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Prediction of the coefficient of permeability for unsaturated soil by
considering the film flow

ZHAI Qian'-2?, SHEN Tianlun?, TIAN Gang?, DAI Guoliang?, ZHAO Xueliang?>, GONG Weiming?, CAI Jianguo?

(1. Key Laboratory of Concrete and Prestressed Concrete Structure of Ministry of Education, Southeast University, Nanjing 210096,

China; 2. School of Civil Engineering, Southeast University, Nanjing 210096, China)

Abstract: It has become a common practice that the hydraulic conductivity of unsaturated soils is estimated from the soil-water
characteristic curve by using either empirical method or statistical method. The estimated results by the empirical method are
dependent on the empirical parameters while those by the statistical method are determined based on the theory of statistics. As
a result, the results by the statistical method are more reliable than those by the empirical method. It is observed that the
hydroscopic water is misused as the capillary water in the conventional statistical method. Because of the adsorptive force, the
water film (hydroscopic water) is attached around the soil particle, and it acts as the transferring medium for the water
migration in soils. The flowing rate of the water in the adsorbed water film is a function of the thickness of the water film. Both
the thickness of water film around a single soil particle and the flowing rate through the water film are firstly computed.
Subsequently, the probability of the connecting between particles with different sizes is calculated by using the grain size
distribution (GSD) data. Consequently, a new equation is proposed for the estimation of the hydraulic conductivity of
unsaturated soils by considering the film flows in soils. The proposed method is verified using the experimental data from
literatures. It is indicated that results by the newly proposed method provide better agreement with the experimental data as
compared with those by the conventional statistical method.

Key words: unsaturated soil; capillary flow; film flow; random connection; statistical method
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Table 1 Effective particle sizes of soils collected from different literatures
T fy B RRAE/mm
dos dss drs des dss dss dss das dis ds

WK+ 0.230 0.188 0.151 0.122 0.099 0.081 0.067 0.053 0.017 0.00025
W+ 0.500 0.397 0.345 0.197 0.075 0.021 0.009 0.005 0.004 0.00020
UNSODA 4010 0.358 0.191 0.161 0.133 0.111 0.090 0.067 0.049 0.031 0.00250
UNSODA 4031 0.210 0.091 0.081 0.068 0.058 0.018 0.008 0.017 0.010 0.00800
UNSODA 4650 1.140 0.561 0.481 0.402 0.345 0.296 0.251 0.211 0.114 0.00350
SM 6-62 0.075 0.060 0.055 0.048 0.040 0.030 0.020 0.010 0.006 0.00200
SM 35-119 0.060 0.050 0.040 0.030 0.020 0.010 0.008 0.003 0.002 0.00100

® 2 BIELIKEHERZRIMASH
Table 2 Fitting parameters for estimated unimodal SWCCs

i (vl a; /kPa n, m; C/kPa
Whb+ 12.12 1.13  1.36 1500
WEE+ 4.29 433  0.51 1500
UNSODA 4031 5.06 0.84  0.85 1500
UNSODA 4650 1.97 3.03 091 1500
SM 6-62 5.04 131 0.65 1500
SM 35-119 3.82 122 049 1500
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Table 3 Fitting parameters for bimodal SWCC
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Table 4 Residual suctions y: and ysim for soils
¥ ER LA UNSODA UNSODA UNSODA

~ + + 4010 4031 4650
wi/kPa  124.63 13.38 12.58 20 7.9
yam/kPa 500 70 50 50 70

F4RY, 18053 1| BERN, BuEHEHM
FTE 5 P yam TR T yeo BRI, (EGEHIGEAR R
EA T LRI NTRARR I T MR R T
R ITI 5 B FE RS AW R AN BB M RE R RZ A
3 & iE

AR A AT S KIBIE R, HRIX L
TR B TGAE AR S (B R BEATL 2 AR FE P PR AR IS, R P
KRG L LRI KIBIE /A ASCHHEAERLAN
TR KIBIE KRB %, BABON E R R R SR,
Hr AR5 ERIA ER . AR, 4+
W F3 KT HE AR, BRSO R 83
REFCMN 2, ARG A Sy (Al AR AN - 7E = R
JIX B IE T RE

SE -

[1] WEBER T K D, DURNER W, STRECK T, et al. A modular
framework for modeling unsaturated soil hydraulic properties
over the full moisture range[J]. Water Resources Research,
2019, 55(6): 4994-5011.

2] # #k KaERE HONIR, 5 AROTEEEHREN KIS
B RB TSN, A L TR, 2022, 44(4): 660-668.
(ZHAI Qian, ZHU Yiyao, YE Weimin, et al. Estimation of
hydraulic conductivity of unsaturated soils under entire
suction range[J]. Chinese Journal of Geotechnical
Engineering, 2022, 44(4): 660-668. (in Chinese))

[3] GARDNER W R. Mathematics of isothermal water conduction
in unsaturated soil[J]. Highway Research Board Special
Report 1958,40:78-87

[4] VAN GENUCHTEN M T. A closed-form equation for
predicting the hydraulic conductivity of unsaturated soils[J].
Soil Science Society of America Journal, 1980, 44(5):
892-898.

[5] FREDLUND D G, XING A Q, HUANG 8§ Y. Predicting the
permeability function for unsaturated soils using the
soil-water characteristic curve[J]. Canadian Geotechnical
Journal, 1994, 31(4): 533-546.

[6] ZHAI Q, RAHARDJO H. Estimation of permeability function

from the soil-water characteristic curve[J]. Engineering

Geology, 2015, 199: 148-156.

(71 HONIR, BREE, B =, 5. W EKRE il 2 7 bk
R L BE RBT. &+ TR, 2005, 27(11):
1262-1265. (YE Weimin, QIAN Lixin, BAI Yun, et al.
Predicting coefficient of permeability from soil-water
characteristic curve for Shanghai soft soil[J]. Chinese Journal
of Geotechnical Engineering, 2005, 27(11): 1262-1265. (in
Chinese))

(8] BRIE K, RIS, J&22H. =5 FEWIAG AL I LL 52 i) AR H AN
THEXEE RBOTIED]. A L TRRER, 2014, 36(5):
827-835. (CAI Guoqing, SHENG Daichao, ZHOU Annan.
Approach for predicting the relative coefficient of
permeability of unsaturated soils with different initial void
ratios[J]. Chinese Journal of Geotechnical Engineering, 2014,
36(5): 827-835. (in Chinese))

[9] TOKUNAGA T K, WAN J M. Water film flow along fracture
surfaces of porous rock[J]. Water Resources Research, 1997,
33(6): 1287-1295.

[10] TOKUNAGA T K, WAN J M, SUTTON S R. Transient film
flow on rough fracture surfaces[J]. Water Resources Research,
2000, 36(7): 1737-1746.

[11] LIU H H. A constitutive-relationship model for film flow on
rough fracture surfaces[J]. Hydrogeology Journal, 2004,
12(2): 237-240.

[12] TOKUNAGA T K. Hydraulic properties of adsorbed water
films in unsaturated porous media[J]. Water Resources
Research, 2009, 45(6): W06415.

[13] LEBEAU M, KONRAD J M. A new capillary and thin film
flow model for predicting the hydraulic conductivity of
unsaturated porous media[J]. Water Resources Research,
2010, 46(1): 1-15.

[14] TULLER M, OR D. Hydraulic conductivity of variably
saturated porous media: film and corner flow in angular pore
space[J]. Water Resources Research, 2001, 37(5): 1257-1276.

[15] IWAMATSU M, HORII K. Capillary condensation and
adhesion of two wetter surfaces[J]. Journal of Colloid and
Interface Science, 1996, 182(2): 400-406.

[16] BIRD R B, STEWART W E, LIGHTFOOT E N. Transport
phenomena[M]. New York: John Wiley & Sons, Inc, 1960.

[17] PACHEPSKY Y A, SHCHERBAKOV R, VARALLYAY G, et
al. On obtaining soil hydraulic conductivity curves from
water retention curves [J]. Pochvovedenie, 1984, 10: 60-72.

[18] MUALEM Y. Hydraulic conductivity of unsaturated soils:
prediction and formulas[M]//SSSA Book Series. Madison,



298 H# £ T B % 2024 4F
WI, USA: Soil Science Society of America, American 142-151.

Society of Agronomy, 2018: 799-823.

[19] NEMES A, SCHAAP M G, LEI F J, et al. Description of the
unsaturated soil hydraulic database UNSODA version 2.0[J].
Journal of Hydrology, 2001, 251(3/4): 151-162.

[20] SCHINDLER U G, MULLER L. Soil hydraulic functions of
international soils measured with the Extended Evaporation
Method (EEM) and the HYPROP device[J]. Open Data
Journal for Agricultural Research, 2017, 3: 1-7.

[21] FREDLUND D G, XING A Q. Equations for the soil-water
characteristic curve[J]. Canadian Geotechnical Journal, 1994,
31(4): 521-532.

[22] ZHAI Q, RAHARDIJO H, SATYANAGA A. Effect of
bimodal soil-water characteristic curve on the estimation of

permeability function[J]. Engineering Geology, 2017, 230:

[23] ZHAI Q, RAHARDJO H. Determination of soil-water
characteristic curve variables[J]. Computers and Geotechnics,
2012, 42: 37-43.

[24] ZHANG F X, FREDLUND D G Examination of the
estimation of relative permeability for unsaturated soils[J].
Canadian Geotechnical Journal, 2015, 52(12): 2077-2087.

[25]1 ZHAI Q, RAHARDIJO H, SATYANAGA A, et al. Framework
to estimate the soil-water characteristic curve for soils with
different void ratios[J]. Bulletin of Engineering Geology and
the Environment, 2020, 79(8): 4399-4409.

[26] ZHAI Q, RAHARDJO H, SATYANAGA A. Effects of
residual suction and residual water content on the estimation

of permeability function[J]. Geoderma, 2017, 303: 165-177.

FtE2ES L TRERYIERUEARTISMECER (—Si@H)

ik o A TR B 2 AR A, o E AR 2
HrhEEVERLSMPEEARTEYXSE R AL TE
IyeFE I, BB REAKE TRV TR etk FIR
IR A R EETS TR AR A 7 REERFE AT
M2+ Jms L TR AT 20 F 2024 48 H 16 H
—18 HIERERAT . AJmEBUR 4R (2011 45D, HiMl (2013
). Jbat (2017 5. %A (2023 ) S EE L TR
YIEB AR X — IR SRS W EEE E N sh s 1 %
LTI 3 4 L R AT, R TR
RAFRR, TR A8 @5 E i veon E” JLhh
BB S5 15 9 Uk S T KR, DA S A BB 7 3
] 8 KRBT EK TAR AR SRR o AR 22 BRI AR
I BA AR TR 3 R TREEARN RS, FERXim
AR AR BT 7 AE S
— WL

B TR B EEG , FARMBER R ERTE R “ 208
TR R 5 VA R ) 7 Bt v TR A i R (g v R
THE. HEORDSk I EEA Bt i 5 m PR IR S, B e
WRRESE (AR WR: OB SHBEA (Ng
HBEIES 1g HEIBRD; @7 L TR EEHL S 541

LI @F L LREYEARN S EE S I @ IBERI¥IES H
LA @i SRR 9k i ; ©1nig RS - TR,
@215 AT R TR @KRKESHIES L TR ©
B Rk 1% R TR OF = TR BT 7T AR 1R iR .
=\ BXiER

WICATCET 2024 45 1 H 1 H Bl FEERE 2 R A R A -
125828612@qq.com, FFELEHNGT 2024 4 1 A 30 Hidl.
WRIEHEER N, 1EHBUUENECERET 202443 A 15 H
I P IS 22 2 LR TS AR ISR -

WK BOCIR 6 LU, WICHE &% 5+ T
FEEARD

ARSI CA L TR 8 OKiEs
FY SFIEPISCE T ERER. PG IR BT, Bhgg,
Wil 5 TR T AR KT F AL ek . 8 S0E i
1E 6 TLLAN .
= BKEARN

Mok AZE IS R K IE TRER A A B I G -
300456; E-mail: 125828612@qq.com, 726327972@qq.com; H
i kTS 18622332119, Zhe T 18622236750, F HE
13502069907, [ JH 1532018817,

CNE T



