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Abstract

The saturated and near-saturated hydraulic conductivity of soils, k,, is a sensitive indicator of soil
structure and a key parameter for solute transport and soil aeration. In this contribution, we
present and numerically investigate a double-disk method to determine k,, in the laboratory by
steady-state percolation at different suction steps. Tension infiltration of water takes place at the
top of a soil column through a porous disk with a smaller diameter than the soil sample. This
leaves part of the soil surface open and ensures a proper soil ventilation. Drainage takes place
at the base through a porous disk with the full diameter of the soil column at exactly the same
tension as applied to the top boundary. Since the infiltration area is less than the percolation
area, the water flow diverges and the equality of steady flow rate and hydraulic conductivity,
which characterizes the standard unit-gradient experiment, is no longer valid. To develop a gen-
eral relationship between observed steady flow rate and unsaturated hydraulic conductivity, the
experiment was simulated with the Richards-equation solver HYDRUS 2D/3D, for twelve differ-
ent soil classes. We found for tensions in the range 1 cm < 10 cm, an infiltration disk diameter of
4.5 cm diameter and a sample diameter of 8 cm diameter that the flux rate at any given tension

was about 0.7 times the respective hydraulic conductivity, with an error of less than 10%.

Key words: HYDRUS 2D/3D / measurement method / near saturated hydraulic conductivity / tension disk

infiltrometer / unit-gradient experiment

Accepted March 15, 2019

1 Introduction

Soil is a complex three-phase porous medium with hydraulic
storage and transmission properties that are highly nonli-
nearly dependent on the water content. In the framework of
the continuum approach, these properties are defined by
hydraulic functions, namely the water retention curve and the
hydraulic conductivity curve (e.g., Durner and Fliihler, 2005).
Parameterized hydraulic functions are required for modelling
water and solute transport in the vadose zone. Their proper
characterization, both in saturated and unsaturated state,
plays an important role in addressing a variety of problems in
hydrology, ecology, environmental sciences, soil science,
agriculture, and many other disciplines (Vereecken et al.,
2016).

The soil hydraulic conductivity, k,, expressed either as func-
tion of the volumetric water content, 0, or of the matric poten-
tial head, h, is a key factor in unsaturated flow problems, such
as the design and performance assessment of irrigation and
drainage systems, earthen waste impoundments and many
other agricultural, geotechnical, and environmental structures
(Reynolds et al., 2000). Detailed information on the soil
hydraulic conductivity close to saturation is particularly impor-
tant for simulating transport of water and chemicals in soils.

* Correspondence: W. Durner; e-mail: w.durner@tu-bs.de
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Near saturation, it can change dramatically due to the pres-
ence of macropores (e.g., Germer and Braun, 2015), which is
difficult to handle in traditional pore-size distribution models
(Bargesen et al., 2006).

Several methods are available to measure the hydraulic con-
ductivity of soil in saturated and unsaturated state, which can
be broadly classified into two categories: direct measurement
methods and indirect estimation methods (van Genuchten
et al., 1991). Because of the difficulty and different shortcom-
ings of direct measurement procedures, indirect estimation
methods are predominant (Durner and Lipsius, 2005). How-
ever, all the estimation procedures need direct measurements
as benchmarks for validation of their results (Dirksen, 2000).
Moreover, for structured soils the prediction of near saturated
k,,(h) from soil texture or from the water retention curve is fun-
damentally unreliable (Durner, 1994).

In the field, k, is often estimated by tension infiltrometry, but
the calculation of hydraulic conductivity from an uncon-
strained three-dimensional transient flow field relies on a vari-
ety of assumptions with respect to the homogeneity of the soil
below the infiltrometer, initial water content, and the type of
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hydraulic functions, which might not always be fulfilled. In the
lab, direct measurement of unsaturated conductivity in the
wet range is rather uncommon. Available methods are the tra-
ditional double membrane method (Henseler and Renger,
1969), the crust method (Bouma et al., 1983), which is mostly
used in the field, but also applicable in the laboratory, the mul-
ti-step outflow method (MSO) (Eching et al., 1994; Hopmans
et al., 2002), and the Multi-Step Flux method (MSF) (Weller
et al., 2011), where water is applied at the top of a soil column
by irrigation and drained at the bottom by suction. Each of
these methods has its specific difficulties, problems and pit-
falls. The crust method, e.g., requires for each flux density the
preparation of a specific crust, which is not easy to specify a
priori. The MSO is an established method for determining
simultaneously water retention and conductivity properties
from saturation to medium dry conditions, but has a very low
sensitivity towards K near saturation (Iden and Durner, 2007).
The problem results from the fact that the amount of water
that is available to percolate and thus characterize the con-
ductivity at saturation and close to saturation is very small,
and the duration of the transition from full saturation to unsa-
turated conditions is very short. This means that the sensitiv-
ity towards a highly resolved conductivity function near satu-
ration is not very good. This is fundamentally different for
steady percolation methods. For that reason, Durner and
Iden (2011) developed the XMSO experiment, where the out-
flow is preceded by a percolation phase, which partly helps to
resolve the situation. Still, the XMSO is not trivial to perform
and evaluate. Finally, the MSF method requires the pressure
head at the bottom to be adjusted to a value corresponding to
the pressure head measured in the soil near the top. This
requires iterative re-adjustment of the bottom suction that is
done either manually (Dirksen, 1999) or by a computer algo-
rithm (Weller et al., 2011) and may require appreciable time.

Summarizing, all available methods have in common that
their realization is delicate, laborious and difficult, and no
commercial apparatus exists for that purpose. Near satura-
tion, the pore structure becomes most fragile and there is a
risk that the measurement process itself changes the system
(Ghezzehei and Or, 2003).

Due to these experimental difficulties, it is common practice
to estimate k,(h) by a shape function of the relative conductiv-
ity function, k,(h), which is predicted from the water retention
curve that reflects an effective pore-size distribution. The cor-
responding function is either matched to the saturated con-
ductivity, k, yielding k (h) = k, x k, (h), or estimated by extrap-
olation from unsaturated conductivity data that have been
measured in a dryer range, e.g., with the evaporation method
(Wendroth et al., 1993). These estimation approaches are
problematic due to the extreme dependency of the prediction
of the near-saturated hydraulic conductivity on the pore-size
distribution and pore structure (Vogel and Cislerova, 1988;
Durner, 1994), which causes an enormous variability of k in
natural structured soils.

The objective of this study is to develop a measurement
method for unsaturated hydraulic conductivity at small nega-
tive pressure heads (subsequently called “suctions”) by
steady-state percolation of water that is applied by tension
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infiltration onto a laboratory column. For that, we perform a se-
ries of simulations of the problem and evaluate empirically the
relationship between observed steady-state flow rates and hy-
draulic conductivity for a series of small applied suctions, as are
used commonly in tension infiltration experiments.

2 Methodology

2.1 Principle of the proposed method

The most straightforward methodology to perform a k,, meas-
urement is the unit-gradient experiment on a soil column,
where the flow field is laterally confined by the column walls
and gravity is the only force that acts on unidirectional water
flow (Dirksen, 1999). Under perfect unit-gradient conditions,
the steady flow rate in a soil sample is equal to the hydraulic
conductivity according to Darcy’s law. In such experiments,
the base of a soil sample is confined by a porous disc, to
which a stepwise changed suction h is applied. At the upper
soil surface, infiltrating water is either provided by irrigation or
through a second porous disk (double-disk or double-mem-
brane method). In the first case, the infiltration rate and/or the
suction at the lower boundary must be iteratively adjusted to
ensure unit-gradient conditions. This is difficult and tedious to
adjust manually (Weller et al., 2011) and may be further com-
plicated by hysteresis and dynamic non-equilibrium effects
(Diamantopoulos and Durner, 2012). In the second case,
water can be applied by tension infiltration under the same
suction as at the lower boundary (Kramer and Meyer, 1968;
Henseler and Renger, 1969). A crucial point of the double-
membrane method is ventilation of the soil, because without
air access the soil water content cannot change with chang-
ing suction. By principle, the ventilation of soil in cores can be
provided by lateral holes in the cylinders, but this induces
some additional difficulties in the handling of the cores and
excludes saturated percolation.

Our approach to solve the ventilation problem is to use a dou-
ble-membrane apparatus where water infiltrates at the top of
the soil column through a tension infiltrometer disk with a
diameter smaller than the soil sample. This leaves part of the
soil surface open and ensures a proper ventilation. Since the
infiltration disk size is smaller than the open soil surface, the
water flux trough the soil core will no longer be perfectly one-
dimensional and strict unit-gradient conditions will not prevail
in the whole soil domain. Consequently, the steady-state flow
rate q(h) = Q,/A, where Q;, is the volume of infiltrating water
per time and A is the cross-sectional area of the soil column,
will be smaller than the corresponding conductivity k, (h). This
occurs despite equal pressure heads at the inflow and the
outflow boundary, and is explained by a divergent flow field,
as schematically illustrated in Fig. 1.

Expressing the ratio between flux rate and conductivity by a
variable f = q(h)/k (h) leads to:

ku(h) = q(h)/f. (1)

Thus, to evaluate measurements obtained with this experi-
mental design, we need to know the relationship between the
target variable [unsaturated soil hydraulic conductivity k,(h)]
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Figure 1: Schematic of inflow and outflow of water through the cylin-
drical soil sample in the proposed experiment with an area of the infil-
tration disk smaller than the area of the soil sample, A.

and the measured variables [suction h and rate of percolation
through the soil sample, q(h)]. Specifically, the following
research questions are of interest:

(1) How will f depend on the diameter D of the infiltration disc,
which is smaller than the diameter of the soil surface?

(2) For a given infiltrometer disk radius, will f(D) be constant
or vary with different suctions h?

(3) If we can find a unique relationship f(D, h), will this be
dependent on soil texture, i.e., on the specific shape of
k(h)?

Our strategy to investigate these fundamental questions was

creating “synthetic” experimental data with numerical model-

ling (section 2.2) and to evaluate them systematically. Based
on the findings of the numerical study, we performed and

evaluated real measurements, which will be documented in a

companion paper (Sarkar et al., 2019).

2.2 Numerical modeling of the double-disk

J. Plant Nutr. Soil Sci. 2019, 182, 524-534

discretised into a structured triangular finite element mesh
with 81 nodes along r and 101 nodes along z. Hence, 16.000
triangular cells were created in the rectangular domain. To
check if the numerical solution depends on resolution of the
meshing, simulations for loam soil were studied additionally
with coarser and finer meshing. The difference between the
results obtained with the two different spatial resolutions was
negligible.

The dependence of f on infiltrometer disk size, tension and
soil type was investigated by performing series of “virtual
experiments” for a soil sample of 8 cm diameter and 5 cm
depth and the following conditions:

e The diameters of the disk of the tension infiltrometer at
upper domain surface was varied: 4.5, 5.0, 6.0, 7.0,
8.0cm.

e For each plate diameter, fluxes were calculated for differ-
ent pressure heads h at the infiltration and outflow bound-
aries: 0,-0.5,-1,-2,-3-4,-5,-7.5,-10 cm.

e Forthe smallest disk size, the dependency f(h) was evalu-
ated for the 12 different soil classes of the USDA soil
textural triangle (USDA, 2017), with hydraulic functions
expressed by the van Genuchten—Mualem model (van
Genuchten, 1980).

e Additionally, the dependency f(h) was evaluated for two
soils with bimodal pore-size distributions, with hydraulic
functions expressed by the Durner (1994) model.

e Finally, we investigated the dependency f(h) for the finest-
textured soils with parameterizations, which avoid the
artefact of the van Genuchten—Mualem conductivity func-
tion near saturation. This well-known artefact causes the
hydraulic function to drop by orders of magnitudes right
from saturation, which is not reflected in the retention
curve and is non-physical.

The choice of the geometry data was determined by our phys-

ical experiments, where we used a diameter of the infiltrating

percolation disk of 4.5 cm in contact with a soil column with a diameter of
As indicated in section 2.1, a simple unit-gradient a) b) Time dependent
relationship cannot be directly applied in our Diameter of BCon 2.25cm
experimental design, because the contact area of porous disk of Tl i |
45cm |

the tension infilirometer is smaller than the total
area of the soil cylinder in order to ensure free air
access and ventilation of soil pores. To find a gen-
eral relationship between the disk-size dependent
percolation rate through a soil sample and the
hydraulic conductivity of the soil, numerical investi-
gations were carried out with the software package
HYDRUS-2D/3D (Sejna and Siminek, 2007).
HYDRUS-2D/3D is used for simulating water,
heat, and solute movement in two- and three-

dimensional variably saturated porous media. It
solves the Richards equation numerically for tran-
sient saturated/unsaturated water flow with the
finite element method.

The percolation was modelled as radial-symmetric
flow problem, i.e., the 3D flow process was solved
as radial-symmetric 2D problem in radial coordi-
nates, as illustrated in Fig. 2. The rectangular
domain of radius r = 4 cm and depth z =5 cm was

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

8cm i

5 cm (No flux BC on both left and
right boundary))

v

Time dependent BC on entire!
4 cm

Figure 2: (a) Simulation domain in radial-symmetric coordinates with the 4.5 cm
diameter porous disk of the tension infiltrometer (TI) at top, (b) 2D rectangular
domain with time dependent suction head boundary conditions (blue line) applied
on r = 2.25 cm at top and on entire r = 4 cm at bottom, and no flux conditions
(white line) at the remaining boundaries.
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8.0 cm (Sarkar et al., 2019). Hydraulic parameters for all
12 soil classes of the USDA soil triangle were taken from Car-
sel and Parrish (1988), as shown in Tab. 1. The six parame-
ters include saturated soil water content (6,), residual soil
water content (6,), empirical parameters in the van Genuchten
water retention model (o, n), saturated hydraulic conductivity
(Ks) and a tortuosity parameter in hydraulic conductivity func-
tion (/). For the bimodal soils, the Durner (1994) model was
used, which involves two sets of shape parameters (o, o,
ny, n,), and a weighting parameter (w,). The corresponding
model parameters are listed in Tab. 2. For the three most fine-
textured soils, we performed additional simulations with the
alternative parameterization by Vogel et al. (2000), assuming
a distinct air-entry of h = —2 cm, and with the model of Iden
et al. (2015). The latter model uses the identical parameters
as in the original formulation, but restricts the maximum pore-
size in the conductivity model and thus avoids the artefact in
the Mualem conductivity model. For further information about
the models the reader is referred to the original literature.

The initial condition was provided in terms of pressure head,
with a value of zero at the bottom and hydrostatic equilibrium
from the lowest located nodal point. The boundary conditions
(BC) were set as no flux BC on the left and right vertical boun-
dary. At top and bottom boundary, identical pressure head
conditions were applied that changed step-wise from no suc-
tion (h = 0 cm) to the highest suction (h = —10 cm) and vice

Table 1: Van Genuchten coefficients of the hydraulic properties of 12 different soil textural classes

used in HYDRUS 2D/3D modelling.
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versa with time. This is illustrated exemplarily in Fig. 3 for one
of the real experiments (Sarkar et al., 2019). In the virtual
experiments, the time steps in boundary conditions had differ-
ent durations (5 to 50 minutes per step) for the twelve different
soil classes, depending on their hydraulic properties and state
of suction, in order to ensure that steady state conditions
were always reached, which was checked by the equality of
inflow and outflow rates to three significant digits, ie.,
[(Qin — Qout)/(0-5%(qin + Gout))| < 0.001.

3 Results and discussion

First, the general relationship between the conductivity and
flux, as defined by f(D, h) in Eq. (1), was explored for a series
of suction steps h and for varying diameters of the porous
disk D of the tension infiltrometer. This part of the study was
performed for the loam soil of the USDA soil texture triangle,
with hydraulic parameters as listed in Tab. 1. In a second
step, we quantified f(h) for all twelve soil textures of the USDA
texture triangle, assuming a disk diameter of D = 4.5 cm.

3.1 Effect of different diameters of the infiltration
disk

The results of the numerical investigations for four out of the
five different diameters of the porous disk, namely for 8 cm,
6 cm, 5 cm, and 4.5 cm are depicted
in Fig. 4a—d. The figures depict the
temporal evolution of inflow density
(9;,), outflow density (q,,), boun-

Soil 0, O a n kg 1 dary pressure heads (h), and the
(1/cm) (cmd™) corresponding hydraulic conductiv-
Sand 0.045 043 0145 268 713 05 ity k(h) of the sail, which is taken
from the hydraulic conductivity func-
Loamy sand 0.057 0.41 0.124 2.28 350 0.5 tion. The boundary conditions
Sandy loam 0.065 0.41 0.075 1.89 107 05 changed in steps of 1 cm from ini-
tialy =5 cm to 0 cm with step
Loam 0.078 0.43 0.036 1.57 24 0.5 lengths of 10 minutes, shortened to
silt 0.034 046 0.016 137 6 05 5 minutes near saturation.
Silty loam 0.067 0.45 0.020 1.41 12 0.5 Figure 4a—d illustrates two important
Sandy clay loam  0.100 0.39 0.059 1.48 32 05 findings. First, after each change of
the pressure head, the outflow and
Clay loam 0.095 0.41 0.019 1.31 5.76 05 the inflow densities differ for a short
Siltyclayloam 0089 043 0.010 1.23 144 05 while, and then equilibrate again (in
all cases in less than 5 minutes).
Sandy clay 0.100 0.38 0.027 1.23 288 05 The wetter the soil is, the faster is
Silty clay 0.070 0.36 0.005 1.09 0.48 05 the equilibration. After a pressure in-
crease (= reduction of suction), the
Clay 0.068 0.38 0.008 1.09 4.32 0.5

inflow rate (blue line) is temporarily

Table 2: Van Genuchten coefficients of the hydraulic functions of two bimodal soils.

increased since the water pressure
rises as compared to the previous
steady flow situation, and gravity

Soil 0 0 o o n, n,

w, k

| and the matric potential gradient act

! (t/em) (1/cm) (om d-) together in the same direction. At

the bottom boundary, the opposite

Loam rarily ceased. However, the flow
Rideau Clay 0.132 0439 0.6643 0.0011 8.0 1286 014 217 0.5 rates at the boundaries quickly equi-

Loam

librate and inflow and outflow rate

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3: Typical example of time dependent boundary conditions:
stepwise varying pressure head for four rounds (real data example
for first sample of soil SAU from Sarkar et al., 2019).

converge to a new steady value. This basic pattern is inde-
pendent of the size of the infiltration disk. During the time
when outflow and inflow differ, the water content in the sample
readjusts to an equilibrium water content that is determined
by the soil water retention characteristic. Increasing suctions
at the boundaries cause decreasing water contents and
require an inflow of air into the sample. Decreasing suctions
are associated with increasing water contents and require an
escape of air.

The second finding concerns the difference between steady
percolation rate and hydraulic conductivity (black dashed
line), which is visible at all suctions and for all diameters
except for the diameter of 8 cm. This is shown systematically
in Fig. 5, which quantifies the dependence of f on pressure
head and disk size. When the diameter of the infiltration disk
matches exactly the diameter of the soil sample (=8 cm),
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Figure 5: Variation of ratio f with pressure head for loam soil under
different diameters of the tension infiltrometer disk.

then f = 1.0, i.e., the observed steady-state percolation rate
equals soil hydraulic conductivity, which reflects the standard
unit-gradient condition. We include this banal observation
because it confirms the accuracy of the numerical simulation.

With reduction in diameter, the steady-state percolation rate
becomes smaller than the respective conductivity and the
deviation increases for smaller diameters. For the smallest
disk with diameter D = 4.5 cm, the observed steady percola-
tion rate is approximately 72% of the soil hydraulic conductiv-
ity. We note that in this setting, the infiltration area covers only
32% of the total soil area. From Fig. 5 it becomes furthermore
apparent that, for the loam, which is investigated here, f(h) is

0.05 -5 0.05 -5
- (a) 8 cm . (b) 6 cm £
T 0.04 - -4 £ = 0.04 r-4 o
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§ 28" 2
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7]
% 0.01 \ a1 8 ool L i &
T r oo -
0.00 0 0 0
0 20 40 60 0 20 40 60
Time (min) Time (min)
_ 005 -§ 0.05 -5 Figure 4: HYDRUS 2D/3D simu-
Ty (©)5cm T T ood (@4.5cm | 4 § lationresults for loam soil: Varia-
E Dl <4 L E ' "t & tion of inflow and outflow rates
E 0.03 L 3 'E £ 0.03 L 3 E unde.r.tlme depen.den.t boundary
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® 0.02 L g ﬁ 0.02 - g pressure head from -5 to 0 cm)
= R & = ® and corresponding hydraulic
=] - e =2 - h
iL 0.0l e L] E E 0.01 R P =i s o E conductivity for different diame-
P » _{/ ters of porous disk of the tension
0 0 0 0 infiltrometer. Note that the infil-
0 20 40 60 0 20 40 60 tration rate g,, is normalized with
i i Time (min) respect to the soil's cross-sec-
Tirme:{min) qin qout ———k(h) h (em) P
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quite stable across the range of investigated suctions for any
of the disk sizes. An exception to that occurs close to satura-
tion, for pressure heads h > -1 cm.

3.2 Effect of soil texture

The influence of different soil textures was investigated for a
disk size of D = 4.5 cm, because this size was used in the
physical experiments. As described in section 2.2, twelve dif-
ferent soil classes from the soil textural triangle were used in
the simulations. Figure 6a—d visualizes the temporal evolution
of the relevant state variables exemplarily for four soil classes
with strongly different textures (i.e., sand, loam, silt and clay).
Contrary to Fig. 4, we extended the pressure head range be-
tween saturation and —10 cm, to see whether the stable ratio
that was found for the loam soil is also valid at greater suc-
tions. Compared to the loam soil (Fig. 4), some general trends
and similarities, but also some differences can be observed.

The first finding refers to the time which is required until inflow
and outflow equilibrate. Obviously, the time to reach steady state
equilibrium depends on texture. As intuitively expected, the
higher the saturated hydraulic conductivity (e.g., sand), the fast-
er is the equilibration to steady state conditions. In accordance
with that is the observation that it takes longer to reach steady
state when the suctions are higher. As an example, the equilibra-
tion of inflow and outflow rate for sand needs 15 min at
h=-10cm, 12 min ath =-7.5 cm, about 6 min at—5 cm, and for
the last change towards saturation it is less than 1 min.

For clay, a numerical problem becomes apparent in the last
time step toward full saturation, i.e., when the boundary con-
dition is set to h = 0 cm. Here, simulated g;, and g, show
strong fluctuations, indicating numerical instability of the sim-
ulation. The reason for this lies in the shape of the parameter-
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ized van Genuchten/Mualem conductivity function. As evident
from Fig. 7, which shows the van Genuchten—-Mualem
hydraulic conductivity functions of sand, loam, silt, and clay,
the curve for clay changes sharply near saturation, with an al-
most vertical slope. This drastic change of hydraulic conduc-
tivity near saturation must be regarded as artefact of the van
Genuchten—-Mualem model. To get realistic results, the arte-
fact should be removed, which can be done either by intro-
ducing an explicit air-entry value into the capillary saturation
function (Vogel and Cislerova, 1988; Ippisch et al., 2006) or
by introducing a maximum pore radius in the underlying pore-
bundle model (/den et al., 2015).

1000

100

Hydraulic conductivity (cm d-)

0 -1 2 -3 4 S5 6 -7 -8 9
Pressure head (cm)

Figure 7: Hydraulic conductivity functions for sand, loam, silt and clay
as given by the van Genuchten—Mualem model. The diamond points
on the function indicate saturated hydraulic conductivities of respec-
tive soil texture.

800 -10 30 -10
(a) Sand _. - (b) Loam
L I_- L 8§ 25 [t -8 £
£ 600 5 E 20 Ly s
E 68 E <} -6 E
£ 400 2215 =
8 L L4 p 2 -4 £
® — 3 210 | 2
= N
ic | 7— oo F o
0 0 0 0
0 50 100 0 50 100
Time (min) Time (min)
0 -10 5 -10
- (c) Silt —_ (d) Clay
= - T —_
£ 8 - -8 E’ E 4 E
§5 68 §3 B
‘E < Y < Figure6: Variation of inflow and
4 r-45 E2 £ outflow rates in the HYDRUS
2 oz o . . .
E 2 L 5 2 3 | 3 simulation under time depend-
—— o “a o ent BC (stepwise change of
pressure head from —10 to 0 cm)
0 0 0 d di hydrauli
0 50 100 0 100 200 200 and corresponding  hydraulic
] A Ti L. conductivity for sand, loam, silt
Time (min) ) ime (min) and clay, for an infiltration disk
qin gout = = =k(h) h (cm) with 4.5 cm diameter.
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The results for f(h) for all twelve texture classes 1.0
are listed in Tab. 3 and depicted in Fig. 8. The

trend toward a smaller value of f near saturation, 0.9

which was observed for the loam, is not found for
all soil classes. Specially, for coarse textured soils
like sand, loamy sand, and sandy loam, f even in-
creases toward saturation. The reason behind this
is unknown. For the fine-textured soils, however,
f decreases toward saturation, and this effect
appears to be the more distinct, the finer the
texture. The smallest ratio was found for clay with
f=0.12 at h = 0 cm. Clearly, this finding is corre-
lated with the drastic change in hydraulic conduc-
tivity of clay near saturation (see Fig. 7). However,
for the suction range 0.5 cm < h < 10 cm, the band-
width of f for all investigated textures is remarkably

£= ouc! k()]

. . -sand —a—loamy sand —e—sandy loam

small, with 0.6 < f < 0.75, with a tendency of small- 02 | i i

—&—|0am Sl oam sl
er f (around 0.65) for the sands compared to a larg- )
er value for medium or fine textured soils 0.1 B i o i B Bt D e
(0 72-0.7 4) —e—sandy clay —eo—silty clay —e—clay

0.0
0 - 2 -3 -4 5 -6 7 -8 9 10

Considering the numerous error sources and prob-
lems that are associated with unsaturated conduc-
tivity determinations and estimations in practical
experiments, we believe that for the purpose of
generalization, a representative value can be set
to f ~ 0.7 for all soil texture classes in the suction
range 0.5 cm < h < 10 cm, tolerating a relative error of about
10% (which is practically invisible on a log scale). This value
of f will be used in the companion paper (Sarkar et al., 2019)
where the proposed method for estimating unsaturated hy-
draulic conductivities is used in real experiments.

3.3 Identification of k , for fine-texture soils
avoiding the steep conductivity drop near
saturation

Figure 9 depicts the three investigated cases of the parametri-
zation of the conductivity curve on the factor f for silty clay as
example soil. The results for pure clay and silty clay loam are
qualitatively almost identical, and are not shown here for

Pressure head (cm)

Figure 8: Variation of factor f with pressure head for twelve soil classes based on
HYDRUS simulations with a 4.5 cm diameter infiltration disk.

space reasons. The van Genuchten—Mualem parameterized
conductivity function, indicated as “VGM?”, drops right at satu-
ration by about an order of magnitude. This is not reflected in
the retention curve (not shown here, because it shows no
drop between saturation and h = —10 hPa). This sharp drop is
a well-known artefact of the VGM model conceptualization,
caused by an infinite steepness of the conductivity function at
saturation, as extensively discussed by van Genuchten and
Nielsen (1985), Vogel et al. (2000), Ippisch et al. (2006), and
Iden et al. (2015). The VGM function leads to a value of
f which is near saturation far out of the narrow range of
0.6 < f < 0.75, which was observed for the coarser soil types,
where this artefact does not occur (Fig. 8). Figure 9 (left)
shows how alternative parameterizations lead to considerably
different conductivity functions with zero slope (Vogel et al.,

Table 3: Calculated f-values for 12 different soil classes for different negative pressure heads.

h(cm) Sand Loamy Sandy Loam Sandy Silty Silt Clay Silty clay Sandy Silty Clay
sand loam clay loam loam loam loam clay clay
-10 0.63 0.66 0.70 0.73 0.72 0.74 0.75 0.74 0.74 0.74 0.74 0.75
-7.5 0.63 0.66 0.70 0.73 0.72 0.75 0.75 0.75 0.75 0.73 0.76 0.75
-5 0.62 0.65 0.70 0.73 0.71 0.74 0.74 0.74 0.75 0.73 0.75 0.74
-4 0.63 0.66 0.70 0.73 0.70 0.74 0.75 0.75 0.74 0.72 0.74 0.73
-3 0.65 0.67 0.70 0.72 0.70 0.73 0.73 0.74 0.73 0.71 0.74 0.72
-2 0.67 0.67 0.70 0.71 0.68 0.72 0.73 0.72 0.72 0.69 0.72 0.71
-1 0.71 0.69 0.70 0.70 0.66 0.71 0.71 0.70 0.70 0.67 0.69 0.68
-0.5 0.73 0.71 0.70 0.69 0.65 0.69 0.69 0.67 0.68 0.63 0.66 0.64
0 0.75 0.73 0.69 0.63 0.53 0.57 0.55 0.48 0.41 0.36 0.26 0.12
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Figure 9: Shape of the hydraulic conductivity curve near saturation (left) and its effect on the identified ratio f for material “silty clay” (right).
“GM”, “air entry 2 cm”, and “hclip” indicate parametrizations according to van Genuchten (1980), Vogel et al. (2000), and /den et al. (2015),
respectively.

2000) or finite slope (/den et al., 2015) at saturation. Our sim-  rather extreme properties as shown in Fig. 10. Data for
ulations with these parameterized functions show that the  “Aggregated Loam” are taken from Smettem and Kirkby
extremely low f values near saturation of the MVG model now  (1990), whereas data for “Rideau Clay Loam” are taken from
disappear [Fig. 9 (right), Tab. 4]. Actually, the f values lie now  De Jong et al. (1992). The Aggregated Loam consists of a re-
within the expected range across the full pressure head packed sample with many small aggregates, which leads to a
range. package with distinct and relatively voluminous inter-aggre-
gated pore-space, which drains in the suction range between
1 and 30 cm water column. Rideau Clay Loam, on the other
side, is characterized by a rather coherent clay matrix which
is pervaded by macropores, which take only few percent of
A specific need for k, measurements near saturation lies in  pore space volume, but reduce the conductivity function dras-
the identification of the effects of aggregation on the conduc- tically by four orders of magnitude in the suction range 1 to
tivity function. This can be expressed by bimodal effective 5 cm water column (Fig. 10).
hydraulic properties (Durner, 1994). To investigate the identifi-
cation of conductivity functions of such soils, we simulated  Figure 11 and Tab. 4 indicate that the ratio between flux den-
the percolation method for two soils from the literature, with  sity and conductivity for the proposed steady-state percola-
tion is somewhat different from the
Table 4: Calculated f values for the silty clay soil with alternative conductivity parametrizations ~ unimodal soils. Specifically, f is

3.4 Identification of k , for soils with bimodal
pore-size distributions

and the two bimodal soils. lower in the range where the con-
ductivity function drops most steep-

h (cm) Silty clay  Silty clay Silty clay Aggregated Rideau ly. For Rideau Clay Loam, the ratio f
(VGM) (airentry2cm) (Idenetal.,2015) Loam Clay Loam reaches a minimum value of 0.37 at

10 074 0.75 0.75 0.70 077 h=-2 .cm. This means thgt the
assumption of f = 0.7 would give, at

-7.5 0.76 0.75 0.75 0.66 0.77 this suction, an underestimation of

the estimated true conductivity of

> 07 074 074 057 076 about 45%. This might appear to be

-4 0.74 0.73 0.74 0.51 0.73 a considerable error on first sight,

3 0.74 0.73 0.73 0.49 0.47 but it is quite minor, if we consider

the actual change of the function of

-2 0.72 0.72 0.71 0.49 0.37 about four orders of magnitude in

- 0.69 0.77 0.69 057 043 the pressure head range between 1

and 5 hPa. Furthermore, this error

-0.5 0.66 0.77 0.68 0.64 0.60 reduces quite quickly for higher suc-
0 0.26 0.77 0.68 0.72 0.73 tions (Fig. 11).
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Figure 10: Retention curves (left) and conductivity curves (right) for two bimodal soils: Aggregated Loam (Smettem and Kirkby, 1990) and
Rideau Clay Loam (De Jong et al., 1992). Note that functions are shown on a log scale and thus are plotted vs. the positive suction head.
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Figure 11: Identified ratio f for materials “Rideau Clay Loam” and
“Aggregated Loam”.

4 Summary and conclusions

Percolation experiments on soil columns under unit-gradient
conditions at various constant suctions are the most straight-
forward way to measure unsaturated hydraulic conductivity
near saturation (Dirksen, 1999) and are needed to validate or
falsify indirect estimation methods. Due the experimental diffi-
culty and the non-availability of commercial apparatus, they
are, however, rarely performed in the lab. The application of
water by tension infiltrometry through a porous plate is easy
to construct, but problematic, if the disk covers the whole sur-
face are of the soil or if it is tightly fitted to the sample’s wall,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

because this does not allow a proper ventilation of the soil,
which is needed to replace water by air when the suction is
successively increased.

To solve this problem, we have investigated in this paper a
variant of the unit-gradient method, in which the area of the
tension infiltrometer is reduced as compared to the cross-sec-
tional area of the soil sample. By numerical simulations with
HYDRUS 2D/3D, we could show that a clear relationship
exists between the size of the infiltration disk and the ob-
served steady-state percolation rate through the soil. Further-
more, the simulations showed that for a given disk size, the
ratio between percolation rate g in the soil sample and unsa-
turated conductivity k, is almost constant for a range of suc-
tions h and only weakly dependent on soil type. At saturation
(i.e., h = 0 cm), the ratio f = q(h)/k,(h) is quite different for dif-
ferent soil types (Fig. 8). However, beyond a certain suction,
f approaches a relatively constant value, which is similar for
all soil types. For a soil sample size as used in the commer-
cial devices KSAT and HYPROP (5 cm high, 8 cm wide,
250 cm®) and a diameter of an infiliration disk of 4.5 cm as
used in the commercial Mini Disk Infiltrometer, we could show
that the steady-state flow rate is approximately f ~ 0.7 times
the unsaturated conductivity at suctions > 0.5 cm. Accord-
ingly, calculating unsaturated hydraulic conductivity from this
type of steady-state percolation experiments should give
results with a relative error that is smaller than 10%. This is
also true for the very fine textured soils, if parameterizations
are used for the conductivity function, which avoid the non-
physical steep drop of the VGM conductivity function right at
saturation. For distinct bimodal soils, the relative error can
become larger, reaching up to 45% in a narrow pressure
head range where the conductivity function drops most steep-
ly. Considering that the drop of the conductivity function in
that pressure head range is orders of magnitudes, this local
error still seems to be tolerable.

www.plant-soil.com
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The method has thus the potential to bridge the gap between
the results of established methods for saturated conductivity
(e.g., percolation with the falling head method) and for unsa-
turated conductivity (e.g., the evaporation method) in the
medium dry range. The uncertainty about the shape of a fitted
parametric hydraulic conductivity function in the important
range between saturation and medium dry conditions is
greatly reduced.
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