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ABSTRACT

The soil water characteristics curve (SWCC) represents the relation between soil water potential and soil
water content. The shape and range of SWCC according to the relation could vary depending on soil
characteristics. The objective of the study was to estimate SWCC depending on soil types and layers and to
analyze the trend among them. To accomplish this goal, the unsaturated three soils were considered: silty clay
loam, loam, and sandy loam soils. Weighable lysimeters were used for exactly measuring soil water content
and soil water potential. Two fitting models, van Genuchten and Campbell, were applied. Two models
entirely fitted well the measured SWCC, indicating low RMSE and high R* values. However, the large
difference between the measured and the estimated was found at the 30 cm layer of the silty clay loam soil,
and the gap was wider as soil water potential increased. In addition, the non-linear decrease of soil water
content according to the increase of soil water potential tended to be more distinct in the sandy loam soil and
at the 10 cm layer than in the silty clay loam soil and at the lower layers. These might be seen due to the
various factors such as not only pore size distribution, but also cracks by high clay content and plow pan
layers by compaction. This study clearly showed difficulty in the estimation of SWCC by such kind of factors.
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Parameters obtained from the Campbell and van Genuchten models and goodness-of-fit results.

. Layer Porosity Campbell van Genuchten
Soil texture 0 5 P
(em) (%) , b RMSE R a n RMSE R
Sandy loam 10 58.1 1.48 9.16 030 0.98 045 1.12 030 0.98

30 479 208 720 0.17 099 030 1.17 0.13 099
55 483 493 13.83 005 0098 0.03 137 0.04 098

Loam 10 54.7 .51 11.31 034 098 041 1.10 024 099
30 445 301 1748 0.12 098 0.13  1.09 0.09 0.99
55 46.8 2.61 19.07 0.09 0.95 0.14 1.09 0.08 0.96

Silty clay loam 10 547 219 18.00 051 095 020 1.07 036 098
30 46.8 069 6487 028 0.77 120 1.02 030 0.75
55 46.8 297 5324 0.16 0.77 012 1.03 0.16 0.79
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Introduction

ZI EF2 EG U I, W, 71 AP 5 718l oJet Fgafo] ALl =] wheba] 29 o] Rl d
o] ofsf| ZufE T BHH, A0 2 o]Fo) 2] Q)= B3t Bk HEL el Fel el g ofgt oJoka vt
O 323} EQRtE thE F9] o5 RS YERNT), EQR-EEAIATA (Soil Water Characteristics Curve, SWCC)
2 S e o) o3t JF Fofl ELs} Eol| A o] Sttt WA e o3t EQta-E 2 el ) EQka-Eateke] ¥
|2 U= o2 ES U 3= EEo g 29 ol 5542 el 4= Stk ES-E 54T Bl EY=
2 EYTERIEE A5 B Brieho 24 WA, Il 22 2dof

==
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= 2Pgof ol B2 A5 5ot g A3t AleSTg S o] 8ol ghom el
561o] 2T} (Eom et al., 1995; Hur et al., 2006; Hur et al., 2010; Jabro et al., 2009; Kang et al., 2002;
008; Kim, 2003; Lee et al., 2005; Too et al., 2014). AW HS 5ol 19 E ESr-EEL Alrs
2 A7} = 5 A S|4 APEE 714 2L AT} (Eom et al., 1995; Hur et al., 2006). =31
o] ofg 2 oAU B= S70] 7P A e B o] 2 A1 Hl- -85t ARgE = Al
FEo] A= vHdH AlrEE o8k A2 F851H, o] A2 A= AS AR 0 0] 8-& FolA
7Vs stk sEARE A F71A] o] At A5l tieh of s mizoll AU ds oAU BEolA SAHH Ao
O 225 E-83 497t REC| AT (Jung et al., 2015; Ki and Kim, 2008; Kim, 2003; Park et al., 2010; Shin et al.,
2004). o 739 EFAELGA] Al o] weke] thgh 24 (Jung et al., 2015)E HiAIGE ] 15T olof whef Al FF
2to|ATa]E] (precision weighable lysimeter)= H| gk AYEf 2 2 F S Bk o 7 SHIH A2 2FAA e Tojz2 o] &
G o5 el et HEE Aed 5 s S 7H AL Q. o] AV AbE sk A|ARI o 2 Bkl ¥
Slof| tisl] HARE 557 0] 7FssiH, 578 2410 2lA4ste Hejt 2AtmE Aled 4= JIth (Seo et al., 2016). 514
gk o]2fRt AldS o] §oto] EEESTAE ARt Alellis ZotE 4= §ith 55], = ESY - wid T T 4
gl Fo= Qloto] EGHEO| jist 74 Aotk dA7HA] B2t wads 47} nlgRt Zlo] Aot
= EA, 38, Ui, SAEE 5 TR BEF SA4o wet EebE 4= Sk
(Fredlund and Xing, 1994; Jung et al., 2015; Song, 2013; Tuller and Or, 2004). E-E42 0] 749 5 A o] A<
o) 2|9t EfERlERe B A4 o] (Park et al., 1994), T3 H|S:E EQFE4J 0 2 o] 20j3 gt Efdz|ehe &
N ESrE 5454 et 4 Q). teta] EAE B 59l Er R 5S40 |
TEu B4} S9] Bl Tt EFRE SO Ahe AR mlEst Aol B RSl ofsl =4
B SPIESIE, A E, AHE 5 A2 T2 EAS 7H] E9F (Kang et al., 2002; Shin et al., 2004; Song, 2004)°]| ©}
E BS540 A7 L H, Hur et al. (2010)2 A& Bl tish 120 cm S917HA] 37 S-91% U
o] TN ES-EE-F 5442 allAleh vt Gk SHARE AS Hlo[H & 7IREe &2 7t EATE B SS90 mE B
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webA] i Q1o s Seltehis Eok et EAE 9 2918 SER6 B4 AR A1Zsh) Slo) 2ejak
ol AR TR Eopo2 4151 5% clolAEIE2 10 B LR B P 4
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AR 4GSR B 0P, B 9 S EYREZAC] RO S 12 e vl LA

Materials and Methods

AEEAT HIOIE S A|F2 o] i BRI n|AFEAFE (Silty clay loam), UF& (Loam), AlFE
(Sandy loam) Al| 7FA] H]w &t Fe] o] F4- o] 1= EG-E 0 2 513irt UV}@@'% B oitollA st o
F-85° =2 mesic family of Typic Endoaqualfs®]] o1, FE} ARFE= A5 HGoflA ZHF AL FAlso2
mesic family of Anthraquic Eutrudeptsl] <5 11]'. ZF EoFo] thiet EAE | 7—.4% =214 EAL ERQIE B9
73 HI5AMH (Gee and Bauder, 1986)°.2, A2 = Fo (Blake and Hartge, 1986)2 ©]-85}0] 3uHEo g
_‘?Uﬁ,ﬁ}gigﬂﬂ a ﬂﬂ% Table 13} At} oAFAAIFE S HE o] HESIERo] 30% AL FELF ARFEof| Hlslo]
E2 AERES B oH, FELAJES] B9+ w2 Refleh nake] obe Uit 2t EFe] 849 e
BERC=A Oﬂ/\i A A 02 =2 ks Bl

ESTEEAATAE 25 918 ESa g i EG=rR o] 542 A 1 m’, 7ol 1.5 mo AU S5
glo]AJujg] AL o] 831t (Fig. 1). Er-Eeladal A28 alolAmle] 571 9] (10, 30, 55, 85, 125 cm)H}c}
120°2 A 2] %] o] Q1= UMP-1 (Soil moisture sensor; UGT, Germany)2} Tensio 160 (Tensiometer; UGT, Germany)
A ol g5to] 2SI (g, 1), EO-AIAO] 2he B4Rl 45710} sl 2he BasIgltt. B
e EGR A Eld-S Fo| o] At EY-RERER BHSIGlH. dibA o g EYR ST
Fatgo o] E-R el di} ES-RelEe] WAIE s sl=t ofggel glo] AxabgolA o ol s
o] $¥t} (Hillel, 1998). 12 Ao Ak 7ol FAash= 717 oF 10 &3Fe] EAJT S-9lof ke ARPE Hio[HE <
& ZA519] o, 24 % d|o|El= data logger (UGTLog; UGT, Germany)S ©]-8510] AF5<F 519ttt Eor&
TR E SR 85 cm@F 125 em S-1ollA BHIREE Ao UeRA] 229171 wizoll 55 cm S9171A] EG=

%

Table 1. Properties of three different types of study soil.

Soilo texture Soil depth  Bulk denjity Distribution of §0i1 particles (%) Soil texture of each layer
(Soil taxonomy) (cm) Mgm™) Sand Silt Clay

Silty clay loam 10 L11£0.117 5.9 64.1 30.0 Silt clay loam
(Typic 30 1.38+0.09 53 54.5 40.2 Silt clay
Endoaqualfs) 55 1.37+0.09 27 55.1 402 Silt clay
Loam 10 1.20 £ 0.05 42.3 47.7 10.0 Loam
(Anthraquic 30 1.47 £0.07 44.7 453 10.0 Loam
Eutrudepts) 55 1.4140.05 4338 472 9.0 Loam
Sandy loam 10 1.20 +0.03 52.6 374 10.0 Sandy loam
(Anthraquic 30 1.41£0.07 50.1 40.9 9.0 Loam
Eutrudepts) 55 1.41£0.05 50.1 409 9.0 Loam

Tmean + standard deviation.
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Soil water tension/
(Tensio 160)

Data Logger

@

Pressure
Trans-
ducer

Reservoir

Fig. 1. Weighable lysimeter cross-section (a: weighable lysimeter; b: 10 g accuracy load cells; c: sensors for five
measurement levels; d: automatic data logger).

EUFEER B foNug AS Ho[HE o8t EAE W 59 EYrR ST F 7R Y BY
(fitting model)= ©]-85to] 2Hdst3int. iRt By 5 EYwE/84 ool thad o= wol o] 85)= van
Genuchten (1980) %23 (Mishra et al., 1989)2} Brooks and Corey (1964) 532 HIE}© 2 St Campbell (1974) &3
2 8519t van Genuchten (1980)2] %3-2 Mualem (1976)2] A3 A2 vIE© 2 519 0™ Eq. 13} £t

6, =" [ ! } (Eq. 1)

T 0,-0, |1+ lav]” &
A7|A, 0= FEGERE, 0= ERERE, 0.2 TR, 0+ AR n2 3= 7] RSt
HE A (n> 1), m %t 04 Rt A Al (1-1/n), V= EYSE HIEE 2HE-S Uehdth o =371
7} (Air-Entry Value, AEV)2] 3k (>0)°]H, AEV (oY= B 5207 F7]9] -Flo] AlZtEl= A -l

¥ 5
A o] I EZ L ENA-& oSttt van Genuchten (1980) B8-S B R HEZ A EIA 0] Zrof] Atglo] A&521 E
ofprglako] 2k o2 o 2 16k 4= QITh (Park et al., 1994).

Brooks and Corey (1964) &2 ET|= 3F Campbell (1974) 32 Eq. 22 200, bi=3= 37| B2} HeiH
AG2 AZZho]| AFeE 20 28 AR E = AdAol, ¥, = 27]-5971= UERATE Campbell (1974) 7
B> EFtetEol tish Eq. 33 o] wghet 4= Qi

0 —b
v = %(e_) (Eq.2)
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(Eq. 3)

S
1

2} APA B RE ] AGES ] s3] WL Fof Polom, Aaghnt 2k Aole] e} H27t o
F2 AP, 9.0 2 o] o A1) B7He B Ak 24 (Root Mean Square Error, RMSE) 2} 2%

A4 (coefficient of determination, R?)E ©]-835}3ct.

Results and Discussion

DG Zut T 2P0 Hg Ayt HMAH S 2 van Genuchten ©F 0] Campbell LL&dof| H|sto] w2 @ 2o}
T AAAT] e Kol A5te] ke B & 590k 21 02 YER{T (Table 2). SEARF Figs. 2~404 &
T 0] I+ e Afe]e] tol= mulsiel o, HE B S-9loll A ASgtat 3%k Atolof 22 ealet w24
AAE Kol F Y BT =2 41242 UERH It (Table 2). Al B/ Follie 7 2 5T nAPEAFE A
E& AR ARAITE HolH AE41e] e M A utdohr] Zote A o & UEhtom, FELIAIES
H|SRt A Hol7] SIRREAIFE A AS541e] 739k o & Htdshe A o= Ueyith S9d== HE EA
ol S0 & A5 W2 @A UEIIR|TH A7 Al Ert ok = e KAt 53], nAFEAYES] 7
30 cm S9lolA SR A ST Aolol| & 2ol & HolH (Fig. 2) 7V & ZAAITE UEIth nAREAYE

Table 2. Parameters obtained from the Campbell and van Genuchten models and goodness-of-fit results.

. Layer  Porosity Campbell van Genuchten

Soil texture
(cm) (%) 7, b RMSE R’ a n RMSE R’

Sandy loam 10 58.1 1.48 9.16 0.30 0.98 0.45 1.12 0.30 0.98
30 479 2.08 7.20 0.17 0.99 0.30 1.17 0.13 0.99
55 48.3 4.93 13.83 0.05 0.98 0.03 1.37 0.04 0.98

Loam 10 54.7 1.51 11.31 0.34 0.98 0.41 1.10 0.24 0.99
30 44.5 3.01 17.48 0.12 0.98 0.13 1.09 0.09 0.99
55 46.8 2.61 19.07 0.09 0.95 0.14 1.09 0.08 0.96

Silty clay loam 10 54.7 2.19 18.00 0.51 0.95 0.20 1.07 0.36 0.98
30 46.8 0.69 64.87 0.28 0.77 1.20 1.02 0.30 0.75
55 46.8 2.97 53.24 0.16 0.77 0.12 1.03 0.16 0.79

58 47 47
(a) measured (b) measured () measured
s — Campbell . —Campbell — Campbell

----van Genuchten » ----van Genuchten ----van Genuchten

465
6

50 45

Soil water content (%, v/v)
Soil water content (%, v/v)
Soil water content (%, v/v)
&

0 10 20 30 40 50 60 70 0 5 10 15 20 25 30 35 40 5 10 15 20 2 30 35
Soil water potential (-kPa) Soil water potential (-kPa) Soil water potential (-kPa)

Fig. 2. Soil water characteristics curve of the silty clay loam soil at the 10 cm (a), 30 cm (b), and 55 cm (c) layers.
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55 42 435
(@) measured (b) measured () measured

—Campbell —Campbell —Campbell

----van Genuchten ----van Genuchten -=--van Genuchten
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Soil water content (%, v/v)
Soil water content (%, v/v)
8

35 38 as
0 10 20 30 40 50 60 5 10 15 20 25 30 7 9 1 13 15 17
Soil water potential (-kPa) Soil water potential (-kPa) Soil water potential (-kPa)

Fig. 3. Soil water characteristics curve of the loam soil at the 10 cm (a), 30 cm (b), and 55 cm (c) layers.

@) measured (b) measured (e) measured

—Campbell —Campbell —Campbell
---van Genuchten

----van Genuchten ---'van Genuchten

=
&

2
3

Soil water content (%, v/v)

0 5 10 15 20 25 30 35 40 5 10 15 20 2% 30 9 10 1 12 13 1
Soil water potential (-kPa) Soil water potential (-kPa) Soil water potential (-kPa)

Fig. 4. Soil water characteristics curve of the sandy loam soil at the 10 cm (a), 30 cm (b), and 55 cm (c) layers.

TRlgo] BEEo] Al ZlolofA] FELE ARFE ] Bl ZA Y=t o= 4232 HA -100 kPao| sidst
71?1 3 mmKEth 2 -F=7Fo] Ath= Z1& Wit Han et al. (2008) 01141 &= A EG O] W2 AlFE A 4=
HEFo] 7P Z1 o™ AP AFE | H]of B o] A7t A YEPt
T30S Aok EYTEA Al B HAEV)E EAE 9 204 Aol et
UEILATE (Table 2). ©] Al= TFE A (Hillel, 1998; Park et al., 2010)01%19} dol 3= 7 2914
4= 7haslal HEO] dafo] 28 nARIASE 2 4R Z7loke HS Uehliglom, ARFE
Al 7179 S TS EoA ERIWIT sEARF30 em 9ol A= Tl Pf—;l*—l FENN TE EAR
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P2 EQfTzo] 27 FF LT (Hillel, 1998). Wb thg EYUAREEE UEh e Al Emet o2 FH
o} o] EQRrREATMAS UEPATH (Fig. 5). BIAMAYEE T2 A5 (Fredlund and Xing, 1994; Hillel,
1998; Park et al., 2010)014 Q) Hlo} ul2:1] ChE 5 0] W]sto] 71 W8 ol preld Harol 7
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Fig. 5. Comparison of the measured soil water characteristics curves among the three soils at the 10 cm (a), 30 cm (b),
and 55 cm (c) layers.

Z7Fetel whet EQkaEatao] 4416 HAgly] w02 AE 4= Qlck (Hillel, 1998). ¥, efolao] 2453
=0l A F&to]| ofgt FFH th= RA g do] XJulj2lo|A] ot webk] AFER 245 H4-2o] Ao 1l EqF
T ol tigt 712717 AR e RS Bt
0131 S EFEEATA1Y] El= 10 em 39104 B W2 Ed et} EG R El g o] R E Holm o}
2 Z9o) v5le] B FE1%t FEfS =aWlltt (Fig. 5). B o)52] 37H4 Hol=5l9j50 2 72 1 HshH et o
% FOMA|H FA1 0] FE7HEESHA UEhA] o= A S B3l =
o, ofg] Q350 ofsl EYE ol5o] IS ek whEelth A, R e A EH 2 EAYL 10

cm SO =2 -EdFE, 30 cm@r 55 em S RloIAE AR B HERIT SHAITE AFFES] 955 cm
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oA 30 cm F-HIE Tt ORI AR L U F2 SRRV O] J9FS LERATH (Fig. 4). ©1= 55
o] 20| 22 ?l?_]’g_ﬂ%];/\]'_o_i LRt Atz T Q)rt Seo et al. (2016) % -2 2t A7 |HbS

T 5ol 2Rt & ol 5o ARt gt HE Qth AFFE 55 em S-9lolA thE EAJof| Hlol =2 AEV | 3 Y
Bl A ot thl Sl oot o= AHE 4 Sl Ziilj—-— E"J‘:}.

HAFEAIFE 30 cm 5919 73-9= EFTE5445410 ”\}O] of & 2tolE Yttt EGEE
HI4 22 ~ -7 kPaollA] 2% A o] ThAsitirt ol ¢ ¥ 3 ‘2)\2‘/} Hazd e UerliA] 2430 (Fig. 2(b)). B4
AAYE 30 cm F-9= FEFFO1 40% = 1t =7 wlzell @A @XJ% Eofo] Y- & 55 o] Aol o_t ¥
ol E 4 ek EEEATAAC R E o -2 ~ -7 kPa 'Hlol B 15 60 mm 2] thg=0] °F2% = A4
H A0 2 molE|Qlt}. o] #E-230 cm FHIolA] FEJFAISE (-10 ~ -30 kPa) T} HIAFEAIFE (-2 ~ -40 kPa)7}
ESTE2elld o] HAgkS o @A skt 7]ofet A o = ek Th §FA <10 ~ -40 kPa 919 3=20.5% ©[5}
= Y7 UERd. 5, nIAFEASE 30 em F9hs o 2ol of7t HiE= (60 mm)oflA 3= (10 mm ©Jsh oz =
77 EAs de = B E Ho| 1 Qi) O]FH = B2 Y w3 van Genuchtent Campbell 2 17+2] E,?}FJ]—
vtk sk 4= QIiek oheE 30 em S-9loflA] & V g2 el ofgt tig=o] AleS 7RIt & 4= Qleh
OAFEAISFE 55 cm Z9oAe S22 H 2 ~ -7 kPa ‘%*%’H Foll oJ5t tg=-2 LYERA] 242k -10 ~ -40
kPa #919] 3= 30 cm S92} -FARHA] 0.5% ofsk= RA| YeRsiTh

OFE O} AJOFE of| 4] van Genuchten¥} Campbell 2 0] A7 =k O L} mAPAAIOFE 30 cm S99t 2ol 3=
7] Rt = AF =0 = o] YA Y 9= B APt Erta w4 Qllt) B EA A
A van Genuchten} Campbell %889 =7} A =|H o] oS E-goto] B} JH| ] EYFollA 29| o5& I
A&k 4= It} (Han et al., 2008).
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Conclusions

2 AelAds vl S5 2ol An[E 9] 1= Ef] 2t E-AA et EE Y EAIE -85t EAYE
o Z0]8 EoJ4HE 42408 2435111 van Genuchten} Campbell R3] 22 molsla 2jol2 Bas)Rc
=2 Gt U B HHESH A ERY] & B0 Eebd 4= Qlo] & dteb -2 Hlw st dE| oA o] EEEA
A0 52 {8 ARR B8 4 9lom, TR @ dHY] 240l S fFoket 71 - e A
S =2 e
Acknowledgement

This study was financially supported by a grant from the research project (No. PJ010867) of National Institute of

Agricultural Sciences, Rural Development Administration, Republic of Korea.

References

Assouline, S. 2006. Modeling the relationship between soil bulk density and the hydraulic conductivity function.
Vadose Zone J. 5(2):697-705.

Blake, G.R. and K.H. Hartge. 1986. Bulk density in methods of soil analysis, partl. In A. Klute (ed.). Monograph No.
9, ASA, Madison, Wisconsin, USA.

Brooks, R.H. and A.T. Corey. 1964. Hydraulic properties of porous media, Hydrology Paper 3:27. Colorado State
University (Fort Collins), Colorado, USA.

Campbell, G.S. 1974. A simple method for determining unsaturated conductivity from moisture retention data. Soil
Sci. 117(6):311-314.

Eom, K.C., K.C. Song, K.S. Ryu, Y.K. Sonn, and S.E. Lee. 1995. Model equations to estimate the soil water
characteristics curve using scaling factor. Korean J. Soil Sci. Fert. 28(3):227-232.

Fredlund, D.G. and A. Xing. 1994. Equations for the soil-water characteristic curve. Can. Geotech. J. 31(4):521-532.

Gee, G.W. and J.W. Bauder. 1986. Particle size analysis. In: methods of soil analysis, partl. In A. Klute (ed.).
Monograph No. 9, Am. Soc. Agron., Madison, Wisconsin, USA.

Han, K.H., H.M. Ro, H.J. Cho, L.Y. Kim, S.W. Hwang, H.R. Cho, and K.C. Song. 2008. Unsaturated hydraulic
conductivity functions of van Genuchten’s and Campbell’s models tested by one-step outflow method through
tempe pressure cell. Korean J. Soil Sci. Fert. 41:273-278.

Hillel, D. 1971. Soil and water: physical principles and processes. Academic press, New York, USA.

Hillel, D. 1998. Environmental soil physics: fundamentals, applications, and environmental considerations. Academic
Press, California, USA.

Hur, S.0., K.H. Moon, K.H. Jung, S.K. Ha, K.C. Song, H.C. Lim, and G.G. Kim. 2006. Estimation model for
simplification and validation of soil water characteristics curve on volcanic ash soil in subtropical area in Korea.
Korean J. Soil Sci. Fert. 39(6):329-333.

Hur, S.0., S.H. Jeon, K.H. Han, H.R. Jo, Y.K. Sonn, S.K. Ha, J.G. Kim, and N.W. Kim. 2010. Application of analysis
models on soil water retention characteristics in anthropogenic soil. Korean J. Soil Sci. Fert. 43(6):823-827.
Jabro, J.D., R.G. Evans, Y. Kim, and W.M. Iversen. 2009. Estimating in situ soil-water retention and field water

capacity in two contrasting soil textures. Irrig. Sci. 27(3):223-229.



344 - Korean Journal of Soil Science and Fertilizer Vol. 50, No. 5, 2017

Jung, Y.S., H.D. Sa, S. Kang, S.B. Oh, and J.S. Lee. 2015. Soil water characteristic curve using volumetric pressure
plate extractor incorporated with TDR system. J. Korean Geotech. Soc. 31(8):17-28.

Kang, J.B., B.J. Lee, and B.W. Shin. 2002. Soil-water characteristics of partially saturated soils. J. Korean Soc. Civ.
Eng. 22(5C):535-543.

Ki, W.S. and S.H. Kim. 2008. Soil water characteristic curve of the weathered granite soil through simulated rainfall
system and SWCC cell test. J. Eng. Geol. 18(4):523-535.

Kim, S.N. 2003. Analysis of influence by soil water-characteristic curve and permeability-suction relationship for the
water flow in unsaturated soil. J. Korean Soc. Hazard Mitig. 3(2):119-125.

Lee, H.J., S.J. Lee, and S.R. Lee. 2005. Estimation of soil water characteristic curve for weathered granite soils
considering structural characteristics. J. Korean Soc. Civ. Eng. 25(4C):249-258.

Mishra, S., J.C. Parker, and N. Singhal. 1989. Estimation of soil hydraulic properties and their uncertainty from
particle size distribution data. J. Hydrol. 108:1-18.

Mualem, Y. 1976. A new model for predicting the hydraulic conductivity of unsaturated porous media. Water Resour.
Res. 12(3):513-522.

Park, J.H., C.K. Park, and J.H. Soun. 1994. Estimation of hydraulic properties in porous media. Water Future
27(3):107-113.

Park, S.W., J.Y. Park, D.H. Tae, and Y.J. Sim. 2010. Effects of overburden pressure and clay content on water
retention characteristics of unsaturated weathered soils. J. Korean Soc. Civ. Eng. 30(1C):53-63.

Seo, M., K. Han, K. Jung, H. Cho, Y. Zhang, and S. Choi. 2016. Effect of temperature and plow pan on water
movement in monolithic weighable lysimeter with paddy sandy loam soil during winter season. Korean J. Soil
Sci. Fert. 49(4):300-309.

Shin, E.C., H.J. Lee, and Y.I. Oh. 2004. Prediction of soil-water characteristic curve and unsaturated permeability
coefficient of reclaimed ground. J. Korean Geotech. Soc. 20(1):109-120.

Song, C.S. 2004. Prediction of the volumetric water content using the soil-water characteristic curve on an unsaturated
soil. J. Korea Soc. Environ. Restor. Technol. 7(6):39-48.

Song, Y.S. 2013. Estimation on unsaturated hydraulic conductivity function of Jumoonjin sand for various relative
densities. J. Korean Soc. Civ. Eng. 33(6):2369-2379.

Taylor, A.S. and G.L. Ashcroft. 1972. Physical Edaphology: The physics of irrigated and nonirrigated soils. W.H.
Freeman and Company, San Francisco, USA.

Too, V.K., C.T. Omuto, E.K. Biamah, and J.P. Obiero. 2014. Review of soil water retention characteristic (SWRC)
models between saturation and oven dryness. Open J. Modern Hydrol. 4(4):173-182.

Tuller, M. and D. Or. 2004. Retention of water in soil and the soil water characteristic curve. Encycl. Soils Environ.
4:278-2809.

van Genuchten, M.T. 1980. A closed-form equation for predicting the hydraulic conductivity of unsaturated soils.
Soil Sci. Soc. Am. J. 44:892-898.



