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tained from both theoretical and experimental soils. An additional analysis of the influence of synthetic infiltra-
tion noise on the estimation of S was also performed on the theoretical soils. Five different methods were
compared: Short Time model for horizontal infiltration (ST), the Cumulative Linearization method (CL) and
the Differentiated Linearization (DL) linear regressions models, Short-time (SIM) methods that use the simplified
Haverkamp et al. (1994) model, and Complete-time (CIM) upward infiltration method that uses the quasi-ana-
lytical Haverkamp et al. (1994) function. Since finite soil columns were considered, the saturated hydraulic con-
ductivity needed to estimate S with the Haverkamp et al. (1994) model was calculated from an overpressure step
at the end of the water absorption process, using the Darcy's law. The methods were contrasted on four theoret-
ical and six sieved experimental soils, ranging from sand to clay textures. Although all methods showed accept-
able estimates of S on clean theoretical upward infiltration curves, the ST, SIM and CIM were the methods that
gave significant (p < 0.001) regression analysis on noisied infiltration curves, and only SIM and CIM presented
arelative error < 1%. From these results we can conclude that although acceptable approaches of S were obtained
with the simplest ST method, the CIM procedure was the most accurate method to estimate S in both clean and
noised theoretical and experimental upward infiltration curves.
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1. Introduction

Estimation of the soil hydraulic properties is of paramount impor-
tance within the soil hydrological research field. Among the different
soil hydraulic properties, we have the sorptivity, S, which is defined as
ameasure of the capacity of a medium to absorb or desorb liquid by cap-
illarity (Philip, 1957). This parameter can be analytically calculated as a
function of the initial and final soil water content and the diffusivity
(Parlange, 1975). For horizontal infiltration, Philip (1957) reduced this
absorption term to a linear relationship between cumulative infiltration,
1, and the square root of time, t, such as I = S ¢/

On non-horizontal water flow, the soil sorptivity is commonly esti-
mated at the very early stages of infiltration, where suction or capillarity
forces prevail over gravity. Thus, for instance, in cement and concrete
researches, where water flow is mainly controlled by the capillarity, S
is commonly estimated from an upward infiltration process using the
Philip (1957) model (Pitroda and Umrigar, 2013; Zhou, 2014).
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However, the I = S t'2 equation must be carefully considered in soils
with important gravity flow effects (i.e. sands), where the water flow
can rapidly be dominated by soil hydraulic conductivity, K. In this
case, the chosen time interval is likely to strongly influence the calculat-
ed S (Bonnell and Williams, 1986). To avoid these problems, Moret-
Fernandez and Latorre (2016) used the quasi-analytical solution of the
Haverkamp et al. (1994) model to accurately estimate S from an upward
infiltration curve. These authors demonstrated that during the early-
medium time stages of the infiltration the S was quasi-independent of
the 3 parameter of the Haverkamp et al. (1994) model that is defined
as an integral shape constant depending on the soil diffusivity, the hy-
draulic conductivity function and the initial and final volumetric water
content.

Alternatively, S can be estimated from downward infiltration mea-
surements using a disc infiltrometer with single disc and infiltration
tension (Minasny and McBratney, 2000; Bagarello and lovino, 2003).
In this case, the simplified or the complete quasi-analytical solution of
the Haverkamp et al. (1994) model can be used. When the simplified
Haverkamp et al. (1994) model is employed, methods based on linear
regressions of the infiltration curve with respect to t'/? can be applied
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(Vandervaere et al., 2000; Minasny and McBratney, 2000). In contrast, if
the quasi-analytical Haverkamp et al. (1994) model is employed, more
complex numerical analyses are required (Latorre et al., 2015).

Comparison between upward and downward infiltration proce-
dures to estimate soil S under laboratory conditions highlights four rea-
sons for which upward infiltration measurements are preferable over
downward process: (i) difficulties to hold the disc infiltrometer on the
soil cylinder; (ii) collapsing of the soil macropores due to infiltrometer
weight (Moret and Arrte, 2005), which can disturb the estimations of
the soil hydraulic properties; (iii) loss of hydraulic contact between
infiltrometer disc and soil surface as the soil becomes saturated due to
partial soil collapse; and (iv) provide some information not available
in downward processes. It is to say, while upward infiltration, due to
the capillary rise processes, can detect the influence of smaller porous,
the advance of the wetting front in the downward infiltration may
mask the influence of these pores, probably because the wetting front
advance is faster than the capillary movement.

The soil sorptivity is also an interesting soil hydraulic parameter,
since it allows estimating related hydraulic properties. For instance,
Moret-Ferndndez and Latorre (2016) demonstrated that the parame-
ters of the van Genuchten (1980) water retention curve could be esti-
mated from the saturated hydraulic conductivity measured by Darcy's
law and the S and 3 parameters estimated from the inverse analysis of
an upward infiltration curve. Thus, given the importance of S to estimate
the soil hydraulic properties from upward infiltration measurements,
the objective of this work is to compare different models to estimate S
from a single upward infiltration measurement. To this end, five differ-
ent models running from the simplest Philip (1957) equation to the
quasi-exact Haverkamp et al. (1994) formulation adapted to an upward
infiltration process were compared on theoretical and experimental
soils.

2. Material and methods
2.1. Theory

The 1-D upward cumulative infiltration, I (L), for a homogeneous, in-
finite length soil column with uniform initial water content can be de-

scribed by the following equation derived from the quasi-exact
Haverkamp et al. (1994) model (Moret-Fernandez and Latorre, 2016)
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where tis time (T), S = So(60o, 0;) (LT~ %) is the sorptivity, 6 (L* L™3) is
the volumetric water content at the infiltration boundary, 6; (L> L™3) is
the initial volumetric water content, AK = K; — Ko, with Ko (LT~ ') and
K; (LT ) hydraulic conductivity corresponding to 6, and 6;, respective-
ly, and 3 is an integral shape parameter. The respective initial and
boundary conditions for upward infiltration are

z=0,t>0,0
z20,t=0,0
zZ—o t>0,0
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where z is a vertical coordinate (L) positive upward, and 6, (L> L™3) is
the saturated volumetric water content. In our case, 6y and K, corre-
spond to the saturated volumetric water content, 6; (L> L™3), and the
saturated hydraulic conductivity, K; (LT~ 1), respectively. Although Eq.
(1) is suitable for those soils (sand to silt) where the 3 parameter ranges
between 0.3 and 1.7 (Lassabatere et al., 2009), Moret-Fernandez and
Latorre (2016) reported that during the medium time stages of an up-
ward infiltration S was not affected by (3, and consequently Eq. (1)
could be applied to all type of soils, including clays.

For early to intermediate infiltration time and assuming K;, — 0, Eq.
(1) results (Haverkamp et al., 1994)
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which can be expressed as

I=CVE—Cyt (4)
where
=S (5)
and
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Using algebraic combinations or the derivation with respect to the
square root of time, Eq. (4) can be respectively expressed as:
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The value of the constants C; and C, are estimated to calculate
sorptivity and hydraulic conductivity. For this purpose, different fitting
procedures which use Eq. (4) or its time-derived version can be
adopted. These methods were referred as CL for Cumulative Lineariza-
tion (Eq. 7) and DL for Differentiated Linearization (Eq. 8)
(Vandervaere et al., 2000).

For horizontal infiltration or absorption processes, Eq. (1) is reduced
to the Philip (1957) one-term model

=5Vt )

This simple equation is commonly applicable during the very early
time of upward or downward infiltrations, where suction or capillarity
forces prevail over gravity.

Parlange (1975) demonstrated that, for homogeneous, uniform ini-
tial water content and infinite length soil column, the soil sorptivity
could be expressed as

S2(605,0;) = [ D(9) [0 + 6—26;do (11)

where D(0) (L2 T™) is the diffusivity defined by Klute (1952) as

D(O) = K(0) g5

Table 1

Values of initial (6;), saturated (6s) and residual (6,) water content, o and n parameters of
the van Genuchten (1980) water retention curve, saturated hydraulic conductivity (K;)
and the sorptivity (S) (Eq. 15) calculated from the soil hydraulic properties from the differ-
ent theoretical soils.

0; O 0, « n K S

cm® cm 3 cm mm s~ ! mm s~ %%

Sand 0.045 0.43 0.045  0.145 268 825-1072 1.521
Loam  0.078 0.43 0.078  0.036 156 2.88-107% 0367
Silt 0.034 046 0.034 0.016 137 693 -107% 0238
Clay 0.068 038  0.068  0.008 1.09 555-107* 0.076
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