FRPSDUHG WKH WLPH WR SRQGLQJ YDOXHV RI XQFKHAHVUHGaVRLO

PLOQXWHYV DQG a PLQXWHV UHVSHFWLYHO\ (EHOKDIBEUD XRIRG\

SURSHUW\ GDWD IURP OLWHUDWXUHDWOQDYA\WZ\D V&R FRESRBEWH® D

VRLO D-E&UQUIKE VRLO 7KH DXWKRUV UHSRUWHG WLPHIRMR SRQG!

ZHWWDEOH VRLO DQG OHVV WKDQ RQH ARHoQX Bbkptivifg is /D WHU UH

directly measured in this study, the influence of water repellency on it can be deduced. Since

the shortened time to ponding is often attributed to the reduced sorptivity, and consistent

changes are observed in this study and literature, it is reasonable to conclude that sorptivity

decreases with synthetically induced water repellency. As pointed out by Hallett et al. (2004),

sorptivity can be reduced to 50% by water repellency.

7KH WLPH WR VWHDG\ VWDWH VKRZV D GLIITHUHQWXUHVSEQVH ZL

7KH VXEFULWLFDO ZDWHU UHSHOOHQW VRHO)¥YRN IV KH\VOWR Q EDWHW

VXEFULWLFDO ZDWHU UHSHOOHQW FRQGLWLRQ WXKHQWAMAM WR V

PLQXWHY IROORZHG E\ D GHFUHDVH WR PL® XWHHMODRW W

WUHQG LV REVHUYHG IRU WKH UXQRII DFFHOHBD®W MRQL O) IDIPKLHH Y

WKH ORZHVW UXQRII DFFHOHUKHNURQRDOWDFFHROAHKDWLRQ GHFUH]
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PP KIRU WKH ZHWWDEOH MRUOWKR VXEFFRIKWLFDO ZDWHU UHSHO

DJDLQ WR IR WKH ZDWHU UHSHOOHQW VRLO

6LQFH WKH WLPH WR VWHDG\ VWDWH U H)I GRRF¥WY WK H \& XUMWHH Q C

WKDW WKH ORQJHU GXUDWLRQ DWWDLQHG E\ WKHLWDXE EUWW HF DQ

WR EH GHSOR\HG DV D ILOO PDWHUW®H RIRUQUQDWWQKHWMKRIH PO

SRWHQWLDO DSSOLFDWLRQV RI VXEFULWLFDO ZDWHU ¥IKHSFHIO OHQ

HW DO 6LQFH H[WUHPH ZHWWDELOLW\DAMRKUG UW SRIQD HAOHW W

FDXVH HLWKHU ODQGVOLGHVY RU HURVLRQ WKH ROGWWPPBPOFERGL

HVWDEOLVKHG LI VXEFULWLFDO ZDWHU UHSHOOHQW KIRLO FRX

WLNFEDOHYVY IRU WKH VWHDG\ VWDWH DUH ORQJHU EHGWUDIWRR @/ |

SURFHVVY 7KLV LV IXUWKHU VXSSRUWHG E\ WKHLEXQRAIDWIHBHC

UHSHOOHQW VRLO GHYHORSLQJ WKH ORZHVW UXQRII @FWHOHUL

GRFXPHQWHG LQ OLWHUDWXUH DQG WKHUHIRUH MR & LXUQHFHO \

ILHOG FRQGLWLRQV DQG PD\ EFDDGRSWRHSOVWRDIQ F&R WAKLHVY R Q V

7KH ZHWWLQJ IURQW UDWHV RI DOO WHVWYV DUWHGHDOR V& RERHL

ZHWWLQJ SURFHVV ZLWK WKH LQFUHDVH RI VRLO ZODOHU UHS

SUHYHQWHG E\ ZDWHU UHSHOOHQF\ DQG QR ZDMHWHGR QMSHD/D H ¢

VRLO LWV ZHWWLQJ IURQW UDWH LV GMWHDWIHQRGC WKEFRUH WLFR

UHSHOOHQW VRLO PP PLQ LV VLBIGWRFOHVEABWWBERFHERER

PP PLQ ZKLFK LV WKH PD[LPXP ZHWWLQJ IURQW UDWHHIORRQJ W
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DO VWXGLHG WKHLAGXFMWY RWHUHUHSHOOHQF\ RQ VDW

FRQGXFWLYLW\ ZKLFK GHFUHDVHG E\ DERXW DEFG/LRQNRU WI

UHVSHFWLYHO\ &RPSDUDEOH UHVXOWYV ZHUH DOVR REWDLQHG

UHSHOOHQW FRQGLWLRQV DUH SUHVHQW WKH VDWXUDWHG K\GL

DQG GXULQJ WKH RQVHW RI VLPXODWHG UDL@QOO +R.

LQILOWURPHWHU WR GHWHUPLQH WKH LOQM OMNMU®D W HS®& UMD VIRK

UHVXOWY GLG QRW SURYH WR EH YHU\ XVHIXO WHEKUBWLFEX GDQWGOR IL

LQILOWUDWLRQ UDWH DQG FRXOG QRW GLVWLROOMMKF\EHMZNH

LQGLFDWHV WKDW WKH K\GURORJLFDO SURSHUWLNMRLRI D/HH HU

FKDOOHQJLQJ WR REWDLQ WKURXJK FRQYHQWLRQDO PHWKRGYV

7KH WRWDO ZDWHU VWRUDJH DW WKH HQG RI HOH K MDHQY W RW DS

ZDWHU VWRUDJH GHFUHDVHG ZLWK DQ LQFUHDVH LRUVWKE& ZDW

ZHWWDEOH VRLO WR PP IRU WKH VXEFULWRABRO WXWHZD WH Y

UHSHOOHQW VRLO

&RPSDUDEOH WUHQGYV DOEHLW LQYROYLQJ GLWHWUBNM UBHU R(FERH\OV |

DO @& HW DO PRQLWRUHG WKH UXQRII JHQHUDWL

ZLOGILUH DQG SUHVFULEHG ILUH ZKLFK UHY HOPR\AIEO GRIPUHH VIRLIO .

OD\HU ZDV IRXQG WR DFW DV D K\GURORJLFLEXINARD /R KR MWHRLLHX WI

DQG WKHQ UHOHDVH WKH ZDWHU RYHU D SHULRGIRUBQW W&M K

UROHV RI WKH DVK OD\HU DQG WKH VXEFROWUFROO ZQ W HIX QR
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FRPSDUDEOH 7KH UHVXOWY GLVFXVVHG LQ WKLV VHFWLRQ ZHUH
VRLO ZDWHU UHSHOOHQF\ ZDV LQFXUUHG ESRVOICHOUBHWKWD VS UK
LQIOXHQFHV RI RWKHU SURFHVVHV UHPRYDO RI YHIJHWDRWLRQ FF
E\ DVK DUH DOVR LQYROYHG :KLOH LQ WHKILQYGXWKG\V\\QRAIOHXOLW

DQG LWV LPSDFW LV LQYHVWLIJDWHG LQ LVRODWLRQ

42. (IITHFWV RI UDLQIDOO LQWHQVLW\ VORSH DQJOH DQG UHODW

7K1, VORSH DQJOH DQG UHODWLYH FRPSDFWLRQ KBGSRQVRLWH (
RI WKH VRLOV DV VKRZQ E\ WKH VWDWLVWLFDO D@NOXHE IRBRZH
D QHHG WR VHSDUDWH VWDWLVWLFDO VLJQLILFDQFH HURP SUD
REVHUYHG HIIHFWV RU 5\ UHIDRSH EHWDHH QP QG UHODWLYH FRPS
K\GURORJLFDO YDULDEOHVL\BLVFPXVRH R SRYGH@DWHG WR WKH
WKH WLPH WR VWHDG\ VWDWH DQG WKH R ORIV DVALAPHHO W B DSARLCRGEL ¢
D KLJKHU UXQRII DFFHOHUDWLRQ $ KLJKHULYHYWW RQO LIQRIQEV WR
5, IRU WKH ZHWWPPOMLYRR® ORZ 5, ZKLOH WKLV HIIHEW LV C
VXEFULWLFDO ZDWHU UHSHOOHQW VRLO (EHO DQWRORRMERUH

SRQGLQJ IRU PP K UDLQIDOO WKDQ PP K WEBLQIKLO/OV XK GF |
'XQQH HW DO SRLQWHG RXW WKDW IRWY \QRIFIDWRYBU\ WRUHUIH
ZLWK UDLQIDOO LQWHQVLW\ EHFDXVH RI WKH GHRYLHDO/R BR HRKWGHRI
QRW IRUP VHDOV WKH LQILOWUDWLRQ UD W KLVQFRHDKNWYRILGWK W\

LQFUHDVHG ZHWWLQJ IURQW UDWH ZLWK WKH LQFHKHDUWHORWURIQC
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EHWZHHQ ZDWHU VWRUDJH DQG UDLQIDOO LQWHQVLWIHZDV LQY
ZDWHU VWRUDJH DIWHU UDLQIDOO DFURVV WKH IR MWXHURDLQ HD D
LQWHQVLW\ JUHZ 7KLV UHODWLRQ ZDV QRW YHRLIDOBE RWDW RUY

WHVW L H RQO\ OLPLWHG DPRXQW RI ZDWHU FDQ EH VWRUHG L

7KH WRWDO ZDWHU VWRUDJH LQ WKH VRLO ZIVWKORWH @ 'S b bl O/DDVRE
OHDGLRORZRU WRWDO ZDWHU VWRUDJH UHJDU G OHWKR/HRHWKH ZH
VXEVWDQWLDO GLVDJUHHPHQWY DPRQJ UHVHDUFKHUWRQ@HJDUG|
LQILOWUDWLRQ )R[ HW DO UHSRUWH G WXK DQ/F U & DL\CLWQ U DWDI
DQJOH DQG WKH GRPLQDQW LQIOXHQFH RI VOIRRP F&DDH HRQ LIQQ |
RYHUODQG IORZ GHSWK DQG VXUIDFH VWRUDJH &KDSORW DQG |
LQILOWUDWLRQ UDWH UHGXFHG ZLWK LQFUHDVLQKLOGRSLE BODIG L
HW DO FRQGXFWHG ILHOG H[SHULPHQW\Q PQHD ¥R \Q FOLNGKH
LQFUHDVLQJ VORSH VWHHSQHVV RZLQJ WR WKH GHYHORSPHQW
RQ VWHHSHU VORSHV 6LPLODU YLHZ ZDV DOVR VKWKBW BAKHDQ

VWHDG\ ILQDO LQILOWUDWLRQ UDWH LQFUHDVHG VKDUSO\ ZLWK

7KH UHODWLYH FRRPSODIPWWRE VARZXHQFH RQ WKH K\GURORJLFDO
WKH VXEFULWLFDO UHSHOOHQW DQG ZDWHU WHSHKEGOIBQEN & RLOV
DQG a UHVSHFWLYHO\ FRPSDULQJ WR WKH ZHWMDBWL YMRLC
FRPSDFWLRQ 7KLV LPSOLHV WKDW WKH GHOD\ WQ@ F®KHDIQW L\W KMH

ZDWHU UHSHOOHQW VRLO UHPDLQV HIIHFWLYH ZZWKRKK\WDD FOR'
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WUDQVODWH LQWR SUDFWLFDO EHQHILWY ZKHQ $HO®D RLH)GODWK M Y|
FRPSDFWLRQ KDV EHHQ UHSRUWHG WR LQIOXHQMHWKPG®URORJILFD
REVHUYHG WKDW WKH LQILOWUDWLRQ UDWH DQG K\GUDXOLF F
UHVSHFWLYHO\ ZKHQ EXON GHQVLW\ ZDV LQKUHBR@®UDEKPFWR
UHVXOWY PD\ UHVXOW IURP GLITHUHQWVLQWWGD GB I? RHBIWIRU KD ER/!

XVHG ZKHUHDV WKH UHVXOWY ZHUH REWDLQHG XQGHU ILHOG FR

7KH FRPELQDWLRQ RI WKH 5, VORSH DQJOH DQG UHRBWLYH F
GHYHORSPHQW RI WKH ZHWWLQJ IURQW LQ KMKHMXE WMULDW IF® ~Z
HYROYHG IURP D SDUDOOHO ZHWWLQJ IRRRQWJIXYUHXEH DOV WIRHSWU
ZHWWDELOLW\ FKDQJHG IURP ZHWWDEOH WR VXEF WKH DO ZIDAJ
VORSH DQJOHVY DQG UHODWLYH mRd&S ZHW HRIQG/H QWY RI LLFH)G L IOQV W B W L
ZDWHU UHSHOOHQW VRLO 2QH UHIHUV WPR QS HIHHWW QRNDLD OL QAR
VKRZLQJ GLVWLQFWLYH ZHW SDWFKHV LQ D GU\DURIRE PIDIWHIL [
ZHWWLQJ IURQW WKDW VDWXUDWHY IURP WKH WRH GWRHZIMRGY W
FRPELQDWLRQ RI D KLJK VORSH DQJOH DQG KL DKQGHDBINMW KHRR 2]

WKH DFFXPXODWLRQ RI ZDWHU LQ WKH EDIIOH DUHD D ERXQGDU

7KH REVHUYHG K\GURORJLFDO EHKDYLRU RI VIQWKHWLF ZDWHU
DW WKNHD®GG)RU ZDWHU UHSHOOHQW VRLOV DQG IDWLKRH) RUH V
LQIUDVWUXFWXUH VORSHNVNVOWNKHON MMRG UHWKIPPEICRHJ WKH PRGHO

LQILOWUDWLRQ LV DOORZHG DQG WKH UHWSRBQWRAWHR HWD LIQPWD (
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FDWFKPHQW VFDOH DQG LQ QDWXUDO ZDWHU UHDBW B 0 HUHE H/ARQ D §
VRLOV LV NQRZQ WR EH SDWFK\ LPSO\LQJ WK DW MWKK WIKRNV 2 I©D D0+
JRU ZHWWDEOH DQG VXEFULWLFDO ZDWHU ULRBHWR H/QWH /YKR\L ¥ W D
runoff acceleration and total water storage DUH VBBIGHQGHQW DQG DUH OLNHO\
ZLWK WKH LQFUHDVLQJ FDWF Kr&hia VW IDW H DG R7THMH HRMA FAAHISYHQ G R Q

DQ®WKH REVHUYHG K\GURORJLFDO BDYWHUQ8SHBWH® DPW XD JIHU

43. '0'&6 WUHDWPHQW DQG FDSDFLWDQFH SUREH

7KH KLJK YROXPHWULF ZDWHW [FWR QFADHOQ BVD VRWUWUKHS N®BHQW VR L (
WKURXJK FKDQJHV RI WKH HOHFWULFDO FRQGXFWLYLWAKHY RE\
YROXPHWULF ZDWHU FRQWHQRD W HOVMXHMG FEYV WBREL@&H VROXWLRQ
DO DOVR UHSRUWHG D WR UHODWLYH LQFUHRVH LQ W
HYHU\ G6 P LQFUHDVH LQ WKH HOHFWWIFR®XFRQ R IX FWKLHY WD F
EHWZHHQ WKH '0'&6 DQG WKH 2+ JURXSV RI WK H WRLWH ¥ IZIDWLHLD
IRU WKH UHDFWLRQ WR FRPSOHWH $IWHU WHIRDWE® HRQVW BHVP?RD
UHVXOWLQJ LQ DQ LQFUHDVHG HOHFWULFDO K RVKGIX FR/Q WILV@ X B K
VXEVXUIDFH IORZ WKH FRQFHQWUDWLRQ Rl +&@ HMWXCXEHYJ ZW W

QRUPDO DW WKH HQG RI WKH WHVW )LJXUH E VHQVRU DQG

44, ([SHULPHQWDO FRQVLGHUDWLRQV
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7KH UDLQGURS YHORFLW\ RI WKH DUWLILFLD O H®D WR EMHOVPDWY QR

WKDQ WKH WHUPLQDO YHORFLWYRRKHK) YW RU WO OO QROD OKOH LR K MQ

ZRXOG UHVXOW LQ D ORZHU UDLQGURS LPSDHFM R Q/ YERDOWKPHQ RF

9DH]L HW DO 7KH WHUPLQDO YHORFWUWQ R VQIMW R UD CP WD W(

a PV GHSHQGLQJ RQ WKHLU VL]H *XQQ DQG .LGMURS VL]H DQ

JHQHUDWHG E\ WKH WRJYOHQDO YHORFLW\ RI QDWXUDO UDLQGURF

UHVHDUFK LV HVWLPDWHG WR EH DURXQG PV :DQJ DQG 3UXSS

7KH RQVHW RI ZHWWLQJ LQ DOO VORSH PRGHOV ZDV DFFXUDWH

+RZHYHU WKH FDSDFLWDQFH SUREHV XVHG ZHUH LQIOXHQFH!

VKRZLQJ XQUHDOLVWLFDOO\ KLJK YROXPHWULRJAEBWE& OHQRWQ WR QQ

'XH WR WKLV RQO\ WKH WLPLQJ RI WKH PRLWWXUHQFWERQJIKWY RV

RWKHU W\SHV RI GLHOHFWULF VHQVRUV VXFK DV 7'5 VKRXOG EH

FRQWHQW WR DYRLG WKH LQIOXHQFH RI HOHRWWDWBGOG ¥RDG XK

DGGLWLRQ@ MWKNQRZQ IRU EHLQJ VHQVLWLYH WR FKDQJHV LQ E.

LQFUHDVLQJ ZLWK WKH EXON GHQVLW\ 3DUVRQV DQG %DQGDUD(

7KH ORZHU ERXQGDU\ RI WKH VORSH PRGHO LQIOWHGFMBL®WKH

7TKHUH zZDV H[FHVVLYH LQILOWUDWLRQ QHDU WKHZEOWNHIH IDBRD

WKH VXEVXUIDFH IORZ DQG GXH WR WKH ZHWMD BOS$U B CHUXIDHW E

LQILOWUDWLRQ LQWHKIMIFH SRQXWEDY LQFOXGHG LQ WRH GDWD

RYHUHVWLPDWLRQramfaWKBWH I B RS LWRW D OKAN WIHAN ¥ W\RW RJ HV KH
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ZDV RQO\ FP DQG ZDWHU ZDV XQDEOH WR GXPHL Q7 RKK® RKHVK
VXEVXUIDFH IORZ KDG WR GWRHQURRWIRPMWKHXPBIGOH)FOXGHG ER
VXEVXUIDFH UXQRII DQG FDQQRW EH GLVWLQWIDUK & WHKLLYJ OQK
WR EH FRQVLGHUHG LQ WKH IXWXUK\GUDKPOWFP EDREHHRHEW Rl WV
K\GUDXOLF FRQGXFWLYLW\ VRUSWLYLW\ HWF VKRXOG DOVR E

RWKHU ILHOG DQG ODERUDWRU\ LOQOYHVWLJDWLRQV

&RQFOXVLRQ

$QDO\RIV[SHULPHQWDO GDWD IURP D VHULHV RI IOXPH WHVW
JUDQLWH IURP +RQJ .RQJ DW YDULRXV VRLO ZDWHW VEBBEBOHC
DQJOHV DQG UHODWLYH FRPSDFWLRQV UHYHDOHGOWRDBW WR $Q |
VLIJQLILFDQW GURS LQ ERWK WKH ZHWWLQJ IURQMWNUPWG ZEW& U
UHSHOOHQW DQG ZDWHU UHSHOOHQW VRLO WENWMSHMWIGYEHO\ DQ(
IRU WKH VXEFULWLFDO ZDWHU UHSHOOHQW D Q GK &AW MPHI WRISHC
SRQGLQJ LV VKRUWHQHGQEDWKULQABHOBHQF\ E\ a DQG a

VXEFULWLFDO ZDWHU UHSHOOHQW DQG ZDWHUb WHRSH®E B QW VR
LV ORQJHVW IRU WKH VXEFULWLFDO ZDWHOWHBWQR®EW RARHLDW |
LQ GXUDWLRQ WKDQ IRU WKH ZHWWDEOH DQG ZBWHILR UHBHIO OH
ZHWH LGHQWLILHG ZLWK LQILOWUDWLRQ PRGREW DOQHW /D ELORP VR
SUHIHUHQWLO®® BRERZTXH ZHWWLQJ IURQW IRU WKH VXEFULWL

GHSHQGLQJ RQ WKH VORSH DQJOH DQG UHODWLYH FRPSDFWLRQ
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7KH HIIHFW RI UDLQIDOO LQWHQVLW\ RQ WKH W OR SW KK\ GUHROIRA

FRPSDFWLRQ 7KH LQFUHDVHG UDLQIDOO L QQV/GH QV LMQ GO WRGWWM R

VWDWH DOVDKIHEKBWDLWVYXQRII DFFHOHUDWLRQ EXW QRQH RI WKHVH

WKH UHODWLYHKIRPEPSEWILRY WKDW WKH GHOD\LQJ HIDMAW @RI ZD\

UHPDLQV HIIHFWLYH ZLWKRXW UHTXLULQJ SUHF)IRHY WKOQWURS R

DQJOH WKH WRWDO ZDWHU VWRUDJH ZDV WKH RQOUNBQNIRVLYH

WKH VORSH DQJOH

:KLOH WKH WUHQGV REWDLQHG DQG SURFHVVHV LGHQWLILHG

PD®DGH VORSHVY DQG QDWXUDO FDWFKPHQWKW Z\AMWMW BIBWRHRIQ G H

ZHUH QRW H[WUHPH DQG ZHUH QRW DEOH WR FD SJHPUWHHI IDHDAG W K

HYHQWY VXFEKLDWG SRWHWG HRWULYQOWRDPYFH WKH UDWKHU ILQHU QD

D PD[LPXP UDLQIDOO LQWHQVLW\ RQO\ DW RPRYHUQKQELVWRG W

HURVLRQ )XWXUH ZRUN ZLOO GHILQH WKH WKUHR/ KRQ &/ LHR®DHS L

+RZHYHU WKH FXUUHQW UHVHDUFK KLJKOLJKWVDWIGHUIDQ\W HJG®

LQWHQVLW\ LQ VORSH K\GUR®RBHDDGGS QR PRWHNWRXYDO UXQRII

ZKHQ VRLO ZHWWDELOLW\ LV FRQVLGHUHG LQ LVRODWLRQ

$FNQRZOHGJHPHQWYV

7KLV UHVHDUFK ZDV VXSSRUWHG E\ WKH 5HVHDUFK *UDQWYV &
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DQG -7 -1 7KH WHVWLQJ PDWHULDO ZDV SURYLGHG E\ W

'"HSDUWPHQW +RQJ .RQJ *RYHUQPHQW /DERUDWRUWDVYLVWDQF

'RQJ LV DFNQRZOHGJHG ::H WKDQN WKH WKUHH DQRQ\RRXV UHY|

LPSURYH DQG FODULI\ WKLV PDQXVFULSW
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SHIHUHQFHYV

$KQ 6 'RHUU 6 + 'RXJODV 3 %®P\BQWFHDOHDPOHMWHEWRQ O
6KLUWFOLIIH 1 - (IMTHFWV RI K\GURSKRE2L MRVLORSD VU S PB X

E\ D VLQJOH ZDWHU GURS LPSDFW (DUWK 6XUIDFH 3URFH)

%DFKPDQQ - (OOLHV $ +DUWJIH . HRHORGRH YWVVQO |
GURS &% PHWKRG WR DVVHVV VRLO ZDWHU UHSHOOHQF\ -RXU:

%DUGH® -HVPDQL 0 -DEEDUL 1 3HUPHDELOLW\ DQ¢
ZDJFRDWHG VDQGV *pRWHFKQLTXH

%LVGRP ( 'HNNHU / 6FKRXWH - 7 1I\D A W LIRKYS/H DURHPG

vVDQG\ VRLOV DQG UHODWLRQVKLSV ZLWK RUJDQLF PDWHULDO

%6 - OHWKRGV RI WHVW IRU VRLOV IRU FLYLO HQJLQHF
HOHFWMHRLFDO WHVWV %6, 8.

&DQQRQ 6 + *DUWQHU - ( :LOVRQ /BEKMU %REZHUV -6WRUP
UDLQIDOO FRQGLWLRQV IRU IORRGY DQG GHEULV IORZV IURP
&RORUDGR DQG VRXWKHUQ &DOLIRUQLD *HRPRUSKRORJ\

&KDSORW 9 /H %LVVRQQDLV < ) L HUR P HRQ XXWDHGAHHQ @/IM IR
VORSHV DQG SORW VL]HV (DUWK 6XUIDFH 3URFHVVHV DQG /D

&KRL < &KRR + <XQ 7 [/HH & /IHHLQJ &KDUDFWQWIHY W L

&KHPLFDOO\ 7UHFHSHOG OBIWWU.DROLQ ODWHULDOV
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&RERV ' 5 &KDPEHUV & &DOLEUDWLQJ (8SSD VRLW LRRRYL
1RWH 'HFDJRQ 'HYLFHV 3XOOPDQ :$

&]DFKRU + 'RHUU 6 ILFKQHU / HDOWH LD QE WHEKEW U RW L
UHSHOOHQW VRLOV 1HZ LQVLJKWYV IURP PRGHRXDQOOHRIHUL
+\GURORJ\ -

'"H%DQR [ ) ':DWHU UHSHG®GMWHQWWRIOY )RUHWIBMWGHUYLFH *I
THFKQLFDO 5HSRUW 36 :

'"H%DQR / :DWHU UHSHOOHQF\ LQ VRLOV +DGRUR/OWRIWLFDO R

'HOOY$YDQ]JL ( *XL]JHOLQL $ GD 6LOYBRWHQWIRFOIR(VH RI LQ
VREDWHU UHSHOOHQF\ WHFKQLTXHV WR LPSURUY & DMK I HIUQRL

FRYHU V\VWHPV 8QVDWXUDWHG VRLOV &5& 3UHVV %RFD 5DW

'LVNLQ 0 + 1D]JLPRY 1 3RQGDLW L RQL FB SIDFE W.\Q YIDAM. D W
VWHDG\ UDLQIDOO -RXUQDO R{ +\GURORJ\ +
'RHUU 6 + 2Q VWDQGDUGL]LQJ WK HIPRBWHKHGILPRRO BH QW W I

HWKDQROTVBHRS@HWMHY WR FODVVLI\ VRLO K\GURSKRELFLW\ |
WH[WXUHG VRLOV (DUWK 6XUIDFH 3URFHVVHVY DQG /DQGIRUP\
'RHUU 6 + 6KDNHVE\ 5 $ %ODNHXPSKURWKDIMM®G & -DOOEULQN
(IITHFWV Rl GLIIHULQJ ZLOGILUH VHY HRIOUADW RRQ V RIRD
K\GURORJLFDO UHVSRQVH -RX-UQD® RI +\GURORJ\
'UDLQDJH 6HUYLFHV 'HSDUWPHQW 6WRUPQDWHWYLIQDDRQOB J+

ODQDJHPH@WWLWLRQ *RYHUQPHQW RI WKH +RQJ .RQJ 6SHFLDO
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+RQJ .RQJ
'XQQH 7 =KDQJ : $XEU\ % ) (I9HFMW D R/IL @ L @IQ
OLFURWRSRJUDSK\ RQ ,QILOWUDWLRQ DQG 5XQRII :DWHU

(EHO % $ ORRG\ - $ ODUWLQ ' $ WLRQV\BR®WHERICFOERQ
JHQHUDWLRQ LPPHGLDWHO\ DIWHU ZLOGILUH :DWHU 5HVRXUF

(EHO % $ ORRG\ - $ 6 XQBWUBIXQVFRS WRIHDUWLHV DQG
WLPHVFDOHVDUQHEMMHE IMRLOV +\GURORJLF-DO 3URFHVVHV

(FNHUVOH\ ,QVWUXPHQWHG ODERUDWRU\ {ORZVOLGHV *

JR[ ' 0 %U\DQ 5 % BULFH $ ©®FH RI VERSH)DOIXMH RQ ILQDC
UDWH IRU LQWHUULOO FRQGLWLRQV *HRGHUPD

YR[ ' 0 'DUERX[ ) &DUUHJID 3 -LQGKFM& RDWHOGIHSHOO|
VRLO DJJUHJDWH VWDELOLW\ VSODVK HURVLRQ DHUWH@W X UL
VL]H IUDFWLRQV +\GURORJLFDO© 3URFHVVHV

*XQQ 5 .LQJHU * 7KH WHPRQ IX®WR O RFURS GRH W OLAD 1V W
-RXUQDO Rl OHWHRURORJ\

+DOOHWW 3 ' 1XQDQ 1 'RXJODV - 70LOGRREINOHU \WSDWLDO
YDULDELOLW\ LQ VRLO ZDWHU VRUSWLYLW\ 6RLOt6FLHQFH 6R

+DPOHWW & $ ( $WKHUWRQ 6 6KBHQFOLIIRHUU- 6 0F+DOHDY
1HZWRQ 0 7UDQVGWRBQWVP 8D ZWWEHHKDYLR XU RQ K\GU
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) L J X U Photographs of the infiltration modes, black and white color denote wet and dry

zones respectively, dotted red line indicates extent of wetting front (slope toes are at the

left-hand side of photos, upper 9 cm of the slope shown). (a) Wettable soil (test 1). (b)

Subcritical water repellent soil (test 11). (c) Subcritical water repellent soil (test 8). (d) Water

repellent soil (test 3).
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7TDEOH 6XPPDU\ RI IOXPH WHVW
THVW VHWWLQJV THVW UHVXOWYV
THY ,QLWLDO YR SHODWL 6ORSH SDLQID 7LPH W 7LPH W SXQRII 7TRWDO Z :HWWLQJ
1R ZDWHU FR(q &$° FRPSDFW DQJIDH LQWHQV SRQGLQJ VWHDG\ DFFHOHU VWRUBJ U D WkH
PP K PLQ tsss, PLQ B PP K PP PP PLQ
20 55 164.06 49.24 3.13
0 70 83.83 23.61 0.57
0 50 107.42 25.52 0.00
74.4+4.6
20 70 94.19 46.43 2.78
10 110 46.31 41.16 1.52
5 20 332.40 13.18 0.00
25 85 72.41 47.06 1.89
0 95 55.63 30.84 0.69
69.846.1 0 45 99.40 6.80 0.00
20 50 176.03 38.62 3.70
0 40 84.43 11.31 0.48




0 45 134.10 9.32 0.00
50 75 118.62 42.26 3.23
15 85 42.88 36.81 1.43
0 30 98.25 6.36 0.00
34.2+3.3
30 100 41.72 43.74 1.79
15 110 29.34 24.86 1.37
5 15 342.00 6.46 0.00
60 90 64.35 34.41 1.27
15 105 20.55 14.35 0.68
5 30 80.91 4.32 0.00
30.4+1.8
40 95 33.87 33.30 1.72
15 95 20.00 10.98 -
5 60 33.87 5.24 0.00
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G
) L J X U Photographs of the infiltration modes, black and white color denote wet and
dry zones respectively, dotted red line indicates extent of wetting front (slope toes are
at the left-hand side of photos, upper 9 cm of the slope shown). (a) Wettable soil (test
1). (b) Subcritical water repellent soil (test 11). (c) Subcritical water repellent soil (test
8). (d) Water repellent soil (test 3).
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