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Abstract

In this report, we present the infiltration field campaign conducted in May-June 2012 in the
48 km? Claduégne catchment (Ardéche, France). First we present the different measurement
protocols using either simple ring infiltrometers (Beerkan method) or suction disk
infiltrometers. Then the sampling strategy is presented.

The theoretical aspects of infiltration equations and different methods used in infiltration tests
analysis are described in details. In particular, the BEST (Beerkan Estimation of Soil
Transfer) method is used in the analysis of single ring infiltration data and mini-disk
infiltrometer with a -20 mm suction. This method is compared to the differential linear, single
(DL-ST) method, showing reasonable agreement, although systematic biases are evidenced.
Multiple suction disk infiltrometers are analyzed using permanent regime equations.

The single ring infiltration tests provide estimates of the retention curve and hydraulic
conductivity curves. The infiltrometers provide information about the hydraulic conductivity
close to saturation. We present the statistical analysis of the results, which show that the soils
have generally high hydraulic conductivity, especially in forested soils. Dry bulk density is
also much lower in natural soils than in cultivated soils. In situ measurements are compared
with three representative pedo-transfer functions showing poor capability of the latter in
reproducing observations. On the other hand, land use is found more discriminant in
determining soil hydraulic properties. The statistical analysis of the samples allows defining
two classes for dry bulk density with significantly different values gathering respectively
natural and cultivated soils. In terms of saturated hydraulic conductivity, two land uses classes
gathering forested fields and moors on the one hand, and pasture and cultivated land on the
other hand can be distinguished. This allows proposing a first strategy of soil hydraulic
properties spatialization in the Claduéegne catchment, by combining the dry bulk density and
hydraulic conductivity classes in three main families of soil hydraulic properties, depending
on land use.
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This report describes the experimental methods used to perform infiltration tests in the
Claduegne catchment (Ardéche, France) in May-June 2012, the sampling protocols and the
methods used for the infiltration tests analysis. It provides a first view of the obtained results.

1. General objectives of the study

This study is part of the FloodScale® project (Braud et al., 2014), dedicated to the observation
and understanding of processes leading to flash floods in the Mediterranean context. More
specifically, the study contributes to WP3.4 “Documentation and mapping of soil hydraulic
properties, soil geometry and vegetation cover of small catchments”.

Indeed, in infiltration-excess prone areas, the saturated hydraulic conductivity is the key
factor, which must be documented. The working hypothesis is that the pedology/texture/land
use combination is more relevant for the spatialization of soil hydraulic properties than the
traditional pedo-transfer functions based on texture and dry bulk density only (Gonzalez-Sosa
et al., 2010; Calianno, 2010; Rault, 2010). In particular, we would like to document the
impact of macropores in enhancing hydraulic conductivity close to saturation (e.g. Schwartz
et al., 2003; Gonzalez-Sosa et al., 2010).

The study was conducted at the scale of a small to medium size catchment which is part of the
FloodScale pilot site: the Claduégne catchment (48 km?), located in the Ardéche catchment.
An infiltration test campaign was conducted in May-June 2012 to document the surface soil
hydraulic properties using suction infiltrometers and positive head infiltration tests following
the protocols proposed in Gonzalez-Sosa et al. (2010). Infiltration tests, using infiltrometers
with multiple suctions were also performed at some locations.

This document presents the experimental protocols, the sampling strategy, as well as the
methods used in the infiltration tests analysis. An analysis of the results is also conducted in
order to assess the validity of the working hypothesis (largest impact of land use than soil
texture on soil hydraulic properties) and to provide first recommendations for the
spatialization of the surface soil hydraulic properties at the scale of the small catchments.

2. Protocols for infiltration tests

Two types of infiltration tests have been conducted:
e Infiltration tests based on suction-disk infiltrometers
¢ Infiltration tests with a positive head using the Beerkan method (Braud et al., 2005)

2.1. Protocol for succion-disk infiltrometers

Several types of infiltrometers were available in the various research teams
e Mini-disk infiltrometers (Sols Mesures with two diameters 4.5 and 8 cm) at Irstea-Lyon
Villeurbanne (Figure 2-1a)
¢ Infiltrometers where the disk was removed from the tower (model SW 080 B, SDEC)
available at HSM (Figure 2-1b)
¢ Infiltrometers according to Perroux and White (1988) at LTHE (Figure 2-1c)

! http://floodscale.irstea.fr/front-page-en?set_language=en
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Figure 2-1: (a) Photo of mini-disk infiltrometers (4.5 et 8 cm in diameter) (Photo Irstea) ; (b)
Infiltrometer where the disk was removed from the tower from HSM (Photo C. Bouvier); (c)
Infiltrometer used at LTHE (Photo I. Braud)

2.1.1. Field equipment

In addition to the infiltrometers presented above, the following equipment are required:

o GPS for getting the location of the infiltration test

e Chronometer (accuracy 1 s)

« Plastic can of about 20-30 | of water

« An installation template with the same size as the infiltrometer

« A flattening tool to get the surface plane, which can enter this template

o Contact sand with grains as small as possible (Fontainebleau sand type with diameter
0.1/0.35 mm ; Hostun sand, diameter 150 pum used at LTHE)

« Small cans for taking soil samples in order to get the initial soil moisture. If the cylinder
volume is also known, it is possible to get the dry bulk density. At Irstea, we used
cylinders with & 4.3 cm and 2.5 cm height.

e One cylinder of known volume for taking a soil sample in order to determine the dry
bulk density. At Irstea, we used cylinders with & 7.5 cm and 5 cm height. The dry bulk
density is generally lower with the smaller cylinder as it samples more superficial
layers. The accuracy of the dry bulk density is generally higher with the 5 cm height
cylinder.

« Plastic bags for taking soil samples (type freezing bags) used to get the particle size
distribution

e Auger for taking soil samples

2.1.2. Measurement protocol

o Give areference name to the infiltation test (field n°/test n°)

o Take the position of the location using the GPS

o Take off the vegetation and surface litter at the surface using a brush

o Putasand layer ensuring a good contact between the soil and the infiltrometer (Figure
2-2a). This sand layer must not extend beyond the cylinder (see recommendation in
Vandervaere, 1995, p.32-33% and a bad example in Figure 2-2b). The thickness of this

% « Cette couche [de sable] est aplanie au moyen d’une taloche. Le sable en excés dépassant la taille du disque
doit impérativement étre éliminée (en général juste aprés le début de 1’essai) pour ne pas biaiser les résultats en
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layer is discussed: at Irstea, we generally use the smallest thickness allowing getting a
plane surface. At HSM a 1 cm thickness layer is used. This thickness is probably not
critical when the permanent regime is analyzed, but is more important when transitory
regime is also considered in the analysis.

o Take a soil sample (500 g to 1 kg) and put it in the plastic bag for particle size
distribution analysis

e Inasmall can, take a soil sample (30 g) close to the infiltration site. Close the can, put
a number. It will provide the initial soil moisture after 48 h soil drying in an oven at
105°C.

o Fill the infiltrometer with water and choose the suction. In case of multi-suction
infiltration tests, start with the lowest pressure and increase it to gradually approach
saturation. It is possible to test the tightness of the infiltrometer by closing the air
entry: the water must not go out.

o Note the initial level in the infiltrometer on the field sheet

o Start the infiltration test with very close readings. The field sheet of JP Vandervaere
proposes 5, 10, 15, 20, 30 s. But if the infiltration is very rapid, it can be more
convenient that one person provides the ruler readings to the operator with the
chronometer who takes the corresponding times.

e According to the infiltration speed, take a reading every 3 or 5 minutes.

o If only one pressure is considered, take off the infiltrometer once the permanent
regime has been apparently reached and take a soil sample in the wet surface to get the
final soil moisture and the dry bulk density (use the largest cylinder of known
volume). If several suctions are monitored, set the next suction and continue the
infiltration test without moving the infiltrometer from the surface.

o Perform three infiltration test per field sampling, if necessary at several levels along
the slope

o If a multiple suction infiltration test is conducted, the recommended pressures are -
150, -100, -60, -25, -10 and -5 mm.

Figure 2-2: Setting up the sand layer. On the left, a layer of several mm thickness. On the right, a
minimum thickness layer, but which probably extends too much beyond the cylinder.

augmentant le rayon effectif a la surface du sol. Pour pallier ce risque, on peut utiliser un gabarit constitué d’un
anneau de garde dont le diamétre intérieur est égal a celui du disque. Cet anneau, dans lequel la taloche peut étre
insérée, est simplement posé a la surface du sol et le sable, versé a I’intérieur »

10
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2.2. Protocol for the Beerkan infiltration tests

“Beerkan” infiltration tests or “single ring infiltrometer” are realized using a positive water
head value at the soil surface, using cylinders, laid over the surface (with a minimal burying
to avoid lateral leaks).

They allow, when complemented with other in situ measurements (see below), the estimation
of the parameters of the retention and hydraulic conductivity curves useful for water transfer
modelling in the soil (with for example the Richards equation).

The theoretical bases of the method, as well as the practical use are described in Braud et al.
(2005) and Lassabatere et al. (2006). The experimental protocol is adapted from Gonzalez-
Sosa et al. (2010) for the cylinders of large diameters, which allow, when the spatial
variability is important, to get more representative results, given the larger sampled surface.
For catchment scale modelling, it is recommended to select the files using topographical, land
use and soil maps and to verify the accessibility of the sites. The sampled fields should have
an area ranging between 10 m?< S < 100 m? Three locations, distributed randomly within the
field (or sampling different levels along a slope) are selected to perform three replicates. Each
location must be geo-referenced. When the area is larger, it is convenient to realize one
additional test per 100 m?.

2.2.1. Field equipment

o GPS for getting the location of the infiltration test

e Cylinders of 400 mm x 250 mm, slightly cutting at the bottom

e Hammers (about 1 kg)

e Something allowing to hit on the cylinder in order to bury it as homogeneously as
possible (like wooden beams)

o Metallic rulers of about 20-30 cm with 1mm accuracy

e Chronometer (accuracy 1 s)

« Plastic can of about 20-30 | of water

« Graduated buckets to measure the required water volume poured into the cylinder

e Thermometer

« Small cans for taking soil samples in order to get the initial soil moisture. If the cylinder
volume is also known, it is possible to get the dry bulk density. At Irstea, we used
cylinders with & 4.3 cm and 2.5 cm height.

e One cylinder of known volume for taking a soil sample in order to determine the dry
bulk density. At Irstea, we used cylinders with & 7.5 cm and 5 cm height. The dry bulk
density is generally lower with the smaller cylinder as it samples more superficial
layers. The accuracy on the dry bulk density is generally higher with the 5 cm height
cylinder.

« One square meter of plastic sheet

o Plastic bags for taking soil samples (type freezing bags) used to get the particle size
distribution

o Auger for taking soil samples

2.2.2. Measurement protocol

e Give areference name to the infiltration test (field n°/test n°®)
o Take the position of the location using the GPS

11
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o Take off the vegetation and surface litter at the surface using a brush

o Take a soil sample (500 g to 1 kg) and put it in the plastic bag for particle size
distribution analysis

e In a small can, take a soil sample (30 g) close to the infiltration site (Figure 2-3a).
Close the can, put a number. It will provide the initial soil moisture after 48 h soil
drying in an oven at 105°C.

o Insert carefully the cylinder into the soil in order to reduce the soil surface alteration
by turning from right to left and from left to right

o Put the wooden beams above the cylinder and hit it uniformly until the cylinder is
buried in the soil (2 cm depth)

o Put the plastic sheet within the cylinder so that the whole cylinder surface is covered

e Pour a known water volume in the cylinder (2 to 12 | according to the cylinder size)
and pour it in the cylinder above the plastic sheet. During the infiltration campaign in
the Claduegne a 12 | water volume was used (Figure 2-3b).

o Take the water temperature

o Take off the plastic sheet rapidly but carefully to avoid overflowing water outside the
cylinder

e Measure the initial water level height and start the infiltration test with very close
readings (Figure 2-3c). The field sheet of JP VVandervaere proposes 5, 10, 15, 20, 30 s.
But if the infiltration is very rapid, it can be more convenient that one person provides
the ruler readings to the operator with the chronometer who takes the corresponding
times.

e According to the infiltration speed, take a reading every 3 or 5 minutes.

e Once all the water has infiltrated, take off the cylinder and take a soil sample in the
wet surface to get the final soil moisture and the dry bulk density (use the largest
cylinder of known volume).

o Perform three infiltration test per field sampling, if necessary at several levels along
the slope

S ' s
Figure 2-3: Photos of the Beerkan experimental protocol. Left: undisturbed soil sampling to get initial
soil moisture and dry bulk density. Middle: Filling of the cylinder with the plastic sheet before starting
the infiltration test. Right: Measurement of the water level during infiltration.

3. Sampling strategy

In order to test the working hypothesis (land use versus soil texture impact on soil hydraulic
properties), the choosen sampled fields were selected in order to sample a maximum number
of combinations of geology / pedology / land use.
The following GIS layers were used in the analysis (see details in Bonnet, 2012):

- A 25 m Digital Elevation Model (DTM) from BDTopo® IGN
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- A pedology map from the Ardéche soil data base (Chambre d’Agriculture de
1 Ardéche) from the IGCS® program with resolution 1/250 000.

- The geology map of the Auzon catchment from BRGM with resolution 1/25 000.

- The 2006 Corine Land Cover map from IFEN* with resolution 100 m

- The road network provided by BDTopo® IGN

- The land registry provided by BDTopo® IGN
It was also tried to include a map characterizing the likelihood of surface runoff to occur
(Bonnet, 2012) in the analysis, but this was leading to a too large number of combinations.

By overlaying the geology / pedology and land use maps a series of potential fields of interest
were selected, taking into account their accessibility. The first selection was composed of
combination including two types of geology: basalt and limestones; five land use classes:
vineyards, pasture, forest, herbaceous, crops; and seven soil cartographic units from the
pedology map, leading to 37 potential field locations.

A field survey was conducted at the beginning of May to confirm if the identified potential
fields were similar to what was expected. The main source of differences was related to land
use as the analysis was conducted with the 2006 Corine Land Cover map and the land use had
sometimes changed in the meantime (building, abandonment of crops, etc.). After this field
survey, the land registry was used to identify the field owners, who were contacted to obtain
their agreement/refusal for sampling their fields.

Finally, a set of 18 fields was sampled through two field campaigns conducted between May
23-25 and June 18-19 2012. Table 3-1 provides the main characteristics of the sampled fields
and the number of infiltration tests conducted in those fields (Beerkan, mini-disk infiltrometer
with one suction, infiltrometer sampling using multiple suctions — in this case the used
suctions are indicated).

The location of the fields is provided in Figure 3-1, together with the whole FloodScale
instrumentation within the Auzon catchment.

% http://www.gissol.fr/programme/iges/iges.php
*http://www.stats.environnement.developpement-durable.gouv.fr/clc/CORINE_Land_Cover -
Saisie_Demande.jsp
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Field n° Land use Geology us Score for Beerkan Mini-disk LTHE infiltrometer
sensitivity to 45+8cm
runoff production

17 Fallow land : moor Limestones 33 3 3 2
and herbaceous
22 Grassland grazed by Basalt 65 1 3 2
sheeps
25 Oak woods Basalt 65 0 3 2+1 -7,-4,-2,-1,-0.5cm +
-2cm
46 Grazed permanent Limestones 26 1 3 2
pasture
46b Ploughed vineyard Limestones 26 1 3 1
52 Oak woods Limestones 29 2 4 2
60 Fallow land : moor Limestones 29 2 3 2
and herbaceous
74b Vineyard with Limestones 8 2 4 2+2 -7, -4, -3, -1, -0.5cm
herbaceous

__8b |  Vvineyard | Limestores | 27 | 8 | 4 | o0 | |

Table 3-1: Main characteristics of the sampled fields.
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Auzon (116 km2), Claduégne (43 km2) and Gazel (3.4 km2)
research catchments

LS-PIV dicharge gauging station —

1

Water height, discharge, conductivity, temperature

*

Limnimeters CTD-Divers

t

Limnimeters mini-Divers

1

HyMeX SOP1 radars

Operational raingauges

-

HPiconet raingauges
A
Soil moisture sensors
*
Rainfall simulation location
| |
Infiltration tests

Sub_catchments with limnimeters

Catchments boundary
—

Main river network

>

25m IGN DTM
== 1000
100 0 1 2 3 4 km

Figure 3-1: Instrumentation of the Auzon catchment. The location of the infiltration test is shown as orange squares (From Braud et al., 2014).

15



Report on the infiltration tests campaign conducted in May-  Version : 2
- June 2012 in the Claduegne catchment Date :2016/07/26

FloprScale Page: 16

4. Analyses of the Beerkan and mini-disk infiltration tests

4.1. Theory of infiltration (permanent and transient regime)

The following description is taken from Gonzalez-Sosa and Braud (2009)

From the theory of infiltration proposed by Philip (1969), several methods have been
proposed to estimate soil sorptivity and (near)-saturation hydraulic conductivity from disk
infiltrometer data. The methods proposed by Zhang (1997), Vandervare et al. (2000a) and
Smiles and Knight (1976) will be presented in this section. These methods are based on an
approximation of the infiltration equation for short to medium time steps.

The axisymmetric infiltration equation (3D) can be described using the following
approximation for transient flow, when the initial water content is such that the initial
hydraulic conductivity is much smaller than the value corresponding to the pressure of the
infiltrometer (Haverkamp et al., 1994).

1(t)=S~/t + Dt (1)

where | is the cumulative infiltration per unit of area (m), t is time (s), and S is the capillary
sorptivity (m s¥?) and D is given by:

2
D=2Px,_& (2)
3 R(6-6)
with S, a constant constrained to be 0<f<1, R is the radius of the infiltrometer (m), & is the
initial water content and & is the final water content, and ¢=0.75 (Smettem et al., 1994). In
the following, and in order to simplify notation, it will be assumed that S = S(6’i,6?0)

The introduction of the second right hand side term in Eq. (1) was necessary because the
expression provided by the first right hand-side term is only valid for very short times,
especially with axisymmetric infiltration. In practice, in the field, it was difficult to obtain
enough data points of cumulative infiltration at short time steps for a reliable sorptivity
estimation using only the short time approximation.

For simplicity, Eq. (1) is written as:

I (t) =C,"/t +C,t 3)

with S=C, (4)
_2-p ¢’

and C,= 3 K+R(6’i—90) (%)

The sorptivity is obtained using the expression proposed by Parlange (1975):
0
$=5(6,6,)=2] (6, +6-26,D(6)d0 (6)
)

where D(6) is the hydraulic diffusivity (m?s™)
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The first method that was applied to obtain the sorptivity and hydraulic conductivity is the
cumulative infiltration (CI) fitting proposed by Zhang (1997)
where

S (ho ) =
(7)
(8)

For soils with the van Genuchten (1980) type retention function, the coefficients have the
empirical form

_1.4b°°(6, - 6,)°*° exp[3(n —1.9)eh ]

K(hy) =

>l >0

A (o )™ 9)
and
11.65(n"" —1)exp[2.92(n —1.9)ah, |
A, = 0.91
(ar;) n>19 (10)
11.65(n"! —1)exp[7.5(n —1.9)ah, |
A, = 0.91
(ary) n<19 (11)

a=1/hyg and n are van Genuchten parameters, rq is the radius of the mini-disk infiltrometer,

ho is the applied suction, & is the water content at hy, & is the initial water content, and b is a
parameter, with a representative value equal to 0.55 (Warrick and Broadbridge, 1992).

The second method, (DL) differentiation linearization, was proposed by Vandervare et al.
(20004, b). It is described by:

dl

—— =C,+2C,\t
dt (12)
-
where dt is approximated by
dl Al 0, -
N S R ) (13)

where n, is the number of data points, and the corresponding Vit is calculated as geometric
mean
_r/ 1/2
\/f _[ ti+lti ] (i:]., np-l)

The third method is based on Smiles and Knight (1976) linear fitting (CL) (cumulative
linearization). The solved equation is obtained by dividing both sides of Eq. (3) by Vit

(14)
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_ C,+C,t
v (15)

The advantage of Eqgs. (12) and (15) is that they lead to a linear fitting, which is more robust
than a quadratic fitting when the fitting is directly performed using Eq. (3).

These three methods can be applied to estimate the soil sorptivity and hydraulic conductivity

at pressure hyp, from a fitting of coefficients C; and C; in Eq. (3), (12) or (15). Then, sorptivity
is directly equal to C; (Eg. [3]) and the conductivity is deduced from C, = D by:

(16)

Figure 4-1: Scheme of water front when the surface has a non zero slope where z is water height
perpendicular to the topsoil surface, H is the water height within the infiltrometer and y is the topsoil
surface slope.

The drawback of the methods that deduce hydraulic conductivity from Eq. (16) is that they
can lead to negative values of the hydraulic conductivity which are not physical. However,
this is also an advantage since it becomes the sign that the infiltration equation is not valid
when another method will not provide negative values, thus leading to accept possible
meaningless values. In fact, linearization methods are those that allow detecting validity
problems of the infiltration equation; especially the DL method which eliminates the problem
of the contact sand layer.

In the context of the experimental set up, the three methods are conditioned by the sand
contact layer between the infiltrometer surface and the topsoil, organic matter content and
sloping field surface. In our case the surface slope could affect the water flow and possibly
also the measured infiltration.

According to Chen and Young (2006) vertical direction of the infiltration I, on a sloping
surface is evaluated by the relation (see Figure 4-1)

Ih(t'?/): 1
,(t,0) cosy (17)
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This relationship establishes that the sloping surface increases the infiltration at small t by a
factor of 1/cosy which is the same result as the equation of Philip (1991), given the coordinate
change. For t = or for large infiltration depths, the saturated hydraulic conductivity can
be approximated as

Kt=1, (18)
In synthesis, the infiltration at short time is controlled by capillary forces, which would be
independent of the slope angle for homogeneous and isotropic soils. However, increasing the
slope angle increases the slope length, and increase the total infiltration volume. For large t
(or large 1), the controlling mechanism becomes the gravity, which would reduce the
infiltration by a factor cosy. This effect cancels with increasing slope length, and slope effect
vanishes. Philip (1991) indicates that slope produces a maximum variation between horizontal
and normal infiltration on sloping soil surface of about 13%. Variations are much smaller for
small and moderate t values. The effect of slope was therefore neglected in subsequent
analyses.

4.2. Analysis of permanent regimes

The following elements are translated from Vandervaere (1995) and correspond to the method
used by HSM for the analysis of its infiltration tests, using permanent regime from
infiltrometers.

Reynolds and Elrik (1991) and Ankeny et al. (1991) propose to determine the hydraulic
conductivity from the Wooding (1968) solution, coupling fluxes obtained at the same
location, using different water potential to determine Ko and ®y.

Using the hypothesis of an exponential relationship between K and h (Gardner, 1958), the
Kirchhoff potential has the following simple form:

a (19)

where K; << Ky if the soil is initially dry enough. Wooding (1968) analysis for a value hy of
the soil water pressure, leads to the following expression:

4
g, = K, exp(eh, )(1+ E)

(20)
Or in a logarithmic form:
4
Ing, = In{KS(1+—J}+ahO
o 21)
With Kg = K, exp(ah,) (22)
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where the unknowns are K and a.. Equations (19) et (22) finally lead to:

K, = exp(In g, _ahf’)exp(aho)

1+i

o (23)

Reynolds and Elrick (1991) and Ankeny et al. (1991) propose to measure successively o at
two (or more) soil water pressures and to plot the (ho, Ingo) couples in a graph. The slope of
the straight line passing through two (or more) consecutive points leads to the o values, while
the intercept at h = 0 given by:

Intercept = In {KS (1 + —)} (24)

4
nra
allows the computation of K.

Practically, the successive gi values corresponding to values hi of the soil water pressure are
obtained at the same location, which allows removing the effect of the spatial variability of
soil properties. Soil water pressures values are applied in an increasing order, in order to
avoid hysteresis impact. On the other hand, the method does not provide sorptivity values, as
initial and final value of the soil water content cannot be measured for each infiltration step.

If Equation (21) is verified, successive points Ingi-hi should be located in a perfect straight
line. However, in practice, this is seldom verified, which is equivalent to consider that o is a
function of h, and that the Ingi-hi couples do not belong to a unique straight line. Reynolds
and Elrick (1991) and Ankeny et al. (1991) propose that K(h) is considered as a piece-wise
exponential function. For two values of the soil water pressure, hi and hj (hi<hj), close
enough to each other so that a can be considered to have a unique constant value aij in the
interval Ahij = [hi ; hj], Equation (21) can be written :

Ing; = In {KS (1 +— ij)} + ayjh (25a)
Ing; = In {KS (1 +— )} + a;jh (25b)
ij

where Kij is a parameter having a physical meaning, only if hj = 0. In this case, Kij can be
associated to Ks, the saturated hydraulic conductivity.

With this assumption, Equation (23) can be written:

K(hm): eXpI_In Q; _az(hm _hi )J
14 7
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with 2

Given the hypotheses and, in particular the assumption that K(h) is a piece-wise exponential
function, equations (25) and (26) are only valid in the Ahij interval if the following equalities
are true :

K. @. .
AT T exp(aijAhij )
K, @, a; (27)

Where the aj coefficients are computed using:

o)
In| —
0
oy =——=
Ah, (28)

The mathematical developments of Ankeny et al. (1991) introduce the following
approximation:

Ah.

olh, )-@lh, )= [K(h )+ Kh, )=+

[)-0fh, )= k) 0,15 "

which is equivalent to a linearisation of the @ (h) function between hi and hj. The expression
of aij proposed by Reynolds and Elrick (1991):

a; =

LA (30)
is replaced with
o — Z(KJ -K;) _ 2(qj -q)

’ Ah;; (Ki + Kj) Ah (qi +qj) (31)

Then, equation (20) becomes:

 _ (g, —a)

| m{q"—1j+ 2(% +1J(hj ~h,)
qi qi (32)

which provides the value of the hydraulic conductivity for hp,.

This method was used for the interpretation of the infiltrometer tests performed by LTHE (last
column of Table 3-1).

4.3. Analysis of transient regimes using the method of Lassabatere et al. (2006)
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The theoretical background of the BEST (Beerkan Estimation of Soil Transfer) method is
described in Braud et al. (2005) and its practical implementation is reported in Lassabatere et
al. (2006). We will refer to the method as the L06 method in the following. The following
description borrows lots of material from these two references, as well as from the work of
Gonzalez-Sosa et Braud (2009).

In this approach, the aim is to determine the retention curve h(0), relating the soil water
pressure h (m) to the soil volumetric water content & (m* m™); and the hydraulic conductivity
curve K(0) relating the soil hydraulic conductivity K (m s™) to the soil water content. The
retention curve is modeled using the Van Genuchten (1980) approach (Eg. (33)) and the
hydraulic conductivity using the Brooks and Corey (1964) model (Eg. (35)).

p)-m
ﬁ: 1+(Lj
05 hVG
k
n [

with 1-m (34)
where & is the saturated water content (m® m™), hyg is a normalization parameter for the
water pressure, m and n are shape parameters and k is an integer chosen to be 1 (Mualem,
1976) or 2 (Burdine, 1953). In the following k=2 was used.

(oY
K(e)_Ks[ej

S

(33)

(35)
where Ks (m s™) is the saturated hydraulic conductivity and 7 is a shape parameter related to
m and n by:

2
n=—+2+p

mn (36)
where p is a tortuosity parameter equal to 0 (Childs and Collis-George, 1950) or 1 (Mualem,
1976).
The objective is thus to derive, at each location, the values of the parameters of the retention
and hydraulic conductivity curves, namely the shape parameters m, n and 7 and the structure
parameters &, hyg and K.

Two steps can be distinguished in the LO6 method. The first one corresponds to the estimation
of the shape parameters m, n and n from soil texture. The second one is the optimisation of
the infiltration tests in order to derive the structure parameters S, hyg and K. In the following,
it is assumed that Os is available from field measurements, and, as mentioned before is
assumed to be equal to the measured final water content.

Estimation of shape parameters

Soil texture is derived from the particle-size distribution (< 2 mm), determined from a
disturbed soil sample, and giving a curve with at least five fractions (clay, fine silt, coarse silt,
fine sand, coarse sand). As a general rule, the more fractions that are determined, and the
better is the curve fitting. The particle-size data provide the cumulative frequency distribution,
F(d), as a function of particle diameter, d (m), to which the following curve is fitted
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-A

F )

(d)=<1+ a4 Al 2

with B (37)

where dg (m), is the normalization parameter for the particle diameter, and A and B are the
shape parameters of the curve. The quantities dy and B are optimized by least squares
techniques, stability of the convergence being achieved by using a change of variable x=1/d.
The shape parameters m and n of the water retention curve can be derived from the
knowledge of soil texture, and more specifically, from the knowledge of the A and B values.
Following Haverkamp et al. (2005), we introduce soil specific shape indexes, pa, for the
particle-size distribution and, pm, for the water retention curve given respectively by:

o, - P8

A1 A (38)

and p, = (39)
1+m

where mn and AB are the products of the shape parameters of the retention and cumulative
particle-size curves, respectively. They are related through

Pa=Q+x)ppy (40)
2s-1
K=—F-—
where 25(1-s) (41)
and s is the solution of the non-linear equation below given by Fuentes et al. (1998):
(1—8)S+€28 =1 (42)

where ¢ s the soil porosity.

The derivation of the shape parameter for the hydraulic conductivity curve 7 is performed
using the classical capillary model of Eq.(36). In the following, the chosen value for the
tortuosity parameter is 1 (Mualem, 1976).

Shape parameters of the water retention and hydraulic conductivity curves can therefore be
derived from sole knowledge of soil texture.

Optimisation of the infiltration test and estimation of sorptivity and hydraulic conductivity
The interpretation of infiltration tests using the LO6 method starts from a more general
infiltration equation than Eq.(1) and (2). Haverkamp et al. (1994) proposed an approximation
of the full 3D infiltration equation for short to medium time steps, which reads:

_ ¢s* 2-f.
I3D(t)—S\/f+{R(90_9i)+Ki+ . (K, Ki)}t (43)

where it is no more assumed that K, << K, = K(h,)

On the other hand, for long time steps, Haverkamp et al. (1994) show that the infiltration can

be written (subscript sp is omitted in the following for simplicity):
2

- {K s —eﬂ“ 20K, —izixl—ﬁ)'”(%} )

which corresponds to a linear variation with time.
Contrarily to the methods presented in section 4.1, which only exploit the short time steps
behavior of the infiltration, the LO6 method tries to take into account both short and long time

23



Report on the infiltration tests campaign conducted in May-  Version : 2
- June 2012 in the Claduegne catchment Date :2016/07/26

FloprScale Page: 24

steps behavior. The parameter estimation can thus be based on more data than the approaches
presented in section 4.1.
For long time steps, the infiltration flux is given by the slope of the curve I(t):

_ ¢ 2
qM_KO+R(00_0i)_KO+AS (45)
- __ ¢

with A= R@ 0 (46)
The intercept of Eq.(44) is given by:

b, —c 3 (47)
with C= Kl In(%j _ L In(%) (48)

2(1— K(‘J(l -5) 2(1- ﬁ){u (Zﬁ)j ]

which uses Eq.(35) such that:

n
ﬁ[ﬁj (49)
K0 90
Data for large time steps are used to fit Eq.(44) and thus derive estimates of q, and b, .

For the interpretation of infiltration data at short times steps, two methods were tested:

i) Method 1: The first method follows the recommendations of Lassabatere et al.
(2006) and consists in introducing Eqg. (45) within Eq.(43), so that the only
unknown becomes the sorptivity. This ensures a higher robustness of the
optimization algorithm.

1, () = SVt + [A1-B)S? + Ba, | (50)

with Bﬁ+ﬂ@_ﬁj(ﬁ]”+w[l_(ﬁ]"} 61
K, 3 K,) L6, 3 6,

i) Method 2: The second method uses the intercept provided by Eq.(47) instead of
the slope (Yilmaz et al., 2008). The latter is introduced within Eq.(43) and, once
again, the expression only depends on the sorptivity, which can be optimized
robustly.

I3D(t):Sx/f+{A+i—C}Szt (52)
The optimization is performed by minimizing the sum of square errors between the simulated
(using either Eq.(50) or (52)) and the measurements using k measured values, k being varied
successively from 5 to n,, the number of measurement points. The objective function is
written:

(87K = X[l t) -1 )] (53)

where t;, I(t;) are the measured values of infiltration as a function of time.

The optimization can also be performed using the infiltration flux data, where the infiltration
flux is calculated as proposed by Lassabatere et al. (2006) (see their Eq. [18b]). Both methods
were used in the following analysis.
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The approximation provided by Eq.(43) is only valid for times t; lower than the gravity time
tgrav, Which corresponds to the time at which gravity begins to dominate the flow process
(Philip, 1969):

S 2
tgrav = [K_OJ (54)

Practically, Eq.(53) is optimized by varying k for about 5 to n, and when the time is larger
than tyray, i.€. for k=p, the equation is no more valid. The value of the optimized parameter S*
for k=p, is thus the retained value.

Note that the data for k> p, are not lost, as they are used to fit Eq.(44) for longer times. In the
interpretation of the infiltration test, it means that Eq.(43) is valid for k smaller than p,. Then
Eq.(44) is valid.

The optimization process provides an estimate of the sorptivity S°. Then, an estimate of the
hydraulic conductivity can be obtained using Eq.(45) (method 1) or Eq.(47) (method 2):
K, =0, — AS? (55)
SZ
Ky=C— (56)
bOC
Note that, up to this step, the method can be applied both for infiltration test under suction or
with a positive head. Thus it can be used for the interpretation of both the mini-disk and
single ring infiltration tests.

As the saturated water content is estimated from the final and dry bulk density measurements,
the last parameter which must be estimated to get all the parameters needed for the retention
and hydraulic conductivity curves (Egs. (33) and (35)) is the normalization parameter for the
water pressure hyg. This is achieved using the definition of the sorptivity provided in Eq.(6).
The sorptivity can be rewritten as (Braud et al., 2005):

5(0.0,)=5(00)3 N ®7)

i77s

where the significance of the various terms is as follows.

1. The first term represents the integral given by Eq.(6) from 0 to &, i.e. over the
whole range of possible soil moisture content. It does not depend on initial and
boundary conditions and can be considered as an integral soil characteristic.

2. The second term represents the influence of initial conditions.

3. The third term represents the influence of boundary conditions. When the surface
head is positive, this term reduces to unity.

The first term of Eq.(57) can be calculated analytically for the combination of the van
Genuchten retention model and the Brooks and Corey hydraulic conductivity model. This
leads to:

S ? (O’ 95 ) = _Cp_VG Kses h\/G ) (58)

where ¢, is a texture only dependent factor, the expression for which is given by Haverkamp
et al. (1998):
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1 F(mn—lj F(mn+m—1j
n n
c =I1+— + : 59
P-Ve ( nj r'(mn) r(mzn+m) (9)

where 7"is the classical Gamma function.

Braud et al. (2005) propose an equation for estimating the sorptivity S(@i,@s), which remains
sufficiently accurate for the range 6, /6,<0.8 for sand and <0.9 for clay

V0. -0 K =K,

] ) K :

Thus, when the surface head is positive or zero, the final water content is equal to the
saturated water content (6, =6,) and Eq. (57) reduces to the first two terms. An estimate of
hye can be deduced as:

h\/G=_

S(6,6.)=5(0,6, (60)

S

82

C, vs(0, -6, )K{l—[iﬂ

When the surface head is negative as in the case of mini-disk infiltration test, we have no
estimate of the third term of Eq. (57) and thus the infiltration test can no more be used to
derive an estimate of hys. However by estimating the water content corresponding to h=hg
using Eq.(33), it will be possible to verify if the hydraulic conductivity derived from the mini-
disk fits the hydraulic conductivity curve given by Eq.(35).

(61)

It is also possible to obtain an estimate of the hydraulically active pore radius Am, the
expression of which can be found in Angulo-Jaramillo et al. (1996) and is derived from
results of White and Sully (1987):

1 =9 (eo_giXKO_Ki)
" P9 bS?

where =73 10° N m™ is the surface tension, pw=1000 kg m™ is the water volumetric mass,
9=9.81 m s is the acceleration of gravity, b is a constant generally taken to be 0.55.

(62)

The LO6 method was used for the interpretation of the Beerkan and mini- infiltrometer tests
performed by Irstea (first columns of Table 4).

4.4. Analysis of transient regimes using the Differential Linearization (DL-ST) method

The differentiation linearization (DL) , was proposed by Vandervare et al. (2000a, b). It is
described by:

PN

dt (63)

di
In Vandervaere et al. (2000a) it is proposed to approximate dvt by
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d Al 1 -

N L ) (64)

where n, is the number of data points, and the corresponding Jt is calculated as geometric
mean

\/E = [\/ti+1ti ]1/2 (i:]., np-l) (65)

However, if we assume that Eq. (3) is valid, we can write Eq. (63) as follows:
I i+1 I i

_ 1 ti,, —At )+ .. —t;
e ey LTSGR
e vty

(s

. Jt t; .
M:cﬁzcz(%‘ﬁ}cﬁzczti
\/ti+1 _\/E (66)
where
i T
(67)

The derivative is therefore associated to the arithmetic mean of the square root of time. In the
following the DL method was applied with this minor modification.

The DL method consists in adjusting Eq. (62) by linear regression fitting. However, the DL
method is only a method to determine the values of the two parameters in Eq. (3) without
bias. The second step which consists in determining S and K using the C; and C, values can
be achieved by different methods described in Vandervaere et al. (2000b) depending on the
number of disk radii and pressure head values applied (see ST, MR, MS1 and MS2 methods
in this paper). Although not always recommended by these authors, as only one infiltration
test with one radius and one pressure was available, it is only the Single Test (ST) method
which will be combined with the DL method in the following, what will be written DL-ST
method. The sorptivity S = C; is therefore provided by the intercept with the origin and the
hydraulic conductivity can be deduced from the slope of the regression 2C, as follows.

KK, +L[CZ_L_&}
2-3 R(6i —6,) (68)

This method was used for the analysis of the mini-disk infiltrometers performed by Irstea.

4.5. Comparison of the L0O6 and DL-ST methods

Both DL-ST and L06 methods use the same basic equations for short to intermediate times.
The difference is that the parameters optimization is performed in the (I,t) space for L06
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whereas the (dd—\'/_,\/f) space is used for DL method. In addition, the DL method only uses
t

short to medium times for the optimization, whereas the L06 method also exploits long times.
Nevertheless, it is expected that the parameters values optimized using the L06 method lead

to consistent (—I ./t ) space. In particular, for long times, the points should verify:

d
dvt
di 2
—— | =2|AS®+K, Wt 69
(dﬁ j s <o ©)
It means that the points for long times should be aligned on a straight line, with a slope
different to the one at short time steps and this straight line goes through the origin.

This property will be used to compare the results of the L06 and DL-ST methods in the
following.

28



Report on the infiltration tests campaign conducted in May-

FlopgScale

5. Results

June 2012 in the Claduegne catchment

Version : 2
Date :2016/07/26

Page : 29

5.1. Distribution of the sample points, texture and particle size distribution

In order to analyze the sampled points, they can be classified according to various factors.
The following were considered: land use, soil cartographic unit UC, geology, fraction of
coarse fragments. The points’ distribution according to those criteria is provided in Table 5-1,
showing that the sampling is not homogeneous amongst classes.

Table 5-1: Number of sampled points according to various typologies for Beerkan and mini-disk
infiltration tests. The total number of Beerkan points is 52 and of that of mini-disk points is 38.

Land use
Cultivated | Permanent Catered Broad leaf Coniferous | Landes | Vineyard
grassland grassland grassland forest 20 forest 21 and 30
10 11 12 moors
22
Beerkan 12 6 6 10 3 6 9
Mini- 12 5 4 5 3 4 5
disk
uc
8 26 27 29 33 64 65
Beerkan 9 5 7 10 9 6 6
Mini- 11 3 2 6 8 3 5
disk
Geology
Basalt Limestones
Beerkan 12 42
Mini- 8 30
disk
Fraction of fine soil
Class 1: >95% Class 2: 85-95% Class 3: <85%

Beerkan 23 17 12
Mini- 20 11 7
disk

—— Cultivated grassland
—— Permanent grassland
= Cattered grassland
= Broad leaved
Coniferous

= Bushes c
Viﬂeya
SC

SL

Py FsicL
+J-

+$

F

.

SiL

Si

SL

Si

Figure 5-1: Location of the sampled points in the USDA textural triangle with different colors
corresponding to land use (right) and soil typological unit (UC) (left)
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The soil class of the sampled points is plotted in the USDA triangle in Figure 5-1 for the
various land uses and soil mapping units (UC) of the BD-Sol Ardéche soil data base.

Figure 5-1 shows that soil texture in the Claduegne catchment is mostly composed of clay,
clay loam, silty clay loam and silty clay, with one point located in the loam class. Figure 5-1a
also shows that sample points located in broad leaf forests, coniferous forests and to a lesser
extend bushes are located in the finer soils: clay and silty clay. It may be related to the fact
that those soils are less favorable to agriculture.

Coarse fraction Organic matter
i o _
w
=
® -
o |
= = ]
2 2
[ih] [ih]
3 = w
o o
o o
L (1N
_— _
o -
o~ 4
a - o
I T T T 1 I T T T 1
0 10 20 30 40 0 50 100 150 200
Coarse fraction (%) Organic matter content (g/kg)

Figure 5-2: Histogram of coarse fraction and organic matter content

Table 5-2 provides the statistics of the particle size data, coarse fragments and organic matter
contents of the sample points (34 points). The table also provides the shape parameters of the
retention and hydraulic conductivity curves presented in section 4.3 (Egs. (33) to (42)). Figure
5-2 provides histograms of coarse fraction (sum of gravels and stones) and of organic matter
contents over the whole sample.

As already visible on the textural triangle, the sampled soils have a high fraction of clay and a
low fraction of sand. We also note that more than 50% of the points have coarse fraction
lower than 5%, but it can reach values as high as 40% (Figure 5-2-left). Organic content is
high (Figure 5-2-right) in forests and bushes and the value is significantly larger than in
cultivated points (value of the Kruskal-Wallis test is p=0.0033).

In terms of shape parameters of the retention curve, the n parameter has a very low range,
with a CV of 1%. The shape parameter of the hydraulic conductivity curve 7 has a larger
variability amongst soils with a CV of 18%. Note also that the median value of 7 is large
(25.17) which is consistent with the high clay content. This also means that the hydraulic
conductivity decreases very rapidly from saturation.

According to the Kolmogorov-Smirnov test, the hypothesis of normal distribution cannot be
rejected at the 5% level, except for the dy parameter.
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Table 5-2 : Statistics of the particle size data
Standard

Mean Minimum | Maximum Median deviation CcVv
Organic carbon (g/kg) 46.13 8.81 112.00 44.45 22.36 0.48
Organic matter (g/kg) 79.81 15.20 194.00 76.85 38.72 0.49
Fine soils <2mm 0.91 0.63 1.00 0.95 0.11 0.12
Gravels 0.2-0.5 cm 0.02 0.00 0.09 0.01 0.03 1.28
Stones >0.5cm 0.07 0.00 0.31 0.04 0.09 1.27
Clay : <2um 0.43 0.25 0.59 0.44 0.10 0.24
Fine silt : 2um-20pum 0.28 0.24 0.34 0.27 0.03 0.11
Coarse silt : 20um-50um 0.13 0.08 0.20 0.13 0.03 0.26
Fine sand : 50um-2000um 0.07 0.02 0.15 0.07 0.04 0.49
Coarse sand : >2000um 0.08 0.01 0.21 0.06 0.06 0.71
dq (Um) 155.80 32.35 471.46 98.30 126.73 0.81
A 0.09 0.07 0.12 0.09 0.01 0.16
B 2.20 2.16 2.27 2.19 0.04 0.02
pA 0.19 0.15 0.24 0.18 0.03 0.16
pm 0.09 0.06 0.13 0.08 0.02 0.20
m 0.04 0.03 0.06 0.04 0.01 0.20
n 2.09 2.07 2.14 2.09 0.02 0.01
n 24.98 17.80 33.53 25.17 4.44 0.18
Co vo 2.65 2.51 2.77 2.66 0.08 0.03

5.2. Dry bulk density

Statistics of dry bulk density and final water content (assumed to be equal to saturated water
content) are provided in Table 5-3. The median value of dry bulk density is 0.96 g cm™ which
is quite low with a coefficient of variation of 26%, showing the large variability of dry bulk
density. The median value of saturated water content is 0.58, a large value consistent with the
low median value of dry bulk density. The distribution of dry bulk density can be considered
as normal at the 5% level according to the Kolmogorov-Smirnov test.

Figure 5-3 provides boxplots of dry bulk density (2.5 cm height cylinders) as function of
various factors (land use, soil UC, geology, coarse fragments class — see definition in Table
5-1.

Statistical tests were performed to assess if the differences in variance, mean and distribution
were significantly different amongst the different factors using the Fisher test, Student test
and Wilcoxson rank sum test respectively. The analysis was performed using the var.test,
t.test and wilcox.test functions of the R software. A Tukey Honest Significant Differences test
(Tuckey HSD test) was also performed to confirm the results using the TukeyHSD function of
the stats package in R (this approach can safely be used as the distribution of dry bulk density
can be considered as normal). The detailed results are provided in Appendix 1 (Table A 1 to
Table A 4). The results show that dry bulk density is significantly different between several
UC classes and we can distinguish two main groups (Wilcoxon tests).

e Group 1: UC 29, 33, 64, 65

e Group 2: UC 8, 26, 27
As can be seen in Figure 5-3, samples points in group 1 have a much lower dry bulk density
than those in group 2. In terms of land use, we can also distinguish two main groups, with
group 1 having a much higher dry bulk density than group 2. We note that land uses in group
1 are mainly cultivated lands.

e Group 1: land use 10 and 30
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e Group 2: land uses 11, 12, 2, 21, 22
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Figure 5-3: Boxplot of dry bulk density (2.5 cm height cylinder) according to land use, UC soil class,

geology and fraction of coarse fragments (see definition of classes in Table 5-1

20
20

y=072*x+0.37, R2= 064 y=-0.0039 *x + 1.37; R2= 0.53

1.5
1.5

0.5
|

Dry bulk density 0-5cm cylinder (gfem3)
10
!
oy
!
.I
Dry bulk density 0-5cm cylinder (gfcm3)
0.5 10
| !
| ]
[ ]
.

0.0

. 2
o

T T T T T T T T T
0.0 0.5 1.0 15 2.0 0 50 100 150

Dry bulk density 0-2.5cm cylinder (g/cm3) Organic matter content (g/kg)

Figure 5-4: (Left) Comparison of dry bulk density measured using a small (2.5 cm
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height) and a large

cylinder (5 cm height). (Right) Relationship between dry bulk density obtained with the 2.5 cm height

cylinder and organic matter content
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Dry bulk density was measured using small (2.5 cm height) and large cylinders (5 cm height) (Figure
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5-4a). Figure 5-4

b shows the correlation between dry bulk density obtained with the 2.5 cm height cylinders
and organic matter content. The relationship is good with R*=0.53 and, as expected dry bulk
density decreases with increasing organic matter content.
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Figure 5-5: Textural triangle where the Figure 5-6: Correlation between dry bulk density
data from the Claduégne infiltration tests obtained with the 2.5 cm height cylinders and
are shown in red, and those from the Yzeron  organic matter for the data sets from Claduégne and
infiltration tests are shown in blue. Yzeron catchments

In order to see if this type of relationship can be generalized, data from the Claduegne
campaign and those collected in the Yzeron catchment (south west of Lyon) by Gonzalez-
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Sosa et al. (2010) are pooled together. Figure 5-5 shows the two data sets in the USDA
textural triangle. It shows that soils from the Yzeron catchment are coarser than those of the
Claduégne catchment (mostly loamy sand and sandy loam). Figure 5-6 shows than the same
kinds of relationships between top soil dry bulk density and organic matter are obtained in
both catchments with similar values of R, but a quicker decrease of dry bulk density with
increase in organic matter content in the Yzeron catchment than in the Claduegne one. When
the two data sets are mixed, the correlation is still significant but much lower (R®=0.39).
Organic matter content appears as a good predictor of dry bulk density of top soils.

5.3. Results using the L06 method for Beerkan and mini-disks infiltration tests

5.3.1. Presentation and discussion of data processing

The analysis of the infiltration tests was performed using the L06 method using values of
£=0.6 and ¢=0.75. It was assumed that the measured final water content was equal to the
saturated water content. The optimization of Eqg. (53) was performed using a function
developed in the R package (R Development Core Team, 2015) and the nlm function of the
base package.

Visual inspection of the infiltration time series was used to select the points retained in the
optimization. Points could be removed at the beginning of the series due to quick infiltration
and inaccuracy due to the movement of the water surface in the cylinder when removing the
plastic. At the end of the infiltration test, points were also sometimes removed due to visible
change in the slope of the curve, due to possible sampling of different soil horizons
(sometimes increase of the infiltration velocity was even observed).

Examples of the types of results obtained for the Beerkan method are provided in Figure 5-7.
We also provide the Tgap value which is defined by Vandervaere et al. (2000b) as the time
when vertical capillary forces become dominated by the two other terms of the equation
(gravity and lateral diffusion):

2
stab (70)
Ko ‘“R(e %)

The different values of Tqap illustrate the accuracy of the method. For Beerkan 14.1, Tgap=40 S
and the infiltration test lasts about 100 s. Therefore both S and Ks can be estimated accurately
as the two regimes (short and long time are well sampled). For Beerkan 82b.4, Ts,,=40 s and
the infiltration test lasts about 2500 s. S is well estimated and K not so well as the long term
regime is not very long. For Beerkan 82b.3, T,=300 s and the infiltration test lasts about
3000 s. In this case, there are only one-two points for describing short term regime and a lot
of points for the long term regime. Therefore S is not well estimated whereas Ks can be
estimated accurately. Finally, for Beerkan 74c.1, Ts»=2700 s and the infiltration test lasts
only 900 s. Therefore S can be well estimated whereas Ks cannot, as the permanent regime is
not reached due to the length of the infiltration test.
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Figure 5-7: Examples of infiltration tests and of the fitted model using Eqg. (50) for cumulative
infiltration | (black) and infiltration flux q (pink). The dotted straight lines correspond to the equation
for long times. (a) Point 14.1 with Tg,=40s. (a) Point 82b.4 with T.,,=1300s. (a) Point 82b.3 with
Tstap=300s. () Point 74c.1 with Tg,,=2700s.

A visual inspection was conducted and the various infiltration tests were assigned a quality
index: 1 (good); 2 (quite good); 3 (fair); 4 (bad); 5 (rejected). This index was used for sample
points selection in the statistical analysis presented in section 5.6.

For the mini-disk infiltration tests, points were also removed at the beginning of the series to
remove the effect of the sand layer as recommended by Vandervaere et al. (2000a). The
cumulative infiltration data and cumulative time were modified using a translation on both |
and t axes, before any other calculation. For some infiltration tests performed using the mini-
disk, an acceleration of the flow was sometimes observed at the end of the test, which is in
contradiction with the used theory. In this case, points at the end of the test were also
removed. Figure 5-8 provides an example of such a case.
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Figure 5-8: Example of a mini-disk infiltration test where acceleration of the flow was observed (left).
Same infiltration test, after points selection (right). In this case a value of K;=15 mm h-* is obtained.
The figure provides both the fit on cumulative infiltration (black) and infiltration flux (pink).

In section 4.3, we introduced two possible methods for estimation of the parameters using the
L06 method, called Method 1 (where the slope of the long term regime straight line is used to
assess Kg) and Method 2 (where the intercept of the long term regime straight line is used to
assess Kp). Figure 5-9 shows an example of such comparison for the Beerkan infiltration tests
optimized using the infiltration flux data but the results are similar for mini-disks and
optimization on the infiltration flux. It shows that the agreement is very good on sortptivity
with R? close to 1.0n the other hand, K, and A, values obtained using Method 1 are
systematically lower than with Method 2. A systematic difference is also observed on the hg
parameter.
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Figure 5-9: Comparison of the results between Method 1 and Method 2 for the Beerkan infitltration
tests for sorptivity, hydraulic conductivity, hy parameter and pore size radius A,. Parameters are fitted
using the cumulative infiltration g.
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Figure 5-10: Comparison of Method 1 results obtained when the optimization is performed on
cumulative infiltration or on the infiltration flux for sorptivity, saturated hydraulic conductivity, hy
parameter and pore size radius for the Beerkan infiltration tests.

The computation was also performed using optimization on cumulative infiltration | or
infiltration flux g. The results are compared in Figure 5-10 and Figure 5-11 for Beerkan and
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mini-disk infiltration tests respectively. The figures show that results in terms of sorptivity,
hydraulic conductivity and hy (for the Beerkan tests) are very similar with values of R? larger
than 0.93. Differences are more noticeable when comparing the estimated pore radius with a
larger dispersion. Given the large noise on the infiltration flux, those results are considered as
very satisfactory.
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Figure 5-11: Comparison of Method 1 results obtained when the optimization is performed on
cumulative infiltration or on the infiltration flux for sorptivity, saturated hydraulic conductivity and
pore size radius for the mini-disk infiltration tests.

The mini-disk infiltration tests were performed either with the small (& 4.5 cm) and large (&
8 cm) diameters. The results were generally found to be more stable with the larger diameter,
which is expected as the contact surface between the apparatus and the soil is larger.
Comparison between the results obtained with both diameters is only possible at a small
number of points. This comparison is provided in Figure 5-12. It shows a quite large
dispersion of the results between the two diameters; especially for K (the graph is provided in
log scale). The dispersion in terms of pore size diameter is also large. We can also note the
high values of this pore size diameter (about 1-2 mm) which would mean that pore of this size
are activated.
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Figure 5-12: Comparison of the mini-disk results between using the small (4.5 cm) and large (8 cm)
diameter infiltrometers. The bottom left figure is a zoom of the bottom right one showing an outlier on
the pore size radius.

5.3.2. Statistical description of the results

Statistics of the calculated sorptivity, hydraulic conductivity and hg parameter (only for
Beerkan) are provided in Table 5-3 for calculations performed using either the cumulative
infiltration or the infiltration flux.

For the Beerkan infiltration tests, we also provide the maximum infiltration time tmax Which
correspond to the time needed to infiltration the 12 | water volume (corresponding to a 95.5
mm water height). We also computed the infiltration capacity Lmax = 95.5/tmax. We can see
that infiltration was sometimes terminated in a few seconds, whereas some other tests lasted
several hours. The median value is 163 s, ie. less than 3 minutes. The median infiltration
capacity is also very large (0.58 mm s, i.e more than 2000 mm h™). The variability of tyax
and Lmax is also very large with CV of 1.83 and 1.52 respectively.

For the Beerkan infiltration tests, the median of saturated hydraulic conductivity is very high
(about 0.35 mm s, more than 1200 mm h™), with a coefficient of variation of 1.9. The
distribution is not normal (Kolmogorov Smirnov test with p=0.0002). However, a log normal
distribution is acceptable (Kolmogorov Smirnov test with p=0.36). The variability of
sorptivity is also high (0.78).

The hydraulic conductivity at -20 mm, deduced from the mini-disk, is much lower than the
value of K, as the median value is 0.0061 mm s™ (22 mm h™) for the optimization on I and
for the optimization on g. The coefficients of variation are nevertheless much higher than for
Ks (3.7 for the optimization on | and 5.6 for the optimization on ). The robustness of the
estimation is therefore lower for the mini-disk than for the Beerkan, probably due to the
difference in sampling surface.
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Table 5-3: Statistics of dry bulk density (2.5 cm height cylinder), final water content and computed
sortpivity, hydraulic conductivity and hg parameter for the Beerkan method and sorptivity, hydraulic
conductivity for h=-20mm for mini-disk infiltrometers. Values indexed by | were computed using
cumulative infiltration and values indexed by _q using the infiltration flux.

Standard Number of
Mean | Minimum | Maximum | Median deviation CV points
Beerkan
Dry bulk density (g 52
cm’®) 0.96 0.46 1.55 0.96 0.25 0.26
Final water content 0.57 0.37 0.74 0.58 0.08 0.15 52
(m* m?)
tax (S) 840 9 6977 163 1543 1.83 52
Lpax (MM ) 1.37 0.043 10.61 0.58 2.08 1.52 52
S, (mm ¥%%) 3.35 0.13 13.45 3.09 2.62 0.78 50
K, | (mms™) 0.80 0.003 8.35 0.34 1.52 1.89 50
hy | (mm) -97.16 | -575.66 | -10.66 | -75.50 88.71 0.91 50
S, (mm ¥17%) 3.21 0.16 12.77 2.92 2.27 0.71 49
K, ¢ (mms™) 0.62 0.002 6.67 0.35 1.05 1.68 49
hy ¢ (Mm) -120.20 | -456.33 | -12.97 | -63.20 110.88 0.92 49
Mini-disk

S, (mm ¥%%) 0.141 0.011 0.397 0.116 0.090 0.640 37
K, (mms™) 0.017 | 0.0004 0.382 0.006 0.061 3.671 37
Sy (mm ¥4 0.145 0.145 0.145 0.145 0.091 0.629 33
Ky (mms™) 0.007 | 0.0001 0.020 0.006 0.043 5.810 33
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Figure 5-13: Boxplot of the parameters obtained using the Beerkan and mini-disk for sorptivity,
hydraulic conductivity and active pore size radius. The boxplot are drawn with 22 sample points
where both an estimate of the Beerkan and mini-disk infiltrometers was available.

Boxplot of the different parameters obtained with the Beerkan and mini-disk are provided in
Figure 5-13 which confirms the difference in median for the hydraulic conductivity between
the two methods. Note that the boxplot are provided in log scale for the hydraulic
conductivity. The ratio between the median value at saturation and close to saturation (h=-20
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mm) is about 57 which shows that the role of macropores and preferential flow is large at
saturation.

We also performed Fischer, Student and Wilcoxon statistical tests to identify if differences in
variance, mean and distribution could be identified between soil classes and land use classes
for the logarithm of saturated hydraulic conductivity obtained using the Beerkan infiltration
tests. The details are provided in Table A 6 for the analysis according to soil classes and Table
A 7 for the analysis according to land use classes. We provide the boxplot in Figure 5-14.
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Figure 5-14: Boxplot of logarithm of saturated hydraulic conductivity derived from the Beerkan
infiltration tests according to land use, UC soil class, geology and fraction of coarse fragments (see
definition of classes in Table 5-1)

Those results highlight that soil class UC 33 can be distinguished from the others. But no
significant differences can be evidenced for the other soil classes.

In terms of land use, it is possible to distinguish three groups with significantly different
distributions.

e Group 1: land use 12 (catered pasture)

e Group 2: land use 10, 11, 30 (cultivated and natural grassland, vineyard)

e Group 3: land use 20, 21, 22 (broad leaf and coniferous forest, moors and fallow
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This result suggests a significant impact of land use on the soil saturated hydraulic
conductivity which is examined more in depth in section 5.6.

For the mini-disk results, no significant difference was found when soil classes or land uses
were considered as factors (not shown).

5.4. Comparison between the LO6 and DL-ST method for the mini-disks

For the mini-disks, the data were also analyzed using the DL-ST method, presented in section
4.3 and 4.4. As the DL-ST method is only applicable for short to medium time steps, results
obtained with the LO6 method were used for selecting the points used in the DL method
fitting. In addition, we systematically plotted on the same graph the L06 analysis results

translated in the (d—I ./t ) space and the straight line which can be adjusted for long time in

dt
this space (see Eq. (69)). In this application we used values of $=0.6 and ¢=0.75.

A first point which is illustrated in Figure 5-15 concerns the point selection and the impact of
the sand layer. In the analysis, when points at the beginning of the infiltration tests were
considered impacted by the sans layer, a translation of the data cumulative infiltration and
time was performed, so that the first points correspond to (0,0). This manipulation has

consequences on the DL fit as the values of ( dd—\'/_ ,t) are different than if the translation had
t
not been performed.
A
Mini.22.3
s " -

Translation % & 7

of :

cumulative £ ,I -

infiltration ° -

L
T T T T T T T
0 200 400 600 800 1200

Translatiofime )
of time

Figure 5-15: Illustration of the data processing when points are removed at the beginning of the
infiltration test.

This impact is illustrated in Figure 5-16 and Figure 5-17 for one mini-disk infiltration test. By
comparing the DL method results in Figure 5-16 and Figure 5-17, we can see that the removal
or not of points at the beginning of the infiltration test has a large impact on the estimated
regression, with a larger value of C; when the translation is not performed and lower value of
Co.

We also note in the figures that Eq.(69) is relevant and that the points for longer times can be
adjusted using a straight line going through the origin. We also note the change of slope
between the two parts of the curve. This rupture in the slope could be used to determine which
points belong to the first part and which points belong to the second one. But it is not always
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easy to see this rupture. The use of the L0O6 method for the determination of the number of
points belonging to the first part is a less subjective alternative. Note also that, in the present
application of the DL-ST method, we have not used the second part of the curve, although it
conveys some information.
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Figure 5-16: Analysis of mini-disk infiltration test using the DL-ST method. We first plot the
cumulative infiltration as function of time (top left), the infiltration flux (top right) and the data in the (
di
dvt
corresponding regression line. The full blue line is the regression line obtained when computing C,
and C, from the LO6 results and the blue dotted line is the long term straight line provided by Eq. (69.
Note that in this figure the points removed at the beginning of the infiltration test do not appear and

the cumulative infiltration and infiltration time were modified (translation) before data analysis.

Jt) space. Points in red are those selected for the DL regression line fit and the red line is the

With the DL-ST method, we get C1=0.316 and C2=0.0154, leading to a negative value of K.
With the L06 method, the LO6 method provides a lower value of C;=0.227 and a larger value
of C,= 0.0194 than the DL-ST method. Note however that the DL method provides the
standard error of the parameters which leads to C;=0.316 + 0.129 and C,=0.0058+ 0.0058.
The standard error of the estimated coefficient is large, due to the large points’ dispersion, as
compared to larger diameter infiltrometers.

On this example, the L06 values are within the + one standard deviation range of the DL-ST
estimated values, but the DL method leads to negative values of hydraulic conductivity,
whereas the LO6 method leads to a positive one. This point could be related to the choice of
the values of $=0.6 and ¢=0.75, which may not be relevant for all soils (e.g. Lassabatere et
al., 2009; Nasta et al., 2012).
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Differences between the estimates of the two methods may also be explained by the way the
fitting is performed: in the (;—\'/_,\/f) space, all the points have the same weight in the
t

regression. On the other hand, as the fit is performed on cumulative infiltration using the
RMSE criteria, higher weight is assigned to large values in the LO6 optimization. With the
L06 method, values of estimated hydraulic conductivity is generally positive, this is not the
case for the DL-ST method.
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Figure 5-17: Same as Figure 5-16 but we have plotted all the points, including the first point which
was removed (impact of sand layer). Even if the first point is not used in the regression (red points),
the results are different than in Figure 5-16 because the value of | and t are different (no translation
performed). With the DL-ST method, we get C;=0.415 and C,=0.0121, leading to a negative value of
K.

The comparison of the results of the DL-ST and L06 methods on the whole sample is
presented in Figure 5-18 and
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Table 5-4 provides the statistics of the parameters for the two methods. The agreement
between the two methods is satisfactory for the sorptivity with a R*=0.87 but values are about
30% larger using the DL-ST method than with the LO6 method. In terms of C,, the agreement
is also satisfactory with a R?=0.77. Values are generally larger with the L06 method than with
the DL method. The agreement on K remains fair with R>=0.67, but values are about 64%
larger with the DL-ST method than with the LO6 method. Note also that about half of the
infiltration tests provide negative values of K with the DL-ST method which seems to be
more sensitive to inaccuracy in the measured data than the LO6 method.
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Table 5-4 : Statistics of the results of the LO6 and DL-ST methods on the mini-disk infiltration tests.
Negative values were discarded from the analysis.

Standard Nbre

Mean Minimum | Maximum | Median deviation CV | points
C, =S L06 method 0.148 0.035 0.400 0.126 0.091 0.61 34
C, =S DL method 0.178 0.005 0.734 0.135 0.165 0.93 34
C2 L06 method 0.0111 0.0009 0.0482 0.0085 0.0097 0.87 34
C2 DL method 0.0099 0.0011 0.0282 0.0094 0.0064 0.64 34
K L06 method 0.0063 0.0010 0.017 0.0063 0.0045 0.71 21
K DL method 0.0147 6.0310° 0.0383 0.0082 0.0104 0.71 21
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Figure 5-18: Comparison of the DL-ST and L06 method for the mini-disk infiltration tests. We show
the comparison of S=C; (top left), K (top right), A (bottom left) and C, (bottom right)

In Figure 5-19, we present the comparison of the sorptivity and C, coefficients obtained with
the DL-ST method with their standard deviation for each infiltration test and the value of the
LO6 method is plotted on the same graphs. We can see, as expected that the sorptivity
obtained with the L0O6 method are generally lower than the DL values, although most of them
are located within the £ one standard deviation interval. When this is not the case, the C,
coefficient obtained using the LO6 method are also generally outside the + one standard
deviation interval of the DL-ST values.

From the comparison presented in this section, it is difficult to say that one method is
performing better than the other. It is satisfying to see that both method give consistent results
and that they generally agree on the order of magnitude of the parameters (see the quite good
correlation in Figure 5-18). The L06 method seems to be more robust for the experimental
conditions in which the infiltration tests were performed: small diameter and sometimes
difficulties with the stability of the apparatus (due to windy conditions).
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In the following, we will consider that the results obtained using the LO6 method can be used
with confidence for a comparison with standard pedo-transfer functions and the assessment of
the impact on land use on the soil hydraulic properties. It allows performing the assessment
with a larger sample size.
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Figure 5-19: Comparison of sorptivity (top) and C, coefficient (bottom) obtained using the DL method
(black stars + one standard deviation) and the L06 method (red crosses) for the mini-disk infiltration
tests.

5.5. Results of the LTHE infiltration tests using an infiltrometer and multiple suctions

In this section, we present the results obtained using the infiltration tests performed by LTHE
using an infiltrometer with multiple suctions. The infiltrometer diameter was 10 cm. The data
were analyzed using the method described in section 4.2. We provide the K values obtained at
the various suctions and the extrapolated value of the saturated hydraulic conductivity in
Table 5-5. The table also provides the values estimated using the LO6 method for the same
points.

When comparing the results obtained with the infiltrometer with multiple suctions and those
derived from the L0O6 method, the following remarks can be done:

e The values obtained at h=0 using the Beerkan method are generally much larger than
the extrapolation of the infiltrometer with multiple suctions data. The ratio can range
up to a factor 10. This is consistent with the fact that the Beerkan infiltration tests are
performed using a positive head.
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e On the other hand, the values obtained for h=-20mm with the mini-disk and L06
method are generally lower than the value obtained with the infiltrometer with
multiple suctions.

e For saturated hydraulic conductivity, apart from point 14-2, the different points are
ranked in a similar manner so both methods provide the same relative information
about saturated hydraulic conductivity.

However, it is difficult to conclude on those differences as the difference may also be related
to the local spatial variability of soil hydraulic properties which is known to be large.

Table 5-5: Values of the estimated hydraulic conductivity for the various pressures using the LTHE
infiltrometer. We also provide in blue the values obtained at the same points using the Beerkan
method (h=0) and the mini-disk (h=-20mm)

Point 14-2 (permanent pasture)

h (mm) -50 -30 -20 -7 0
K (mms™) 0.00094 0.0055 0.0168 0.0597 0.114
0.0094 0.302
Point 16-1 (coniferous forest)
h (mm) -27.5 -20 -12.5 -7.5 -5.0 0
K (mms™) 0.00362 - 0.0213 0.0334 0.0423 | 0.0771
0.000262 0.899
Point 25-1 (oak wood)
h (mm) -70 -55 -30 -15 -7.5 -5 0
K (mms™) 0.000645 0.000912 0.00386 0.0146 0.0361 | 0.0525 | 0.0503
0.0483(h=-20mm) 0.529
Point 74A-1 (cultivated grassland)
h (mm) -30 -20 -15 -7.5 -5 0
K (mms™) 0.0133 - 0.168 0.564 0.525 1.475
0.00423 1.500
Point 74B-2 (vineyard)
h (mm) -70 -55 -35 -20 -7.5 -5 0
K (mms™) 0.000645 0.000912 0.00436 0.0130 0.0263 | 0.0313 | 0.0420
0.00729 0.432

5.6. Statistical analysis of the data: impact of land use versus soil texture

In this section, we examine the relationship between the estimated hydraulic conductivity
derived from in situ infiltration tests and the values deduced from pedo-transfer functions. We
also explore the possible impact of land use on the soil hydraulic properties.

5.6.1. Comparison with classical pedo-transfer functions

Following the work performed by Manus (2007) and by Gonzalez-Sosa and Braud (2009), we
computed the parameters from several pedotransfer functions representative of the various
approaches existing in the literature. We chose the following pedotransfer function:
e the one proposed by Cosby et al. (1984) (C84 in the following), which only depends
on soil texture (% clay, sand and silt)
e the one from Rawls and Brackensieck (1985) (RB85 in the following) which takes
into account % clay, % sand and the porosity
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e the one from Weynants et al. (2009) (W09 in the following) which is an update of the
pedotransfer functions proposed by Vereecken et al. (1990) which takes into account
the % clay, % sand, dry bulk density and organic carbon content.

The formulae of the various pedotransfer functions are provided in Appendix 3.

In the following, we only examine the comparison of the saturated hydraulic conductivity
parameter between the various pedotransfer functions and the in situ values.

We could also have compared the values of saturated water content, n and hqy parameter of the
Van Genuchten (1980) retention curve. However, this requires some data manipulation as the
various pedotransfer functions do not directly provide the parameters for the Van Genuchten
— Burdine retention model. So manipulations are required to transform the parameters of the
Brooks and Corey (1984) model to the Van Genuchten one, or parameters for the Van
Genuchten — Mualem to the Van Genuchten — Burdine model. For this purpose, the formulae
proposed by Leij et al. (2005) can be used.
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Figure 5-20: Comparison of the in situ saturated hydraulic conductivity derived from the Beerkan
method (left) and the near saturation hydraulic conductivity K(-20mm) from the mini-disk (right) with
the pedotransfer functions of Rawls and Brackensieck (1985) (RB85), Coshy et al. (1984) (C84) and
Weynants et al. (2009) (W09)

The comparison of the various estimates is provided in Figure 5-20 and Table 5-6 provides
the statistics of those estimates. The dispersion of C94 and W09 is much lower than that of
RB85 and much less than the in situ values. In situ values are generally much larger than
those of the pedotransfer functions (several orders of magnitude). The agreement is larger
when the comparison is performed using the mini-disk in situ values, but this is expected as
pedotransfer functions do not take macropores into account.

Nevertheless, none of the pedotransfer function is able to predict correctly the variability of
the observed value. The RB85 function is the one which better reproduces the observed
variability. This result was also mentioned by Manus et al. (2009) who choose the RB85
pedotransfer function as representative for describing the variability of soils in the Cévennes
Vivarais region.
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Table 5-6: Values of statistics of the saturated hydraulic conductivity calculated using the various
pedotransfer function and the Beerkan and mini-disk. Values are provided in mm s-1

Standard Nbre

Mean Minimum | Maximum | Median deviation CV | points
K RB85 1.8010° |26910° |6.1410° |1.7910° |24510° 136 | 52
K, C84 1.5910° |867107 [29610° | 1.4010° |6.21107 039 | 52
K W09 3.80107 [ 133107 |7.35107 |[3.51107 |1.5610" 041 | 52
K, Beerkan 0.805 0.00265 | 8.35 0.344 1.52 1.89 | 52
K mini-disk 0.00694 | 0.00105 | 0.027 0.0625 5.36 107 077 | 32

5.6.2. Impact of land use on the estimated soil hydraulic properties

We have shown in section 5.2 that land use had a significant impact on dry bulk density and

in section 5.4, that it was also the case for saturated hydraulic conductivity.

We finally distinguished the following classes for dry bulk density:
e DBI1:land uses 11, 12, 20, 21, 22
e DB2: land uses 10, 30
and for saturated hydraulic conductivity:
e KSI: land uses 20, 21, 22
e KS2: land uses 10, 11, 12, 30

Table 5-7: Statistics of the soil hydraulic parameters (dry bulk density, saturated hydraulic
conductivity, hydraulic conductivity at -20 mm, scale parameter hy of the retention curve, pore size

diameters
Standard

Mean Minimum | Maximum Median deviation CcVv
DB1 dry bulk density (g cm™) 0.804 0.461 1.200 0.757 0.157 0.19
DB1 dry bulk density (g cm™) 1.197 0.905 1.555 1.180 0.164 0.14
KS1 K, (mms™) 1.728 0.0928 8.345 0.925 2.24 1.30
KS2 K, (mm s™) 0.285 0.00265 1.500 0.166 0.369 1.29
KS1 hy (mm) -90.34 -211.2 -10.66 -67.79 64.41 0.71
KS2 hy (mm) -101.0 -575.7 -14.44 -75.50 100.6 1.00
KS1 A (mm) 1.405 <0 12.54 0.065 3.92 2.79
KS2 2 (mm) 0.348 0.0092 4,98 0.070 1.05 3.01
KS1 K (oomm (MM s™) 0.00334 0.00119 0.0076 0.0024 0.00225 0.67
KS2 K(z0mm (MM s™) 0.0083 0.00105 0.0271 0.00728 0.00556 0.67
KS1 A (min-disk) (mm) 0.97 0.088 2.677 0.896 0.703 0.72
KS2 A (minidisk) (mm) 0.656 0.0339 2.307 0.443 0.593 0.90
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Figure 5-21: Boxplot of dry bulk density with regards to DB land uses classes (top left), logarithm of
saturated hydraulic conductivity (top right), hydraulic conductivity at -20 mm (bottom left) and pore
size distribution diameters (bottom right) for the KS land uses classes

We provide the values of the statistics of the parameters in the various classes in Table 5-7
and Figure 5-21 shows the corresponding boxplots.

The p values of the Kruskal-Wallis test is <0.001 for dry bulk density and saturated hydraulic
conductivity which shows a significant difference at the 1% level. It is 0.003 for hydraulic
conductivity at -20mm which shows a significant at the 5% level.

The results highlight that “natural soils” have a much lower dry bulk density than cultivated
soils. Forested soils have also a much larger saturated hydraulic conductivity than cultivated
soil, but the reverse is true for near saturated hydraulic conductivity at -20mm. We also note
that the median value of pore size diameters is larger for the mini-disk than for the Beerkan
infiltration test, which is not logic, but may be due to the lower robustness of mini-disk data
analysis (due to the smaller device diameter as compared to the Beerkan method).
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Figure 5-22: Boxplot of dry bulk density (top left), logarithm of saturated hydraulic conductivity (top
right), hydraulic conductivity at -20 mm (bottom left) for two clay content classes (lower or higher
than 45%).

Note that we performed similar analyses dividing the sample in two clay content classes (clay
content lower or higher than 45%). The corresponding boxplot is shown in Figure 5-22. The
Kruskal-Wallis test provides p values <0.001 for dry bulk density and saturated hydraulic
conductivity but p=0.018 for near saturated hydraulic conductivity at -20 mm. This result
highlights expected and unexpected results: dry bulk density of soils with the highest clay
content is the largest as expected. Near saturated hydraulic conductivity of soils with the
largest clay content are the lowest as expected also. On the other hand, soils with the highest
clay content have also the largest saturated hydraulic conductivity, which is unexpected, but
can be understood as we underlined in section 3 that soils with high clay content were
generally covered with forests in our sample.

Combining classes derived for dry bulk density and hydraulic conductivity, we are able to
build three classes for which retention and hydraulic conductivity curves can be built.
e DB1-KS1: land uses 20, 21, 22 (broad leaf and coniferous forest with moors and
fallow)
e DBI1-KS2: land uses 11, 12: natural and catered pasture
e DB2-KS2: land uses 10, 20: cultivated pasture and vineyard.
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Table 5-8: Parameters of the representative retention curves and hydraulic conductivity curves for the

three DB-KS classes

DB1-KS1 (forest) DB1-KS2 (natural DB2-KS2 (cultivated
pasture) land)
n 20.9 20.9 20.9
" 25.25 25.25 25.25
hy (Mmm) -67.8 -75.5 -75.5
6 () 0.643 0.643 0.50
K (-20 mm) (mm ™) 0.00244 0.007328 0.00728
Ks(mms™?) 0.0925 0.166 0.166
—— DB1-KS1 Forest
< 42 DB1-KS2 Matural pasture
9 ?5 _|~%- DB2-KS2 cmtwated?
E g i
2 3] Z
‘-:i—j | T
— DB1-KS1 Forest
""" DB1-KS2 Natural pasture
8 ------ DB2-KS2 Cultivated ©
= T T T T T 1 < -
0.0 0.2 04 06 0.0

Volumetric water content (m3/m3)

Volumetric water content (m3/m3)

Figure 5-23: Representative retention curves (left) and hydraulic conductivity curves (right) for the
three combined DB and KS classes.

The corresponding curves are shown in Figure 5-23 and the parameters of the curves are
provided in Table 5-8. We assumed in this curves that the hydraulic conductivity curve
changes at h=-20mm from the traditional Brooks and Corey model towards a linear model (in
log scale between near saturation and saturation). This model is able to translate the existence
of a jump of hydraulic conductivity close to saturation due to the activation of macropores.

These curves can be used as a first approximation for the spatialization of soil hydraulic
properties in the Claduégne catchment.
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6. Conclusions

In this report, we describe in details how the field infiltration test campaign was conducted in
the Claduegne catchment. We also provide the analysis methods used to exploit the
infiltration tests and derive the parameters of the retention and hydraulic conductivity curves.
We compared two methods for Beerkan and min-disk estimation: the method proposed by
Lassabatere et al. (2006) (LO6) and an adaptation of the Differential Linearization (DL)
method proposed by Vandervaere et al. (2000b). Although the DL-ST method led to a large
number of negative hydraulic conductivity, we showed that, when both methods were
providing estimates, the results were consistent between the two methods. We identified
systematic differences between the methods. A perspective of development is to study more
in depth the impact of the choice of the £=0.6 and @=0.75 values in the analysis, values
which are discussed by Lassabatére et al. (2009) and Nasta et al. (2012).

Finally we compared the in situ values to representative pedotransfer functions, showing the
the RB85 pedotransfer is more representative of the spatial variability of in situ data.
However, they are not able to explain satisfactorily the observations. On the other hand, we
showed that it was possible to segment the in situ data into two classes for the dry bulk
density and hydraulic conductivity respectively. In particular, forested soils are shown to have
significantly lower dry bulk density and larger hydraulic conductivity than agricultural soils.
These results were further investigated at the scale of the whole Cévennes-Vivarais region by
pooling all the available data in this region (Braud et al., 2016).
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8. Appendix 1: complementary results about statistical analysis of the Beerkan
infiltration tests

Table A 1: Results of the equality of variance, mean and median for the estimated dry bulk density
amongst soil cartographic units. The value in the table is the p.value of the statistical test in the range
[0,1]. If p<0.05 (resp. 0.1), then the equality of variance/mean/distribution is rejected at the 5% (resp.
10%) level. The corresponding cells are underlined in grey and blue respectively. When the equality of
variance was rejected, the t.test was replaced by a Welch-modified test (see documentation of the t.test
function, R software)

ucC

8 Variance
Mean
Distribution

26 Variance
Mean
Distribution

27 Variance
Mean
Distribution |

29 Variance 0.47 0.19 0.63
Mean 0.26 0.87 1.00
Distribution 0.35 0.63 0.87

33 Variance 0.06 0.89
Mean 0.43 0.27
Distribution 0.33 0.22

64 Variance 0.14
Mean 0.87
Distribution 0.94

Table A 2: Results of the Tuckey HSD test for dry bulk density when UC is considered as the
discriminant factor. We underline in blue (resp. in grey) grey the p value (last column) where
difference in mean is significant at the 5% (resp. 10% level)

UC combination | diff Iwr upr p

65-33 7.20E-02 -0.18871384 0.3327481 0.9776525
29-33 7.21E-02 -0.15524187 0.2993581 0.9561901
64-33 9.06E-02 -0.17010498 0.351357 0.9329065

29-65 4.10E-05 -0.25542214 0.2555041 1
64-65 1.86E-02 -0.2670076 0.3042253 0.9999938

64-29 1.86E-02 -0.23689526 0.274031 0.9999881
|
|
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26-8 8.10E-02 -0.19491074 0.3569527 0.9697304

Table A 3: Results of the equality of variance, mean and median for the estimated dry density
amongst land use classes. The value in the table is the p.value of the statistical test in the range [0,1].
If p<0.05 (resp. 0.1), then the equality of variance/mean/distribution is rejected at the 5% (resp. 10%)
level. The corresponding cells are underlined in grey and blue respectively. When the equality of
variance was rejected, the t.test was replaced by a Welch-modified test (see documentation of the t.test
function, R software). Land use classes are defined in Erreur ! Source du renvoi introuvable.

Land 11 12 20 21 22 30
use class
10 Variance 0.45 0.19 0.75 0.72 0.68
Mean |
Distribution |
11 Variance 0.66 0.64 0.47 0.78
Mean 0.74 0.17 0.08 0.75
Distribution 0.70 0.15 0.09 0.82
12 Variance 0.33 0.33 0.48
Mean 0.13 0.06 0.53
Distribution 0.12 0.09 0.82
20 Variance 0.62 0.89
Mean 0.45 0.24
Distribution 0.57 0.31
21 Variance 0.57
Mean 0.11
Distribution 0.26
22 Variance
Mean
Distribution

Table A 4: Results of the Tuckey HSD test for dry bulk density when land use is considered as the
discriminant factor. We underline in blue (resp. in grey) grey the p value (last column) where
difference in mean is significant at the 5% (resp. 10% level)

Landuse

combination diff lwr upr p

20-21 0.05208023 -0.25995028 0.3641107 0.9985037
22-21 0.14067318 -0.19450135 0.4758477 0.8506343
11-21 0.16870944 -0.16646509 0.503884 0.711754
12-21 0.20367279 -0.13150174 0.5388473 0.5068148
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22-20 0.08859295 -0.15618391 0.3333698 0.9196358
11-20 0.11662921 -0.12814765 0.3614061 0.7604749
12-20 0.15159256 -0.0931843 0.3963694 0.4840227
11-22 0.02803626 -0.24563259 0.3017051 0.99991
12-22 0.06299961 -0.21066924 0.3366685 0.9912867

1211 | 0.03496335 -0.2387055 0.3086322 0.9996746

Table A 5: Results of the equality of variance, mean and median for the estimated logarithm of
saturated hydraulic conductivity amongst soil cartographic units. The value in the table is the p.value

of the statistical

test

in the range [0,1].

If p<0.05 (resp. 0.1), then the equality of

variance/mean/distribution is rejected at the 5% (resp. 10%) level. The corresponding cells are
underlined in grey and blue respectively. When the equality of variance was rejected, the t.test was
replaced by a Welch-modified test (see documentation of the t.test function, R software)

ucC 26 27 29 33 64 65

8 Variance 0.29 0.19 0.44
Mean 0.17 0.37 0.09 0.21 0.10
Distribution | 0.17 0.37 0.18 0.43 0.24

26 Variance 0.21 0.21 0.07 0.98 0.63
Mean 0.48 0.22 0.11 0.56 0.48
Distribution 0.78 0.27 0.57 0.26

27 Variance 0.85 0.68 0.15 0.33
Mean 0.15 0.96 0.95
Distribution 0.20 1.00 0.93

29 Variance 0.49 0.14 0.35
Mean 0.38 0.28
Distribution 0.12 0.53 0.29

33 Variance 0.03 0.10
Mean 0.09
Distribution 0.13

64 Variance 0.57
Mean 0.94
Distribution 1.00
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Table A 6 : Results of the equality of variance, mean and median for the estimated logarithm of
saturated hydraulic conductivity amongst land use classes. The value in the table is the p.value of the
statistical test in the range [0,1]. If p<0.05 (resp. 0.1), then the equality of variance/mean/median is
rejected at the 5% (resp. 10%) level. The corresponding cells are underlined in grey and blue
respectively. When the equality of variance was rejected, the t.test was replaced by a Welch-modified
test (see documentation of the t.test function, R software). Land use classes are defined in Erreur !
Source du renvoi introuvable.

Land 11 12 20 21 22 30
use class
10 Variance 0.19 0.11 0.36 0.91 0.26 0.33
Mean 0.50
Distribution | 0.85
11 Variance .
Mean
Distribution
12 Variance
Mean
Distribution
20 Variance
Mean
Distribution
21 Variance
Mean
Distribution
22 Variance
Mean
Distribution
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9. Appendix 2 : comparison of the DL and L06 method for the Beerkan infiltration tests

The comparison of the results of the DL and L06 methods on the whole sample of Beerkan
infiltration tests is presented in Figure A 1 and Table A 1provides the statistics of the
parameters for the two methods. Note the large proportion of samples leading to negative
values of hydraulic conductivity.

Table A 7 : Statistics of the results of the LO6 and DL methods on the mini-disk infiltration tests.

Negative values were discarded from the analysis.

Standard Nbre
Mean Minimum | Maximum | Median deviation CV | points
C, =S L06 method 2.84 0.16 6.59 3.02 1.86 0.65 44
C, =S DL method 5.59 0.435 17.15 7.89 4.04 0.72 44
C2 L06 method 1.09 0.002 8.88 0.39 1.86 1.70 44
C2 DL method 152 0.002 17.06 0.26 3.72 2.45 44
K L06 method 0.95 0.0237 2.11 0.70 0.85 0.89 9
K DL method 2.23 0.01 5.90 1.20 2.49 1.12 9
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Figure A 1 : Comparison of the DL and LO6 method for the Beerkan infiltration tests. We show the
comparison of S=C; (top left), K (top right), A (bottom left) and C, (bottom right)

62




Report on the infiltration tests campaign conducted in May-  Version : 2
| June 2012 in the Claduegne catchment Date :2016/07/26

FloprScale Page: 63
10. Appendix 3 : formula used in the pedotransfer function

Rawls and Brackensieck (1985)

Function type f , with Ci+CC+c3S+cpp+Cs.C2+ ce.Copt c7.S2+
C =clay (%) Ce.S.¢+ Co.p2 + C10.C.p2 + €11.C 2S5 + €12.C 2. ¢ +
S =sand (%) €13.C.S 2 + C14.C 2.6 2 + €155 2.9 + ¢16.C 25 2 +
¢ = porosity (m*>.m?) C17.52.42
exp (f) exp (f) () exp (f)
Coefficient P A Or Ks
Unit cm - m®m™ m
C1 5.3396738 - 0.7842831 -0.01824820 -8.968470
C2 0.1845038 0 0.00513488 -0.028212
C3 0 0.0177544 0.00087269 0
Cy4 - 2.48394546 -1.0624980 0.02939286 19.53480
Cs 0.00213853 - 0.00273493 -0.00015395 -0.0094125
Cs -0.61745089 0 0 0
Cr 0 -0.00005304 0 0.00018107
Cs - 0.04356349 -0.03088295 -0.00108270 0.077718
Cy 0 1.11134946 0 -8.395215
C10 0.50028060 -0.00674491 -0.00235940 0
C11 0.00000540 0 0 -0.0000035
C12 0.00895359 0.00798746 0.00030703 0.0273300
C13 - 0.00001282 -0.00000235 0 0.0000173
C14 - 0.00855375 -0.00610522 -0.00018233 -0.0194920
Cis - 0.00072472 0 0 0.0014340
Ci6 0 0 0 0
C17 0.00143598 0.00026587 0 -0.00298

Cosby et al. (1984)

Function type f, with

C =clay (%)
S =sand (%)
Si = silt (%)

C1 +C2.C + 3.5+ ¢4.Si
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10nMf 1/f f 10nMf
Coefficient hbe 05 Ks
Unit cm % inh™
C1 1.54 3.1 50.5 -0.6
Co 0.157 -0.0337 -0.0064
C3 -0.0095 -0.003 -0.142 0.0126
Cs 0.0063 0 0

Weynants et al. (2009). In the formula, clay and sand contents are in %, dry bulk density in g

cm™ and organic carbon content in 100 g g™.

Parametert Variable Coefficient  Value Cl t statistic P wvalue

B, intercept a, 0.6355 0.0219 56.9679 <0.0001
clay bz 0.00132 0.0002 11.5132 <0.0001

bulk density Cy -0.1631 0.0140 -22.8826 <0.0001

a* =In(a) intercept as -4.3003 0.1596 -52.8332 <0.0001
clay b3 -0.0097 0.0063 -3.0132 0.0026

sand C3 0.0138 0.0018 14.8296 <0.0001

organic C e -0.0992 0.0257 -7.5635 <0.0001

n* =In{n - 1) intercept a, -1.0846 0.0625 -33.9996 <0.0001
clay b4 -0.0236 0.0022 -21.2222 <0.0001

sand Cyq -0.0085 0.0016 -10.3062 <0.0001

sand? d4 0.0001 0.0000 17.4583 <0.0001

K* =In(K_) intercept as 1.9582 0.7543 5.0891 <0.0001
sand Cs 0.0208 0.0039 15.5281 <0.0001

bulk density d5 -0.6142 0.4769 -2.5247 0.0116

organic C €x -0.1566 0.0718 -4.2766 <0.0001

3\ intercept ag -1.8642 0.4536 -8.0567 <0.0001
clay bﬁ -0.1317 0.0231 -11.1891 <0.0001

sand Cs 0.0067 0.0044 2.9822 0.0029

t 8, residual water content (m3 m=3); 8., saturated water content (m® m™3); K_, conductivity
acting as a matching point at 0 potential (cm d™1); o (em™), n, and ), shape parameters.
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