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Optimum Conditions for Predicting Unsaturated Hydraulic
Properties Using the Evaporation Method

Masaru SAKAT* and Nobuo TORIDE*

Abstract

Optimum conditions for predicting unsaturated hydraulic properties using the evaporation
method were investigated. Numerical simulations for evaporation from a saturated silt soil
column were carried out. Sensitivities and correlations for two selected parameters of the van
Genuchten-Mualem model were evaluated with the response surface in terms of the pore-water
pressure heads inside the soil column. The pore-connectivity coefficient, /, which describes the
tortuosity factor for the unsaturated hydraulic conductivity, had a strong negative correlation
with the shape factor, a, and a positive correlation with the saturated hydraulic conductivity, K
It is therefore necessary to carefully select initial values for these correlated parameters. Higher
potential evaporation rate, longer column, and pressure heads measured closer to the soil surface
The

The optimized hydraulic para-

were more valuable for the parameter estimation based on the response surface analysis.
hydraulic parameters were optimized for a Fujinomori silty soil.
meters were more reliable for longer column and pressure heads measured closer to the soil
surface. Furthermore, using pressure heads at two different depths in the objective function
resulted in smaller standard deviations for K and / than those optimized with single depth data.

Key words : evaporation method, unsaturated hydraulic property, van Genuchten-Mualem

model, response surface

. FL®IC

+ OARBEFIKR SR L, AREEKER 0 & kT
J1h ORART®H 2K RFsFR & 0 h DBIETH %
KRBT A2 oMb, T ORGEEIFE: O
&, oKy, WEBREE TG 5 L THREARRIRT
b5 KAMEFEIE IO WTIE, WS [EPIERE (b
5, 1995), AKXk (B - i, 1984) Fic ko,
R DEPH © O EEEEN e TH 5, —F, Al
FLEKGRELDRIE F, Afafnit o Lk ol
L, 2L OBMAET 5, AHFEKEREOER
TERTE, TSI s E o E R (hir S,
1995 ; Klute and Dirksen, 1986) MZiF 51343, fafll
W BRI W IR S M E ISR O I IR 51 5,

—7, LW E T 7 A IR o A B R 7K AR o0 I E

12, JEER S AEFGEIE DK (S, 1995) -+
HIKES 1534 (Wind, 1968) 7» SHEES 5 4 dH %,
Wind (1968) (&, &k D k71534 &Sk s &
DEALD 5, IKOMERHRER & AREFLE KRR 2 [E] I
ET B EAIRE L 72, Wendrothet al. (1993) (3, &
SRBHGGIE R W ARSI, T DR IFFTTVARREEE L 5.A
% 2 B OZEFEEBIC KD Wind O EERE L, %
FEFE D IR L HIKET I, Bl © iRz
U 7R KR & COFR AR > o, HRET 5
TR ER - HKEINTH S 37K 7 5 v 7 2 ASEUNTEE
McENFE, 1RIOEERD S LW TS /KEEHEE O ARF]
BB EHEE T X B AREME S %o

A, BER 7 v 75 £ ogpdfb E PR v
TEFRAS BRI D/ 5 4 — 4 ZHEE T B 0T
HITEEIEE > TV B, WEITED 1 21T, 1475 A

* S EARFRFEA G REIR T514-8507 =LA SEEHTEHT 1577

F—-0—F:

RIsE, ARFUKAEENFEE, van Genuchten-Mualem € 7V, JRZHHH

1
'



34 THEOYIFEEME 106 5 (2007)

W LT, BN O ESEE RN ¥, BRER
HiE P ERIAE D K 7] D IEE & F W TR
DRSS A =5 2RO B2 IVTF R T v TR
(Eching and Hopmans, 1993 ; van Dam et al., 1994) 73
bbb ZIVF AT v Tk, B SESHE DT
A% oiEhTxt U ClRIFHICEH L CRIES 2 < &h%r]
HETHBOIIES HWONTWAY, 1B/ Y5 4 —
SHEE IR, HE MHICHWEZIE 7 « vy — DK
REOFMBMETH S FhE, 2000), &7z, FEIIHIH
WEEICMAT, 7vvA A==k 3 LdUKEAE
B b 5 FFEEREE DM S NETH 5,

[EIEE DAL T b 5 22561513, BFGBIZICHB T 51
715 Lo ik E LD RITEED S A BIFIK ST E)
B x5 2 — 9 2R 3 41ETH 5 (Simtnek et al,
1998), I, <V F X T v T T SRR
& ZHiTh D, BT S —800 cm FRE O L
TSR & T DR B EVREDHEE S A EET b
%o Fio, BETURIEIKS 7 5 v 7 ZABELBOELET
HBIY, FTO7 vy =BT 3B ARETH
%, Hopmans et al. (2002) &, HEME/NFTA =5 D
EDZALAHERIAHT O Ltk DFFREICR S 1552
BEHAZ B EDS, RMNEDLIUKET T — 4 B
WEICAYTH S I Lamd—), TOMEDHEES &

Efi LT\ 3, Simtnek et al. (1998) 13, Wendroth et

al. (1993) @ 2 BPEDARFEFER T, FERR 2 k0iE s &
B, /X5 A — 7 OHEEITKH L TRRAISEN TV T & 2R
L7

WRITIC L, BIRIRTE SRR 0, ERB SRR 0, T
WERD B/¥5 % —% a,n %53 van Genuchten (1980)
IR EERIER € 7oV ickt LT, Bk EREk K. & IR
fhEE%E 1 (pore-connecting parameter) %% Mua-
lem (1976) O ARfAflBKREE 7V 2845 L 72 van
Genuchten-Mualem €5/ (LIF VG EFL) MIEL
HWHNhTWa, Siminek et al. (1998) 1%, 17 5 &5
o DKPAEFEERE L I BEESREZH VT, VG EF7 v
DENS A =% (0, 0, a,n, K,) OZALHLFKESIC
KFTHETH BT L5 4 — s [EOHEMZ, Kix
HAGHLED 2D/ Y5 X — 71Tk 2 I0ERE (re-
sponse surface) ZHWTHEH <7z, =L T, n 6,13+
IKEDZEACH T 2 BEENGW &, Thicth~rTo,
o, K DR ZHINcRnC &, F, 6, & n ORFICiE
HWIEOHBAN ® 5 &, F i, ZEFRFEONEETI/KEHE
#iFF (0<h<—800cm) %A FcHiFHD K RFFHIE D
ANEFIE KRS EFESME W S & 2R L,

—7, ANEMEKGEE AT Mualem € FVICE &
N AEREARE G, T O ZRT LEE ¢

52 —4%7Tdb5b (Rassamet al., 2000), LmrL, £ D
R O TIE, Mualem (1976) 23 L 72 =05
HHVGLH, HEENTA—siEGEENTVREY (Inoue
et al., 1998 ; Simunek et al., 1998), ZKFEHEE, 74 ) A
T OMER %R Lz Methods of soil analysis
Part 4 (Hopmans et al., 2002) IZB8WTH<IVF 2T v
THBE ST OCHEN S TWE, LrL, EREEOHEHA
HHPERSMTH BT, AR, #HEEICHVS
FE o B S DAL E &S EomrERiE, v vF R
T TR AR TDIB VORI TH B, FFHT, AN
BAFE KGRI BT 5 MBS &R L DHEE IC MBS 2 Y
TRt L2 75 0,

Z TR TR, ERFICBOLTGREE, "IiEER
I, B O & WS K BRI D &Y S
A — 5 OEEICH R 2B O\, FrICARRLEK R
BT 2 —5Th 5MREEERE Zhicet 217
1572, £9°, Simunek et al. (1998) &[FEBEIC, ¥ b
BLHh 5 airoDIKGEFRETE L ICBBEFERE T2
W, MBS SR S5 2 — 5 DA AR IC X
A LdukEAZEC T 5 2 konibEfimE R Lic, ©
NIckD, TNEND/NT A — 5 DIEED/ T A — 4[]
DOHEBAZFHI Lo T LT, BFERSKMN T A -5 D
HEE DIEEANRIT T REBIC O W TGS L 7o RIT, ik
RV b RO ERRER TR, RIS EEMT5
A= OEERTIE T 7 LT, EIEEITB T 0tk
E, BINSOAME EBDHEE Y5 2 — 5 OEFMICS A
LRI OVWTER LT,

2. HESE
KGRI L2 EX L 0+ 4 5 2okt LT, #tEfm» S
DIRDZEFBIE O BB 21778 - 720 $RHE 1 oL TK

ARIBHEEE LS OAREMN - hOKSFH I, Y
F ¥ — AR THRINS,

e =aaxw( )] g

2CT, ORMEREEKE (L’LY, hidtHukoEFk
9 (L), K 3ARIFEKRE (LTD, ¢ (R (D),
z 13 EEEEOEMEE (L) ThOHEHRTO TH %,
RS 3, ZRABAGEE O P LUK he () %25
Z 12,
h(z, 0)=h;(z) (2)

B L RBIKRS T F 0y 7 Z2BECEOE STV
50T, FupERdEo 75y 7 2ABREKHEE Ui

fKXh)<£UL+1>

(3)

z=—L



T FOVREERR S ARSI B T B A BIFIR DB EMHEEE O i S O faat 35

22T, LiFakE (L ths,
HIRE AR 2R T LSRR, RO 2 OS5
REMERV GRS, 2006),

7K(h) <%+ 1>‘ 7OZQQvaP (t) (4)

—K(h)(%+l>’z:O:E B0, D> (5

h(0,)=hy,

WREBEF) 7 7 v 7 ABASMETH D, SRR O 7T R
B Qoay (O (LT Y % FIEEEHRICS A 1o, (6) L&
DFHEIRBEITIRTT 3 5 RIKGFEIEREETH D, HiEE
TR 0, ©) HRFERNEIT ha (L) O REVWEXF
TJREEFEHEE E (LT D) O—E7 7 v 7 AEREMES.
Z, Fto, MEHOTESETTL TR 0, ©) 5 hy 1l

LB T h (0, ) =hy O—ERIIERENEAE5A 5,
FRIFNT L B85 4 =y DHEFEITB VW TIE, HIRE O
R 35 .y 2k, EREMITDIICHERET S ENEE
Thb, DI, KW OZEFEFEFROFEMNF — 5 125%f
TB35 2 =2 OHEEICIE, WROEF 7 5 v 7 2IER
GV, £, BUEERIOH L T 6) ORIk
BRI R Vi,

IR RRFIIAR & ARBIFE K ERE DK T BRI
1, van Genuchten (VG) € F/V (van Genuchten,
1980) Z W72,

_0-06,

S.
0s—0,

=+ |an|m) (6)

K(h)=KSL[1—(1—S/m)m]? (7)

ZCT, S 3B, 0, 3EREEEKE (LPL D),
O FEAFIATRE S KR (LPL™), a 7Y, n (=), m (=
1—1/n) BKAFEHRHEDOIREGZ 5,5 4 =5, K,
BEFIEKGRE (LT D Th b, L IR AR
(pore-connectivity coefficient) T 0, KA FERHER
&AL A BIFLE KR DO FE IR E A2 5 A 585
A —%TdH 0, Mualem (1976) OHELEEIZ [=05 TH %,
AR B T IR E DREGT R LRl D/ v 5 X — 4
OHEE R, ARFUKSEEHNHE 7 = /5 4 HYDRUS-
1D (Simtinek et al., 2005) ZH\W\ 72,

3. WEHME

AREHE, PIREZRSEHE, Bl ONE P DE W K
DRI OHEE I T TR RN B fowic, -
5 Lip 5 DIRDEFETE LI BIEFERE 1775 5 1o,
HEEIR 10cm & 20ecm © 2 FHE L, VG EF LD/
FA—=%&ELTH=0.034, 0,=0.46, a=0.016cm !, n=
14, K;=6cmd ™!, [=05 2> ¥V &+ (Carsel and

Parrish, 1988) %5 & Lo, WIS E LT, #ETF
o LHUKES%E 0em & L, $3E S H O HE 5
ELTh 3 O=—L-—2z%2527 (27, EimERSE
i 6) AW, AJRERFEHE & LT, @ OEESE
TRHCBVWTKRERBMETH S E=lcmd ' Z&HANIT, E=
05, 0lcmd'®3&MEG AT, 5B, HFERNES
d hy=—10°cm & L7z (Rassam et al.,, 2004), +rf7k
FEAOBAINLE 1&, HAfrcE ek bR VLS &
LTS 05cm, HIFRAIOEWES 1ecm, REDEEN
INEVES 9em @ 3HIAE L, FHEIL, ZEE 05cm D
+rKFES A8 —800 cm 1S3 B F T T - 72

HIE U 7o HHOKIE N LIS & ¥ 5 £ — & (% 3 fi#
WTHEES 2854, 5475 2 — S EIH L TR %E
T8 S NERRHTIC B VT, Y5 A — Z EDZAL ok E
N BEFTERELAERL B EDBEETH B
(Simunek et al., 1998), = T, FFEICHWIZ vV ME
T OKSBEEIE 5 A = L SZTNEND/NT A —
s OEAEZLS S, LAvKENZLOFH RS KRIT S
JBE &5 2 — SROMBAE TN, £, EEIGER
L7z 2 D/ ¥5 * — DA EZLE 12 (ZnLSD
NG A= FEEF YV N ETOMETEE) B EE A
%, T LT, MUY, BAREMICKZFHEETTRV,
BUAMLE 1o AL E v VB Lo FdokE S D
SEHERE ¢ 2Rk T,

8= 5 167 (1), (1)1 o

22T, n FEAMS jIcB Y B LHRKENTF -5 D
B, pF @), p; ) RENTNEIRMASE j OB 41T B0
atE v vELO IKEERT, T LT, A
bzt 2 HOKRSHEFE YT 2 — ik L, A%
* ¢ OEEHRN, §5b52RTOIERME (Re-
sponse Surface) Z{FEL 7o VG EFNVIT 6 HD/ ¥
A=y DB B, GE 16 BEOINEESEET 5
D, AW T, FRCARREKERE A E 3 5 R
BFEC DISEE (—a [—K, 1—n, 1—0, [—0,) <k
HL 7,

4. E R &

4.1 ZEEER

HEHCBEER oV b 2RO, K113, TE1E, X
JEEECHRIE U rok R Ethii T b 50 RS, FEET R
/N2 FETEMEICES Lz VG EF L (0,=0.02, 6,=
0.574, «=0.00235cm !, n=1.4) Td % (van Genuchten
et al, 1991, FEFR ¥V b IS, HERIIHE /NS R ELIR
AFE (8—100cm) %2> 00 TH 5, ZKAFEK
ARERIT X 2 8FBKREIE Ks=59cmd ' TH - 72,



36 THEOYIFEEME 5106 5 (2007)

e
o

, 0 (cm®cm)
o
'S

Water gontent
N

s} observed

fitted

0 PENEETTT B ETEETTT BT SR T B S ETTT BTG W T B Er e
10  10'* 102 103 104 105 108
Pressure head, h (-cm)

AR Vv b oKk rFriER O FERIE & VG
T FIVIC K B A
Fig.1 Observed and fitted water retention

curve for Fujinomori silty soil. Fitted
line is the VG model.
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Fig. 5 Response surfaces of square residual ¢ for pressure heads for a silty soil with column
length L=10cm silt and the potential evaporation rate E=1cm d~!: (a) [—6, at 1 cm depth,
(b) I—0; at 9cm depth, (c) [—a at 9cm depth, (d) [—K, at 9cm depth.
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Fig. 6 Response surfaces of square residual ¢ for pressure heads at 0.5cm depth for a silty soil

with column length L=10cm silt and the potential evaporation rate E=0.1cm d™': (@) [—6,
(b) I— K.
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Fig. 7 Response surfaces of square residual ¢ for pressure heads at 0.5cm depth for a silty soil
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Table 1 Optimized parameter values and standard deviations (lower row) for the VG model based on
the evaporation method.
Length tensiometers 0, 0, a (cm™Y) n K, (cmd™) l
L=16cm 1,5, 13cm 0.367 0.530 0.00232 3.33 1.26 8.12x10°°
0.006 0.008 2.39X10°° 0.07 0.13 1.34%10°*
lcm 0.389 0.528 0.00236 3.82 15.9 0.002
0.005 0.008 2.14%10°° 0.08 2.47 0.013
5cm 0.398 0.532 0.00251 4.13 2.68 0.0098
0.003 0.004 1.87x107° 0.10 0.62 0.027
13cm 0.409 0.539 0.0026 4.31 14.00 0.0089
0.008 0.011 3.09x10°° 0.14 6.38 0.037
1, 5cm 0.372 0.530 0.00234 3.58 1.69 3.56x10°*
0.005 0.007 2.10x10°° 0.07 0.26 3.47x10°°
1, 13cm 0.349 0.532 0.0022 3.03 0.84 1.31X10°°¢
0.010 0.010 3.58X107° 0.08 0.09 1.75x107*
5, 13cm 0.401 0.533 0.00255 4.17 3.33 3.32x107*
0.020 0.003 1.67x10°° 0.09 0.36 2.80x10~*
L=83cm 0.7 3.1,52cm 0.222 0.588 0.00302 1.90 1.73 0.050
0.019 0.008 8.04%10°° 0.05 1.01 0.960
0.6 83cm /15 4, 16cm 4 7 Alck BHEEICB VT, K
PRI A D B85 A — 4 0, 0, a, n DFEHERZE T
"?g Toaic/hs G-D, EBELoEEI/ NIV
«20'5 (Hopmans et al., 2002), —75 T, AEF1LEKREZ R D
S 585 4 =5 K & 1 OfFHERAE, 83cm 1 5 4T
§b4 ZNEN 101, 0960 & KX EAFH>DIK L, 16cm
g N5 LTRTAZTN0IS, 134X10 1 E/NSEHEL -
c
8 too HETEME L 1TX LTl —20<I<[,+20 L EFENS
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Fig.9 Water retention curves for a Fujino- ABIFLERGREL, FRIS/ YT 4 — 5 L OREEREEZ R LS

mori silty soil estimated with the eva-
poration method : plots are observed
data, the solid line is for L=16cm, and
dashed line is for L=8.3cm.
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Fig. 10 Unsaturated hydraulic conductivity as
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ivity coefficient /.
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