Soil water hydraulic functions for
water flow In variable saturated soils
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2006
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Fig. 2-1 Observed and fitted water retention curve for Fujinomori silty soil. Fitted line is the

VG model.
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Fig. 2-4 Response surfaces of square residual ¢ for pressure heads at 0.5 cm depth for a silty

soil with column length L = 10 cm silt and the potential evaporation rate E =1 cm d': (a)
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Fig. 2-8 (a) Volumetric water content vs. pressure head and (b) unsaturated hydraulic
conductivity vs. volumetric water content for different sets of parameter values of 8, and n

for the VG model (6= 0.574, a=0.00235, Ks=5cm d™', 1 =0.5).

26

(z-pwd) M ‘AUAIONPUOD Dl NeIpAH



Or
2007
-800 <h <0 cm 2-8 a
O,
)
HYDRUS
o o 95
252
252
2-1 2
8.3 cm L=283cm 07 31 52cm 3
29 16 cm L=16cm 15 13cm 3
2-9
8.3 cm 16 cm
-200 < h < =800 cm
2-1 n=14 6,=0.02
n er 8.3 cm n=1.90 er =
0.222 16 cm n=3.33 6,=0.367 2531

n

Or

27



2-1 VG
Table 2-1 Optimized parameter values and standard deviations (lower row) for the VG model

based on the evaporation method.

Length tensiometers o, o, a(cm‘l) n Ks(cmd_l) |
L=16cm 1,5,13cm 0.367 0.530 0.00232 3.33 1.26 8.12x107°
0.006  0.008 2.39x10”  0.07 0.13 1.34x107
lcm 0.389 0.528 0.00236 3.82 15.9 0.002
0.005  0.008 2.14x10°  0.08 247 0.013
5cm 0.398 0.532 0.00251 4.13 2.68 0.0098
0.003  0.004 1.87x10°  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 3.56x107*
0.005  0.007 2.10x10™  0.07 0.26 3.47x107
1,13cm 0.349 0.532 0.0022 3.03 0.84 1.31x10°°
0.010 0.010  3.58x10°  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 2.80x107*
L=8.3cm 0.7,3.1,5.2cm 0.222 0.588 0.00302 1.90 1.73 0.050
0.019  0.008 8.04x10°  0.05 1.01 0.960
0.6
m%o.s
e
L
D
£0.4
Q
[
o
(&) .
5 o) observed
g03 [ estimated
; L=16cm
[ - L=8.3cm
0.2 e e
10 100 1000
Pressure head, h (-cm)
2-9 16 cm

8.3 cm
Fig. 2-9 Water retention curves for a Fujinomori silty soil estimated with the evaporation
method: plots are observed data, the solid line is for L = 16 cm, and dashed line is for L =
8.3 cm.
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Fig. 2-10 Unsaturated hydraulic conductivity as a function of soil water pressure head for a
Fujinomori silty soil estimated with the evaporation method: solid lines are optimized

conductivity functions and dashed lines represent the confidence ranges based on the 95%

confidence limits for the pore-connecting parameter |.
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3.1

soil water hydraulic function Jury and Horton, 2006

Brooks and Corey 1964
van Genuchten 1980 S
Kosugi 1996

Childs and Collis-George, 1950; Burdine, 1953; Mualem, 1976; Jury and
Horton, 2006 -

2007

Eching and Hopmans 1993; Simiinek et al,
1998; 2007
Mualem 1976
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closed-form van Genuchten
- VG
2007
VG
VG Or
9 r H r
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3.2
3.2.1 Mualem

Mualem 1976
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3.2 3.1 Mualem

m 2
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(2) Fayer
VG Oy
Tuller and Or, 2001;
2007 Fayer and Simmons 1995 Campbell
and Shiozawa, 1992 0 VG
O«
0/0,=5,=(1-2(n)0,/0,)[1+|en | "+ 2(n)0. /0, (34)
Oa x (h)y=1—1n (=h)/ In (<hy)
hm 6=0 Rossi and Nimmo 1994
105 ~ 110 °C 50 % hm =—10" cm
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34.1 3.4
0/0,=, =[1+|an" ] +{1—[1+|0m|“}m};((h)@a/es (3.5)
3-1 a 3-1 3.5
3.5 1 2 1
0:=0 VG 32
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Se 1 VG
Fayer and Simmons 34 Mualem 3.1
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1 2 2
Fig. 3-1 Two different regions for water retention of (a) the Fayer model (eq. (3.4)) and (b) the
Durner model (eq. (3.6)): dashed and chain lines indicate the first and second terms of the

right-hand side of the equations, respectively, and solid lines indicate the sum of the two terms
(left-hand side).
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Fig. 3-2 Water retention curves for (a) Tottori dune sand and (b) Kumamoto Andisol: open

circles are the observed data, and solid, dashed, and chain lines describe the fitted curves

described with the Fayer, Durner, and VG model, respectively.
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3-1
Ks

Mualem 1976

Table 3-1 Soil water hydraulic parameters of the VG, Fayer, and Durner models fit to the

observed soil water retention curves, the observed saturated hydraulic conductivity K, and

the pore-connectivity coefficient | presented by Mualem (1976).

Tottori dune sand 0, 9, O, a(m') n W, a,(m n, Kg(cmd") [
VG model 0.030 - 0.341 0.035 5.20 - - — 550 0.5
Fayer model - 0.085 0.336 0.036 7.06 — - — 550 0.5
Durner model 0.002 - 0.337 0.036 6.63 0.02 9.96x107* 1.5 550 0.5

Andisol
VG model 0 - 0.769 0.192 1.14 - - — 200 0.5
Fayer model - 0.754 0.724 0.040 1492 - - — 200 0.5
Durner model 0 - 0.744 0.041 244 0.59 1.01><104 1.47 200 0.5

34.1
3-1 Ks
Ks =550 cm d! Ks =200 ¢cm d! | Mualem
1976 =05
3.11
3.13
E (t)
HYDRUS-1D Siminek et al., 2005

3.4
34.1
32 a 32 b

Fayer Durner VG
2
2
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Fig. 3-3 Pressure heads change during the evaporation process for Tottori dune sand: plots are
the observed data, and solid, dashed, and chain lines indicate predicted pressure head

changes using the Fayer, Durner, and VG model, respectively.

32
Table 3-2 Soil water hydraulic parameters for Tottori dune sand and Kumamoto Andisol

obtained inversely with the evaporation method.

Tottori dune sand 0, 0, 6, a(m) n W, a,(em n, K (cmd)) I
VG model 0.0290 - 0330 0.034 4.72 - - - 74.88 2.59%107°
Fayer model - 0.089 0.317 0.035 7.44 - - - 98.88 2.83x107*
Durner model 0 - 0333 0035 642 0.17 6.73x107* 1.42 65.24 3.30x107
Fayer (with vapor) -  0.089 0319 0.035 734 - - ~100.46 0.15
Fayer (with K data) — 0.089 0.313 0.035 7.60 - — — 781.94 1.18
Andisol
VG model 0.0004 - 0.686 0.086 1.14 - - - 843.6 -0.092
Durner model 0.0108 - 0.678 0.030 229 0.63 1.11x107* 1.42 49.5 0.87
Fayer
33
34 a h VG
Fayer h<-80 cm
3-4 b  Mualem Se
3.1 O, VG hm=-10cm =0
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van Genuchten
Fig. 3-4 (a) Water retention curve and (b) unsaturated hydraulic conductivity as a function of
the pressure head for Tottori dune sand estimated with the evaporation method: open circles
are the observed retention data, and solid, dashed, and chain lines are those predicted with

the Fayer, Durner, and VG model, respectively.
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3.13

2006
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liquid and vapor
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=
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Hydraulic conductivity, K (cmd-)
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Pressure head, h (-cm)

3-5

Fayer
Fig. 3-5 Impacts of accounting for vapor flow and the observed unsaturated hydraulic
conductivity data for higher water content on the estimation of hydraulic conductivity of
Tottori dune sand: open circles are the observed hydraulic conductivity data, and dashed,
gray, and black solid lines describe predicted hydraulic conductivity using the Fayer model
without neither vapor flow nor the observed data, with vapor flow, and with the observed

data, respectively.
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Fig. 3-7 Pressure heads change during the evaporation process for Kumamoto Andisol: plots
are the observed data, and solid and chain lines indicate predicted pressure head changes

using the Durner and VG models, respectively.
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Fig. 3-8 (a) Water retention curve and (b) unsaturated hydraulic conductivity as a function of
the pressure head for Kumamoto Andisol estimated with the evaporation method: open
circles are the observed retention data, and solid and chain lines indicate those predicted

with the Durner and VG model, respectively.
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3.4.5 van Genuchten
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Fig. 3-9 The applicable range for the VG model.
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3.6 Is (h) IMnax Fayer and Simmons, 1995
3.4
S, =(X +7)8, +[1=(X +7)8,][1+(-en)' | (Al)
a= 0a/ 05 X=1-In(-ah) / In(-hy) y=In(e) / In(—hy) Mualem
3.1
|
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w=[1+(-~ah)'T" Lhw) L(h,w) 15(w)
L (w)=(1-w,)" —(1-w)" (A3)
=2 em) ™ e s
(W)=l (W) + 15 (w,) w>w,
W)=l (W) wsw, )
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4.1

Milly, 1984
Cahill and Parlange, 1998;
Saito et al., 2006
Fick Penman 1940
Philip and de Vries 1957

4 Milly 1982
Philip and de Vries
Nassar and Horton 1989
Nassar et al. 1992b
Philip and de Vries Philip and de Vries 1957

enhancement factor

1
Cass et al.
1984
Klute and Dirksen, 1986
Eching and Hopmans, 1993;
Inoue et al., 1998 Kool et al., 1987; Simiinek et al., 1998
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Fig. 4-1 Water retention curve (a) and unsaturated hydraulic conductivity functions (b)
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Fig. 4-3 A comparison of observed and simulated volumetric water content profiles calculated

using the Fayer model with the pore-connectivity coefficient | = 0.5.
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Fig. 4-4 A comparison of observed and simulated volumetric water content profiles calculated

with the Fayer model (a) and calculated with the Brooks and Corey model.
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Soil water hydraulic functions for water flow in variable saturated soils

Masaru Sakai
Graduate school of Bioresources, Mie University

Abstract

Analyzing water flow in unsaturated (vadose) zone plays important roles in assessing
movement of contaminants, fertilizers and pesticides to groundwater aquifer and planning
irrigation schedules for arid or semi-arid regions. In these decades, computer programs
numerically solving the highly nonlinear equations have been developed for predicting
water and solute movement in the vadose zone and for analyzing laboratory or field
experiments. For simulating water flow in the unsaturated soil accurately, evaluating
unsaturated hydraulic property consisting of unsaturated hydraulic conductivity and soil
water retention curve is necessary. In this study, we focus on unsaturated hydraulic property
in specific, and evolve the HYDRUS-1D code simulating water flow in unsaturated soils.

Since most methods measuring unsaturated hydraulic conductivity remain relatively time
consuming and costly, and are limited to relatively narrow range of water content,
unsaturated hydraulic conductivity function is often estimated from soil water retention
function based on statistical pore-size distribution model of Mualem. One simple laboratory
method for both retention curve and unsaturated hydraulic conductivity is evaporation
method, optimizing parameters of soil water hydraulic function as numerically generated
data fit to experimentally obtained pressure heads in evaporation process. In this study,
optimum experimental conditions for predicting unsaturated hydraulic properties using the
evaporation method were investigated. Then applicability of new unsaturated hydraulic
properties to dune sand and aggregated Andisol was investigated using the evaporation
method.

Sensitivities and correlations for two selected parameters including the pore-connectivity
coefficient, |, which describes the tortuosity factor for the unsaturated hydraulic
conductivity of the van Genuchten-Mualem model were evaluated with the response
surface in terms of the pore-water pressure heads inside the soil column. Higher maximum
potential rate of evaporation, longer column length, and pressure heads measured close to
the soil surface were found to be more valuable for the parameter estimation.

The Fayer model well described unsaturated hydraulic conductivity for the dune sand
reflecting pore water retention for higher water contents and absorbed water retention on
the surface of soil particles for lower water contents. The Durner model was suitable to the
Andisol whose hydraulic properties were strongly affected with the distinct the aggregated
structure. The Mualem model can predict unsaturated hydraulic conductivity for a wide
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range of soil water pressure when an appropriate model is used for the water retention curve
and the pore-connectivity coefficient, | is estimated. Furthermore, it was also suggested that
we need to use an appropriate soil water retention function to predict unsaturated hydraulic
conductivity for much smaller pressure heads than the minimum pressure head observed
during the evaporation experiment.

Furthermore, water vapor condensation process to dry sand was investigated with using
Fayer model, which describes unsaturated hydraulic conductivity of sand well, and
simultaneous mavement of liquid water, water vapor, heat, and solute movement were

evaluated quantitatively.
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