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Evaluation of hydrodynamic characteristics of porous
media from one-step outﬂow experiments using RETC
code
P. Londra and G. Kargas

ABSTRACT
The ability of simulation models to accurately predict water ﬂow and solute transport in unsaturated
soils usually depends on the accuracy of the parametric models used to describe the water retention
curve θ(h) and unsaturated hydraulic conductivity Κ(θ). Experiments were conducted to determine
θ(h) and Κ(θ) relationships of six different porous media. θ(h) relationships were determined using
Haines-type assembly or Richards’ pressure cell chambers, depending on the soil type. K(θ)
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relationships were determined using the one-step outﬂow method. RETC code was used to analyze
hydraulic properties. Experimental data were compared with those predicted by the Mualem-van
Genuchten model using RETC for two prediction scenarios with three ﬁtting parameters a, n, θr.
The ﬁrst scenario uses as input data the experimental θ(h) and saturated hydraulic conductivity (Ks)
measurements and the second, the experimental θ(h), K(θ) and Ks measurements for two types of
conductivity regression analysis. Concerning the second scenario, the Mualem model parameter p as
an additional ﬁtting parameter was also examined. Analysis of the results showed that the best
method for predicting both the θ(h) and K(θ) relationships is to use simultaneously the experimental
θ(h), K(θ) and Ks data with four ﬁtting parameters a, n, θr, p.
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INTRODUCTION
The knowledge of two main hydraulic properties, water

of K(θ) using water retention curve and saturated hydraulic

retention curve θ(h) and unsaturated hydraulic conductivity

conductivity Ks (Childs & Collis George ; Burdine ;

Κ(θ), is necessary in studying the movement of water and

Mualem ). The introduction of analytical expressions of

soluble salts in unsaturated soils, as well as in their

the water retention curve θ(h) in combination with the

simulation models. The determination of soil hydraulic

abovementioned models led to closed-form analytical pre-

properties can be achieved either with ﬁeld-based or labora-

dictive models of hydraulic properties (Brooks & Corey

tory methods. Each method is characterized by speciﬁc

; van Genuchten ). Typically, the absence of exper-

properties with their limitations and inherent assumptions

imental data, especially K(θ) data, has led to the widespread

(Bordoni et al. ). However, in laboratory methods,

use of closed-form analytical predictive models in the pre-

while the water retention curve θ(h) can be determined rela-

diction of hydraulic properties (Ghazanfari et al. ;

tively quickly and easily, the determination of hydraulic

Arrey et al. ). This suggests the necessity of assessing

conductivity as a function of soil water content, K(θ), or

the accuracy of the hydraulic property predictions since

pressure head, Κ(h), is a difﬁcult and time-consuming pro-

unsaturated hydraulic conductivity plays an integral role in

cess. For this reason, several statistical models of pore size

determining the accuracy of any numerical solution to

distribution have been developed for the indirect prediction

water ﬂow and contamination problems (Yates et al. ).
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In some cases, it has already been proved that the calculated

The RETC code enables the calculation of the concep-

values of K(θ) deviate signiﬁcantly from measured values

tual models parameters either by ﬁtting only the water

(Talsma ; Yates et al. ; Valiantzas et al. ;

retention data for predicting the hydraulic conductivity func-

Londra ).

tion or by ﬁtting simultaneously both water retention and

The one-step outﬂow method (Doering ) is one of

hydraulic conductivity experimental data, assuming various

the most widely used laboratory methods for determining

analytical forms of θ(h) and K(θ), by including the effect of

the soil–water diffusivity relationship D(θ). The method

pore connectivity, i.e. parameter p of the Mualem model

can be easily adopted for routine laboratory work, e.g. is

(Mualem ). Many researchers have used RETC code

easily applied in the same soil sample and apparatus that

with different scenarios and number of model-ﬁtting par-

are used for the determination of the soil–water diffusivity

ameters with various results (van Genuchten & Leij ;

relationship D(θ), and the soil–water retention curve. The

Yates et al. ; Schaap & van Genuchten ; Kargas

K(θ) relationship can then be calculated using D(θ) and

& Londra ; Bourazanis et al. ). However, in cases

water retention data (Childs & Collis George ).

where the water retention and hydraulic conductivity exper-

Many researchers have proposed analytical methods for

imental data are simultaneously used, it is rarely reported

calculating D(θ) from the one-step outﬂow data without the

whether the experimental data were obtained from the

required assumptions of any mathematical form for the

same soil sample using the same apparatus. In addition,

hydraulic properties, which is an advantage (e.g. Passioura

among the different methods of determining K(θ) relation-

; Valiantzas ; Valiantzas et al. ; Londra &

ship, there is a large difference in the range of water

Valiantzas ). However, in these cases, independently

content and pressure-head measurements (Stolte et al.

measured θ(h) data to determine unsaturated hydraulic con-

). Also, Siltecho et al. () demonstrated that the van

ductivity K(θ) is required. Valiantzas et al. () proposed a

Genuchten unsaturated soil parameters were signiﬁcantly

direct method based on a simple curve-ﬁtting procedure

different according to the measurement methods employed.

applied to the experimental outﬂow data for a simple

These factors may play a signiﬁcant role in the results of

power and extended power form function which leads to

various prediction scenarios and the necessary number of

direct calculation of the soil water diffusivity function from

ﬁtting parameters.

explicit formulae.

From the research published so far, it seems that the

Alternatively, in many cases, parameter estimation

prediction of soil hydraulic properties has not been

methods together with outﬂow experiments for determining

considered when experimental θ(h) and K(θ) data are used

hydraulic properties have been used (e.g. Parker et al. ;

simultaneously as input data in the RETC program

van Dam et al. ; Bitterlich et al. ). However, an

when the K(θ) data have been obtained from the one-step

assumption of particular mathematical forms for the hydrau-

outﬂow method. More speciﬁcally, when the K(θ) data are

lic properties is required.

obtained by using the simpliﬁed equation of Valiantzas

The main disadvantage of the one-step outﬂow method is

et al. ().

the weakness to predict K(θ) values near saturation, due to the

The main objectives of the present study were to exper-

fact that the outﬂow method cannot be applied at the ﬁrst

imentally determine, on the same soil sample and in the

stage of outﬂow, where the ﬂow rate is essentially controlled

same apparatus, θ(h) and K(θ) relationships in six porous

by the porous plate resistance (Passioura ). This disadvan-

media using the one-step outﬂow method and then compare

tage may be overcome using RETC code (van Genuchten et al.

the experimental values with those predicted by assuming

) as has been studied recently in a sand sample by Boura-

the Mualem-van Genuchten model (Mualem ; van

zanis et al. (). More speciﬁcally, the comparison between

Genuchten ) using RETC code (van Genuchten et al.

K(θ) values near saturation measured by steady-state labora-

) for two prediction scenarios with three model ﬁtting

tory method and predictions obtained by RETC code using

parameters (α, n, θr) each. In the case of the second scenario

simultaneously experimental θ(h) values and K(θ) from one-

applied, the Mualem model parameter p as an additional ﬁt-

step outﬂow method showed very good agreement.

ting parameter was also examined.
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samples was performed, followed by the one-step outﬂow
procedure.
A large negative or positive pressure step hf (L) was sud-

Porous media

denly applied at the bottom of the sample (Haines-type
Experiments to determine the water retention curves fol-

assembly) or at the top of the sample (Richards’ cell),

lowed by the one-step outﬂow procedure to determine D

respectively, equal to the ﬁnal pressure step used in the

(θ) and then K(θ) were performed in the laboratory for six

determination of the water retention curve (hf ¼ 90 cm

disturbed porous media with different soil textures: a sand

for sand, hf ¼ 134 cm for sandy loam soil, hf ¼ þ700 cm

(0.2 mm < d < 0.5 mm), a sandy loam (13.2% clay, 8% silt,

for loam, clay loam, silty clay loam and clay soil) and the

78.8% sand), a loam (20% clay, 38% silt, 42% sand), a clay

cumulative outﬂow volumes Vi (L3) were recorded with

loam (28% clay, 37% silt, 35% sand), a silty clay loam

time ti (T) (i ¼ 1, 2, 3 ... Ν). The time steps used were

(36.5% clay, 52% silt, 11.5% sand) and a clay soil (47%

5 seconds at the beginning of the experiment and then

clay, 36% silt, 17% sand). Note that the clay soil aggregate

they were adjusted according to the outﬂow rate, depending

was used with aggregation fraction 0.5–1.2 mm.

on the soil type, reaching gradually 1,800 seconds at the

Experimental procedure
Water retention curve
Water retention curve measurements and one-step outﬂow
experiments were performed in the laboratory using: (i) a
Haines-type assembly (Haines ) for the sand and sandy
loam soil; and (ii) Richards’ pressure cell chambers (Kargas
& Londra ) for the loam, clay loam, silty clay loam and
clay soil. Initially, the water retention curves θ(h) were

end of the experiment. The total times were 6,450, 6,696,
12,098, 16,052, 18,372 and 24,035 seconds for sand, sandy
loam, clay loam, loam, clay and silty clay loam soil,
respectively.
Subsequently, the corresponding mean volumetric water
content θi (L3 L3) was calculated as θi ¼ θs  Vi =Vo , where
θs is the volumetric water content at saturation (L3 L3) and
Vo is the sample volume (L3). Then, the dimensionless variable
S which represents the fraction of remaining outﬂow water
volume and is obtained from the original outﬂow data, V(t),

measured, followed by the one-step outﬂow experiment.
Disturbed soil samples of the sand and sandy loam soil,

S¼

2.5 cm high and 9.6 cm diameter, were placed on a tension
plate apparatus in a Haines-type assembly, and samples of
the loam, clay loam, silty clay loam and clay soil, 3 cm
high and 7 cm diameter, were placed in a Richards’ pressure

tension plate gradually until saturation. After that, the samples
were subjected to a drying-wetting cycle and the primary
drying water-retention-curve data were obtained by applying:
(i) negative pressure steps through the saturated tension plate,
in the case of Haines-type assembly; and (ii) gas pressure steps
to the top of the soil sample, in the case of Richards’ cell,
weighting the water lost at various pressure steps.
One-step outﬂow experiment

0S1

was plotted against the square root of time

(1)
pﬃﬃ 1=2
t(T ) (Valiantzas

et al. ).

cell chambers.
Soil samples were allowed to wet from the bottom of the

θ  θf
,
θs  θf

S

After identifying the curve ﬁtting region of the
pﬃﬃ
t plot corresponding to stage III of the outﬂow, in which

the effect of the porous plate impedance becomes negligible
(Valiantzas et al. ), a simple regression of a three-parameter power function (Valiantzas et al. ) was applied:
S

pﬃﬃ
pﬃﬃb
t ¼ a t þc

(2)

and the a, b and c curve-ﬁtting parameters were obtained.
In Figure 1, an example of schematic illustration of the
pﬃﬃ
experimental S t function for silty clay loam soil, and
the three-parameter power ﬁtting function (Equation (2)) is

At the end of the water-retention-curve measurement, on the

presented. The three stages of outﬂow, according to

same samples, in the same apparatus, saturation of the

Passioura (), are clearly identiﬁable. In the ﬁrst stage,
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The saturated hydraulic conductivity, Κs (LT1) was
independently determined by the constant-head method
(Klute & Dirksen ).

RETC code
The RETC program (van Genuchten et al. ) was used to
calculate the ﬁtting parameters of the widespread Mualemvan Genuchten model (Mualem ; van Genuchten
) on the experimental data of water retention curve
and hydraulic conductivity as derived from the one-step outﬂow data. The water retention curve is described by van
Genuchten () as
Figure 1

|

pﬃﬃ
Experimental fraction of water remaining for outﬂow with time, S( t ), for silty
pﬃﬃ
pﬃﬃ b
clay loam soil (open cycles) and ﬁtted curve S( t ) ¼ a( t ) þ c (solid line).

corresponding to the initial part of the curve before the outpﬃﬃ
ﬂow becomes linear with t, it is the plate impedance only
that determines the outﬂow rate. In the second stage, during
pﬃﬃ
which the outﬂow varies linearly with t, the effect of plate
impedance has not yet become negligible. The third stage
corresponds to the portion of the curve where cumulative
pﬃﬃ
outﬂow ceases to be linear with t and the effect of plate
impedance is minimal.
Then, soil water diffusivity as a function of mean volumetric
 (L2T1) was calculated from the one-step
water content D(θ)


θðhÞ ¼ ðθs  θr Þ

1
1 þ αjhjn

m
þ θr

(5)

where θs and θr are the saturated and residual values of the volumetric water content θ (L3 L3), and α (L1), m (–), n (–) are
retention-curve-ﬁtting parameters, m ¼ 1–1/n and 0 < m < 1.
Combining Equation (5) with the model developed by
Mualem (), K(θ) can be calculated as

KðθÞ ¼ Ks

θ  θr
θs  θr

"
p (

 #m )2
θ  θr 1=m
1 1
θs  θr

(6)

outﬂow data using the Valiantzas et al. () equation:

where Ks is the saturated hydraulic conductivity and p (–) is




2=b
θs  θf
2L2 a2=b θ  θ f
DðθÞ ¼ 

c
b

1

ð
b=2
Þc
π2
θs  θf
θ  θ f

a pore-connectivity parameter with a conventional value at

(3)

uated by RETC program from measured water retention and

where L is the length of the sample (L), θf is the ﬁnal volumetric

hydraulic conductivity data. The unknown parameters of

water content (L3 L3), and a, b, c are the ﬁtting parameters

0.5 (Mualem ).
The model-ﬁtting parameters described above were eval-

the Mualem-van Genuchten (M-vG) model in the parameter

obtained from Equation (2). The proposed equation has been

optimization process to ﬁt the water retention and unsatu-

validated for various types of soils and substrates (Valiantzas

rated hydraulic conductivity functions were θr, α and n

et al. ; Kargas & Londra ; Bourazanis et al. ).

using two scenarios. In the ﬁrst scenario, the experimental

Then, the K(θ) (LT1) relationship was calculated using
the equation (Childs & Collis-George ):

K(θ) ¼ D(θ)

data of water retention curve and saturated hydraulic conductivity (Ks) were used as input data. In the second
scenario, the experimental values of θ(h), Κs and K(θ) calcu-

dθ
dh

(4)

lated from D(θ) values using experimental outﬂow data were
used as input data and two types of conductivity model were

1

The slope dθ=dh (L ) was calculated from the experimental water retention curve.
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The Mualem-van Genuchten parameters α, n, θr obtained by RETC code

of the parameter p was either taken as constant and equal to

RETC

0.5, a value widely used (Mualem ), or as a ﬁtting parameter. Evaluation of the results was performed by

Journal of Hydroinformatics

Experimental

Porous

α

medium

(cm

Sand

1st scenario

1

n (–)

)

θr

3

(cm3 cm

θs

3

Ks

1

) (cm3 cm

) (cm min

0.275

0.521

0.275
0.275

0.521
0.521

0

0.470

0.292

0.008
0.086

0.470
0.470

0.292
0.292

0

0.547

0.049

0
0.056

0.547
0.547

0.049
0.049

0

0.493

0.0032

0.305
0.326

0.493
0.493

0.0032
0.0032

0

0.498

0.0247

0.308
0.259

0.498
0.498

0.0247
0.0247

0.229

0.569

0.547

0
0.191

0.569
0.569

0.547
0.547

)

comparing experimental and predicted values using root
mean squared errors (RMSE).

0.029 13.746 0.020
2nd scenario
Type Ι 0.029 14.219 0.026
Type ΙΙ 0.030 15.978 0.057

RESULTS AND DISCUSSION
In any case studied, the M-vG model ﬁtting parameters α, n,

Sandy
loam

θr, as well as the experimental values θs, Κs for all porous
media examined, are given in Table 1. It is worthy of note
that high predicted θr values of the ﬁne textured soils exam-

Loam

ined can be attributed to the fact that they come from
mathematical ﬁtting which is affected by the low pressure
step (hf ¼ þ700 cm) applied. In this pressure, a sufﬁciently
large proportion might not be drained from the total pore
space. This indicates the need to apply a higher pressure

Silty clay
loam

step for measuring the hydraulic properties and evaluating
the ﬁtting parameters. Also, the fact that θr values of clay
soil are lower than those of clay loam and silty clay loam

Clay loam

should be attributed to the nature of the sample. As presented in the materials and method section, clay sample is
not a typical soil like others but includes only an aggregated
Clay

fraction of 0.5–1.2 mm soil particles.
As shown in Figure 2, it is apparent that there is a very
good agreement of the results between experimental and
predicted values of θ(h) for the ﬁrst scenario, indicating

1st scenario
0.019 1.941
2nd scenario
Type Ι 0.025 1.666
Type ΙΙ 0.026 1.875
1st scenario
0.013 1.257
2nd scenario
Type Ι 0.014 1.250
Type ΙΙ 0.016 1.261
1st scenario
0.013 1.154
2nd scenario
Type Ι 0.012 1.639
Type ΙΙ 0.013 1.742
1st scenario
0.080 1.169
2nd scenario
Type Ι 0.029 4.563
Type ΙΙ 0.026 2.342
1st scenario
0.083 1.644
2nd scenario
Type Ι 0.057 1.291
Type ΙΙ 0.115 1.422

that the corresponding soil hydraulic parameters listed in

Note: Input data used were: (i) the experimental values of θ(h) and Κs (1st scenario); and (ii)

Table 1 provide an adequate description of θ(h) relationship.

the experimental values of θ(h), Κs and Κ(θ) from one-step outﬂow data (2nd scenario) for
the two types of conductivity model (Type I and Type II), as well as the experimental θs and

This is demonstrated by taking into consideration the accep-

Ks values.

tably small values of RMSE listed in Table 2.
On the other hand, the soil hydraulic parameters of the

presented. The values of Κ(θ) were obtained by Equation

ﬁrst prediction scenario, which is the most common used,

(4) taking into account experimental one-step outﬂow data

using as input data only the experimental θ(h) and Κs data,

and water retention curve.

do not adequately describe the K(θ) relationship (Figure 3).

As shown in Figure 3, in the case of the second predic-

The K(θ) curves show a variable and unpredictable behav-

tion scenario, using as input data simultaneously the

ior, suggesting a non-reliable estimation based only on

experimental θ(h), K(θ) and Ks values for Type I of conduc-

retention data θ(h). This is also shown by the large values

tivity regression analysis, the prediction of K(θ) is

of RMSE (Table 2).

satisfactorily improved compared to the ﬁrst prediction

In Figure 3 a comparison between Κ(θ) values from

scenario except in the case of clay soil, while for Type II

predictions

of conductivity regression analysis, a very satisfactory pre-

obtained by RETC for the two prediction scenarios are

diction of K(θ) is obtained for all porous media studied.

experimental

one-step

outﬂow

data
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Experimental water retention curve and the predictions obtained using the Mualem-van Genuchten model from RETC code using input data as described in the text. (Dots –
experimental data; full line – 1st scenario; dashed line – Type I; dotted line – Type II.)

More speciﬁcally, better improvement in the prediction of Κ

Similar results were presented by Yates et al. ()

(θ) was observed in the case of Type II (logarithmically

which recommended that the logarithmically transformed

transformed conductivity) compared with both Type I

values should be used since they better describe the conduc-

(untransformed conductivity values) and the ﬁrst scenario

tivity across the entire range of observed values.

(Figure 3). This is also demonstrated in the RMSE values

However, the cost of this improvement is a poorer

presented in Table 2. There is a decrease in the RMSE

characterization of θ(h) relationship. Although Type II

values indicating the abovementioned improvement. This

of conductivity regression analysis accurately describe

effect is more pronounced for Type II.

K(θ), it reduces the predictive accuracy of θ(h) compared
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RMSE from comparing experimental and predicted values of water content, θ,
and unsaturated hydraulic conductivity, K, for all prediction scenarios

Porous medium

3

RETC

RMSE θ (cm3 cm

Type Ι
Type ΙΙ

1st scenario
0.0073
2nd scenario
0.0083
0.0244

Type Ι
Type ΙΙ

1st scenario
0.0093
2nd scenario
0.0167
0.0169

Type Ι
Type ΙΙ

1st scenario
0.0091
2nd scenario
0.0091
0.0105

Type Ι
Type ΙΙ

1st scenario
0.0023
2nd scenario
0.0056
0.0068

Type Ι
Type ΙΙ

1st scenario
0.0060
2nd scenario
0.0394
0.0258

Type Ι
Type ΙΙ

1st scenario
0.0047
2nd scenario
0.0340
0.0081

Sand

Sandy loam

Loam

Silty clay loam

Clay loam

Clay

)

1

RMSE K (cm min

)

0.4802
0.4490
0.2424
0.5324
0.1371
0.0390
0.2807
0.2294
0.0736
0.6936
0.1212
0.0383
1.6694
0.3185
0.1082
0.4132
0.5419
0.0507

with the ﬁrst prediction scenario for all porous media
studied. This can also be seen from the results in
Table 2 where, for the water content, there is an increase
in RMSE values.
In order to remove this weakness, we investigated the case
of increasing the model ﬁtting parameters. We studied the
Mualem model parameter p as an additional ﬁtting parameter
using RETC for Type II. As shown in Table 3, the ﬁtting par-

Figure 3

|

Κ(θ) values from experimental one-step outﬂow data and the prediction values
obtained by the Mualem-van Genuchten model from RETC code using input
data as described in the text. (dots – Κ(θ) from experimental one-step outﬂow
data; full line – 1st scenario; dashed line – Type I; dotted line – Type II).

ameter p, in all porous media studied, had values with
remarkable deviation from the conventional value of 0.5 ran-

parameters compared with the corresponding one with

ging from 0.591 to 2.622 resulting from RETC code analysis.

three ﬁtting parameters provides an improvement in the

Similar behavior has also been noticed by other researchers

description of the water retention curve for all porous

(Leij et al. ; Yates et al. ; Kargas & Londra ).

media studied (except clay soil). On the other hand,

Taking into consideration the RMSE values shown in

increasing of ﬁtting parameters provides an improvement

Table 3, it appears that Type II method with four ﬁtting

(lower RMSE values) of hydraulic conductivity or leads
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The Mualem-van Genuchten ﬁtting parameters α, n, θr, p obtained by RETC code using as input data simultaneously the experimental values of θ(h), Κs and Κ(θ) from experimental one-step outﬂow data for Type II conductivity regression analysis (logarithmically-transformed conductivity)
n (–)

θr (cm3·cm3)

p (–)

RMSE θ (cm3 cm

0.029

15.213

0.025

1.915

0.0078

0.1800

0.0197

1.981

0.017

2.491

0.0092

0.0246

Loam

0.012

1.2796

0.010

2.622

0.0094

0.0622

Silty clay loam

0.012

1.763

0.323

0.814

0.0065

0.0397

Porous medium

a (cm

Sand
Sandy loam

1

)

3

)

1

RMSE K (cm min

Clay loam

0.037

2.022

0.268

0.591

0.0202

0.1278

Clay

0.132

1.400

0.195

0.0001

0.0107

0.0577

)

to similar results to those obtained by Type II with three ﬁt-

RETC code for two prediction scenarios with three ﬁtting par-

ting parameters.

ameters a, n, θr and two types of conductivity regression

Similar results were obtained by Yates et al. () when

analysis (Type I, untransformed conductivity; Type II, logar-

they applied two prediction scenarios using as input data:

ithmically transformed conductivity). From the results of

(i) the experimental values of θ(h) and Κs with four ﬁtting par-

this group of soils, it appears that the ﬁrst scenario using

ameters, and (ii) simultaneously the experimental values of

only the experimental θ(h) and Ks values supplies soil hydrau-

θ(h) and Κ(θ) for the two types of conductivity regression

lic parameters that provide an adequate description of θ(h)

analysis

conductivity–

relationships compared to the other methods studied. How-

untransformed conductivity) with ﬁve or six ﬁtting par-

ever, this scenario is unable to adequately predict K(θ)

ameters. More speciﬁcally, the simultaneous method with

relationships. In the case where RETC with input data the

(logarithmically

transformed

ﬁve or six parameters was found to be better, but there were

experimental θ(h), K(θ) and Ks values for Type II was used,

only minor differences between two types of simultaneous

the obtained K(θ) predictions were in very good agreement

methods.

with experimental values. However, this method causes a

Additionally, from the results we can reasonably assume

decreasing agreement between experimental and predicted

that the use of RETC using simultaneously experimental θ(h)

θ(h) relationship compared with the method of the ﬁrst

and K(θ) data from outﬂow measurements using the

prediction scenario. The best method for predicting both the

Valiantzas et al. () equation for Type II conductivity

θ(h) and K(θ) relationships, for this group of soils, is to use

regression analysis, may improve the description of the K

Type II regression analysis with p as an additional ﬁtting par-

(θ) near saturation. In this way, the weakness of one-step

ameter compared to the other methods examined. Overall,

outﬂow method predicting K(θ) at saturation may be over-

the combination of RETC with the one-step outﬂow method

come. This approach seems to be especially suited for

is a powerful tool which may be used successfully as a routine

large-scale studies that require realistic simulations in the

procedure for the determination of K(θ) even in the case of

wet region, e.g. during inﬁltration into soils.

K(θ) values near saturation.
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