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A B S T R A C T

The heterogeneous distribution of water-repellent materials at the soil surface causes a phenomenon known as
fractional wettability. This condition frequently triggers destabilization of the wetting front during water infil-
tration, resulting in the formation of fingered bypass flow. However, few analytical tools exist to understand and
model this behavior. Moreover, existing infiltration models fail to fit certain infiltration curves that exist in
experimental data. For these reasons, we introduce a novel infiltration model to simulate water infiltration under
fractional wettable conditions. We conceptualize the soil surface as a composite of two distinct portions: a water-
repellent fraction, where hydrophobic effects impede water infiltration, and a wettable fraction, where capil-
larity and gravity are the dominant forces controlling the process. The new model was validated using a dataset
comprising infiltration data from 60 field measurements. Additionally, validation was performed using 660
analytically generated infiltration curves from six synthetic soils with varying textures. This innovative approach
enabled us to account for the combined influence of these two fractions and to enhance the interpretation of
infiltration curves with mixed shapes, which other common methods are unable to reproduce.

1. Introduction

Water repellency is a property that commonly affects the soil surface
layer. It results from hydrophobic coatings on soil particles that origi-
nate from organic matter (Doerr et al., 2000). The most significant effect
of soil water repellency is a reduction in infiltration rates. However,
although dry soils can initially display strong water repellency, this ef-
fect diminishes during the wetting of the soil (DeBano, 2000). Addi-
tionally, the infiltration of water into water-repellent soils often triggers
instability of the wetting front, leading to fingered bypass flow, a phe-
nomenon frequently observed when analyzing wetting patterns in soil
profiles after infiltration tests (e.g., Dekker and Ritsema, 2000; Doerr
et al., 2006; Ganz et al., 2013; Lichner et al., 2018; Robinson et al.,
2010).

Modeling water infiltration under these circumstances remains a
significant challenge. Indirect strategies have been employed in nu-
merical modeling to assess the impact of soil water repellency on the
estimation of soil hydraulic parameters (e.g., Diamantopoulos et al.,

2013; Filipović et al., 2018; Nguyen et al., 1999; Nieber et al., 2000). A
related strategy is to assess hysteresis in soil water retention, under the
assumption that soil water repellency will primarily influence the wet-
ting direction (Bauters et al., 1998). Modeling software programs, such
as HYDRUS 2D/3D (Šimůnek et al., 2024), have also been used to assess
soil water repellency based on hysteresis. For example, Ganz et al.
(2014) used the hysteresis model of Lenhard and Parker (1992), which is
implemented in HYDRUS, to account indirectly for the effect of soil
water repellency. While they successfully simulated the conical finger
geometry, they concluded that dynamic approaches are necessary due to
the highly variable nature of water repellency in both space and time.

At the field scale, fingered bypass flow is linked to the uneven dis-
tribution of hydrophobic material on the soil surface, as discussed by
Ritsema and Dekker (1994). In such scenarios, the soil surface can be
conceptualized as a mosaic, featuring alternating hydrophobic and
wettable regions. During a rainstorm, water falling on initially dry hy-
drophobic regions is impeded from infiltrating, whereas water infiltrates
more readily into wettable regions. Infiltration rates into wettable areas
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are governed by the hydraulic characteristics of the soil matrix,
including permeability, sorptivity, and initial moisture content. In hy-
drophobic regions, infiltration is also influenced by the specific prop-
erties of the hydrophobic material present. This configuration is referred
to as fractional wettability (FW). Beatty and Smith (2013) delineated a
fractional wettable system as one in which a portion or fraction com-
prises soil particles with water-wettable surfaces, while another fraction
comprises soil particles characterized by water-repellent surfaces.

Macroscopically, infiltration in fully wettable soils generates
concave-shaped cumulative infiltration curves, whereas infiltration in
dry hydrophobic soils produces convex-shaped cumulative infiltration
curves. The behavior of water-repellent soils may fall between these two
extremes and may exhibit a transition from concave to convex shapes or
vice versa. These mixed shapes are influenced by various factors,
including soil moisture content and the proportion of the soil exhibiting
either hydrophilic or hydrophobic characteristics (Chen et al., 2020).
According to Pachepsky and Karahan (2022), up to five distinct shape
types can be found in water-repellent soils, including: convex (K),
convex-to-linear (E) and concave-to-convex (L) shapes in case of soils
having high organic carbon content, and linear (H) and regular concave
(A) shapes in case of low water repellent conditions (uppercase letters
were used in their work as shape type codes). Soil water repellency is
also a highly dynamic property that changes over time, typically
decreasing as the soil water content increases (Dekker and Ritsema,
1994). This variable wettability not only makes static measurements of
water repellency inadequate but also hinders the accurate reproduction
of convex-shaped cumulative infiltration curves when using conven-
tional infiltration models (Angulo-Jaramillo et al., 2019).

Numerical simulations using the inverse modeling option in HYD-
RUS have been conducted to model water infiltration in water-repellent
soils (e.g., Wang et al., 2018; Yang et al., 2021). However, these simu-
lations failed to reproduce convex or mixed infiltration shapes. This
limitation arises because the Richards equation is inadequate for hy-
drophobic soils due to the dynamic nature of soil water repellency
(Diamantopoulos and Durner, 2013). Recently, new analytical formu-
lations have been proposed, leading to significant improvements in
modeling water infiltration in water-repellent soils (e.g., Abou Najm
et al., 2021; Berli and Shillito, 2023; Di Prima et al., 2021; Hammecker
et al., 2022; Moret-Fernández and Latorre, 2023; Yilmaz et al., 2022).
For instance, Moret-Fernández and Latorre (2023) tested a new
physically-based model to describe infiltration curves with complex
shapes. These authors tested the model in the laboratory through one-
dimensional infiltration tests, demonstrating the model’s ability to fit
convex-to-linear cumulative infiltration curves. Abou Najm et al. (2021)
proposed implementing an empirical exponential scaling factor (1 −
e− αWRt) into infiltration models, which accounts for the time-varying
water repellency at the soil surface. Di Prima et al. (2021) utilized this
correction factor to modify the three-dimensional (3D) two-terms (2T)
explicit transient infiltration model created using a second-order Taylor
expansion of the quasi-exact implicit (QEI) model developed by
Haverkamp et al. (1994). They validated the new model against both
synthetic and real soils. Similarly, Yilmaz et al. (2022) proposed modi-
fications to the three-terms (3T) formulation by Rahmati et al. (2019)
using a third-order Taylor expansion of the same QEI model. The 3T
model underwent testing on the same set of synthetic soils used by Di
Prima et al. (2021), demonstrating better performance in many sce-
narios compared to the 2T version. However, both models exhibited
poor fitting in cases of fractional wettability occurrences, particularly
when the shape of the cumulative infiltration curve was neither
consistently concave nor convex. Indeed, while the incorporation of the
correction factor (1 − e− αWR t) has been shown to accurately reproduce
convex-shaped curves, modeling other shapes still remains a challenge.

In this investigation, we propose a new infiltration model to simulate
water infiltration under fractional wettable conditions. The novel
approach views the soil surface as an ensemble of two distinct fractions:
(1) a water-repellent (WR) fraction, where hydrophobic effects impede
water infiltration, leading to an increase in the infiltration rate over time
and convex-shaped cumulative infiltration curves; and (2) a wettable
(W) fraction, where capillarity and gravity forces predominate, resulting
in a decreasing infiltration rate over time until reaching a steady state
and exhibiting concave-shaped cumulative infiltration curves. This new
approach allows us to account for the combined influence that these two
fractions have on the shape of cumulative infiltration curves. Curves
generated using this model can exhibit different degrees of convexity,
depending on the severity of the hydrophobic effect, as well as mixed
forms such as concave-to-convex and convex-to-concave. The new
model was validated using the infiltration dataset collected by Di Prima
et al. (2021), which included data from 60 field measurements and was
really needed to allow accurate fits. Additionally, validation was per-
formed against 660 analytically generated infiltration curves from six
synthetic soils with different textures and degrees of water repellency, to
simulate a comprehensive set of scenarios.

2. Theory

We assume that water repellency exists as a discrete layer that exists
at or just below the soil surface and covers some portion of the infil-
tration area (Fig. 1). With this assumption, water infiltration into a
fractional wettability soil, IFW(t), can be modeled by the following
equation:

IFW(t) = IW(t) × wFW + IWR(t) × (1 − wFW) 0 ≤ wFW ≤ 1 (1)

where IW(t) is the three dimensional (3D) cumulative infiltration into
the wettable fraction, IWR(t) is the 3D cumulative infiltration into the
water-repellent fraction, and the subscripts W and WR respectively refer
to wettable and water-repellent. The parameter wFW represents the
fraction of the total water volume infiltrating into the wettable soil.
Consequently, (1 − wFW) represents the remaining volume fraction
infiltrating water through the water-repellent surface. The parameter
wFW expresses the relative importance of the forces interacting in the
fractional wettability soil. The proposed approach is schematically
illustrated in Fig. 1.

We can model IW(t) using the following transient infiltration equa-
tion for concave-shaped curves (Lassabatere et al., 2006):

IW(t) = S
̅̅
t

√
+
[
A(1 − B)S2+Bis

]
t (2)

where t(T) is the time elapsed since the start of the infiltration event,
S
(
LT− 0.5

)
is the soil sorptivity, is

(
LT− 1

)
is the steady-state infiltration

rate, B is a coefficient that can be set equal to 0.467 for most soils with
dry initial conditions (Di Prima et al., 2016), and A

(
L− 1

)
is defined as

follows:

A =
γ

r(θs − θi)
(3)

where r(L) is the radius of the infiltration source, θs
(
L3L− 3

)
and

θi
(
L3L− 3

)
are the saturated and initial volumetric soil water contents,

and γ is a shape parameter for geometrical correction of the infiltration
front shape, which is commonly set to 0.75 (Haverkamp et al., 1994).
Note that, although many alternative formulations are available in the
literature (Angulo-Jaramillo et al., 2019), we chose Eq. (2) because it
has been extensively tested and proven to provide accurate estimates of
soil hydraulic parameters, particularly saturated soil hydraulic
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conductivity (Di Prima et al., 2016).
We can then model IWR(t) using the equation proposed by Di Prima

et al. (2021) for convex-shaped curves:

where (1 − e− αWR t) is an exponential scaling factor proposed by Abou
Najm et al. (2021) to modify the infiltration rate for better simulations of
water-repellent conditions, and in which the empirical parameter αWR
(T− 1) reflects the rate of water repellency attenuation during infiltra-
tion. Again, our choice is consistent since Eq. (4) results from the
application of the correction factor to Eq. (2). In other words, Eqs. (2)
and (4) can be seen as approximate expansions for the transient state of
the QEI model without versus with water repellency.

By applying Eqs. (2) and (4), Eq. (1) becomes:

IFW(t) =
{
S

̅̅
t

√
+
[
A(1 − B)S2 + Bis

]
t
}

× wFW +

⎧
⎨

⎩
S

̅̅
t

√
−

S
̅̅̅
π

√

2 ̅̅̅̅̅̅̅̅αWR
√ erf

( ̅̅̅̅̅̅̅̅̅̅
αWRt

√ )
+
[
A(1 − B)S2

+ Bis
]
t −

[
A(1 − B)S2 + Bis

]
(1 − e− αWR t)

αWR

⎫
⎬

⎭
× (1 − wFW) (5)

We note that in the case of fully wettable conditions and concave-
shaped curves, Eq. (5) aligns with Eq. (2). This condition manifests
under two circumstances: the first, more intuitive scenario is when
wFW = 1 and IWR(t) = 0. The second scenario arises when wFW = 0, yet
IWR(t) resembles the conventional formulation of Eq. (2) due to a large
αWR value (Di Prima et al., 2021).

Note also that, theoretically, Eq. (2) addresses to the modeling of
transient state before the attainment of steady state (Lassabatere et al.,
2009). Similarly, Eq. (4) was obtained by applying the correction pro-
posed by Abou Najm et al. (2021) for water repellency to Eq. (2),
meaning that this expression should also be restricted to the transient
state. Consequently, the proposed model should be restricted to a time
interval before steady state.

3. Material and methods

3.1. Experimental assessment

For the experimental assessment of Eq. (5) we used the same dataset
collected by Di Prima et al. (2021) at the Berchidda experimental site
(40◦48′57.28″N, 9◦17′33.09″E; Sardinia, Italy). The presence of frac-
tional wettability at the Berchidda site was supported through obser-
vations made during the field campaign conducted by Di Prima et al.
(2021). Fingered flows were noted from three cross-sectional profiles
that were excavated at the conclusion of dye infiltration experiments.

The site is a Mediterranean wooded grassland system characterized
by herbaceous grasslands dominated by annual species and interspersed
evergreen oak trees (Quercus suber L. and Quercus ilex L.). With a mean
annual rainfall of 632 mm, 70 % of which occurs from October to May,
and a mean annual temperature of 14.2 ◦C, the Berchidda site aligns
with the climatic conditions of the Mediterranean region. Soils sampled
from the upper horizon exhibited textures ranging from sandy loam to
loamy sand, and were categorized as Typic Dystroxerepts according to
USDA standards.

At the Berchidda site, Di Prima et al. (2021) conducted sixty infil-
tration tests at randomly selected sampling points, specifically around
three designated trees. Among these, thirty tests were taken below the
tree canopies (ten beneath each tree), while the remaining thirty were
carried out in the open grasslands (ten in the proximity of each tree
within the open spaces). The measurements were performed using the
automated single-ring infiltrometer introduced by Di Prima (2015).
Additional details regarding the device and data processing can be
accessed online at the following address: https://bestsoilhydro.net/infil
trometer/. The interpretation and subsequent categorization of the
curves were based on the observed arrays of shapes and on the model
parameters wFW and αWR. This procedure also considered the criterion
proposed by Pachepsky and Karahan (2022) for categorizing infiltration
curves from the global SWIG database (Rahmati et al., 2018).

Water drop penetration time (WDPT) tests (Wessel, 1988), which
provide valuable insights into the persistence, distribution, and vari-
ability of water repellency (Dekker and Ritsema, 2000), were conducted

Fig. 1. Concept of the fractional wettability approach.

IWR(t) = S
̅̅
t

√
−

S
̅̅̅
π

√

2 ̅̅̅̅̅̅̅̅αWR
√ erf

( ̅̅̅̅̅̅̅̅̅̅
αWRt

√ )
+
[
A(1 − B)S2 +Bis

]
t −

[
A(1 − B)S2 + Bis

]
(1 − e− αWR t)

αWR
(4)
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at eighteen sampling points. For each tree, three tests were carried out
below the canopy and three additional tests were conducted in the open
grassland near the tree. For each test, ten drops (0.05 mL) of distilled
water were placed on the soil surface using a pipette, and the time until
complete infiltration of each drop was measured. A representative
WDPT value for each situation was obtained by averaging the thirty
WDPT measurements.

3.2. Analytical validation

The analytical validation of Eq. (5) involved twomain steps. The first
step consisted of generating 660 infiltration curves for six synthetic soils
using Eq. (1), ten empirical αWR shape factor and eleven wFW ratios (i.e.,
6 × 10 × 11 = 660 curves). The diverse selection of soils, chosen from
Carsel and Parrish (1988), represents a broad range of hydraulic be-
haviors and includes the following soils: sand, loamy sand, sandy loam,
loam, silt loam, and silty clay loam (Table 1). The second step involved
the inversion of these synthetic curves using Eq. (5) and the estimation
of S, αWR and wFW. The results were subsequently compared with the
parameters used to generate the original curves.

Note that pre-existing modeling software such as HYDRUS was not
used in this investigation for validating the new analytical infiltration
model. Indeed, the Richards equation is not considered applicable for
hydrophobic medium due to the dynamic nature of soil water repel-
lency. The simulation of convex and mixed-shaped cumulative infiltra-
tion curves would require formulating an ad-hoc adaptation of the
Richards equation that incorporates a new law or new soil hydraulic
functions capable of simulating effects analogous to the empirical
scaling factor proposed by Abou Najm et al. (2021) and the fractional
wetting concept. To date, there does not exist any implementation of the
Richards equation capable of simulating and reproducing convex or
mixed cumulative infiltration shapes.

3.2.1. STEP 1: generating synthetic curves for six soils
To generate the synthetic curves, we modeled water infiltration into

the wettable fraction, Iw(t) (i.e., the first term on the right side of Eq. (1),
using the model proposed by Smettem et al. (1994), which includes the
QEI model developed by Haverkamp et al. (1994) and is presented as Eq.
(8) in Di Prima et al. (2021). Otherwise, we modeled water infiltration
into the water-repellent fraction, IWR(t) (i.e., the second term on the
right side of Eq. (1), using the QEI model developed by Haverkamp et al.

(1990) and adapted to water repellent soils by Di Prima et al (2021),
which is also presented as Eq. (13) in Di Prima et al. (2021).

We modeled the curves under an initially dry condition, corre-
sponding to a saturation degree value, of Se = 0.1. Subsequently, this
value was converted for each soil to the equivalent initial volumetric
water content, θi (m3 m− 3), using the relationship Se = (θi − θr)/(θs − θr).
The sorptivity was then estimated using the θr values from Table 1 and
the flux concentration model of Parlange (1975), which involves the
integration of a function incorporating the hydraulic conductivity
function (Lassabatere et al., 2023).

For the empirical parameter αWR, we considered 10 different values
for each soil, adjusting αWR between 0.04 to 10000 h− 1 depending on the
soil type (Di Prima et al, 2021). This range of values was intended to
encompass a diverse array of shapes, ranging from regular concave to
convex (Table 1).

For the parameter wFW, we considered 11 different values ranging
from 0 to 1 and separated by steps of 0.1. This range covers the entire
spectrum of fractional wettability conditions, including the two most
extreme conditions: entirely wettable when wFW = 1 and fully water
repellent when wFW = 0.

According to the criterion proposed by Di Prima et al. (2021), we
determined the final time of the infiltration experiment as the greater of
either 3tmax, representing the maximum time for which Eqs. (2) and (4)
remain valid, or the time required to recover 95 % of the regular infil-
tration rate, tWR. In other words, tWR corresponds to the moment when
the quantity (1 − e− αWR t) reaches 0.95. Note that the validity time was
taken into account for the approximate expansion of the QEI model (Eq.
(2)) and the approximate expansion (Eq. (4)) as defined for the water-
repellent case.

We distinguished between transient and steady-state conditions by
visually inspecting the linear portion of the infiltration rates versus time
plot. The time to steady state, ts(T), was defined as the time at which the
cumulative infiltration curves exhibited approximate linearity with
time. This time was considered to represent the conditions under which
flow has become primarily gravity driven and all capillarity and water-
repellency effects have become negligible. The steady-state infiltration
rate, iexps

(
LT− 1

)
, was estimated by linear regression analysis of cumula-

tive infiltration data after time ts.

3.2.2. STEP 2: inversion of synthetic curves
The estimators for S, αWR and wFW, i.e., Ŝ, α̂WR and ŵFW, were ob-

tained by fitting the transient portion of the synthetic data (i.e., data
points from time 0 until time ts) to Eq. (5) by minimizing the sum of
squared errors (SSE) between synthetic data and modeled cumulative
infiltration, IFW(T).

Abou Najm et al. (2021) suggested that models modified with the
correction term (1 − e− αWRt) may face equifinality or other associated
uncertainties when solely fitted to infiltration data. In addition, Di Prima
et al. (2021) noted that Eq. (4) may lead to an overestimation of S in the
case of severe or extreme water repellency. To mitigate such in-
conveniences when fitting Eq. (5), we constrained the sorptivity to a
maximum value, Smax, determined at the late stage of the transient
phase, i.e., when the effect of water repellency has nearly ceased. This
procedure involved imposing that the infiltration rate over the time
interval [ts− 1, ts] is equal to the experimental steady-state infiltration
rate:

iW(t) = iexps ∀t ∈ [ts− 1, ts] (6)

where iW(t) is determined through Eq. (2) as follows over the time in-
terval [ts− 1, ts]:

iW(t) =
IW(ts) − IW(ts− 1)

ts − ts− 1
(7)

We solved Eq. (6) by identifying the sorptivity value that made the
term iW(t) − iexps converge to zero. This procedure assumed that during

Table 1
Soil hydraulic parameters and αWR (h− 1) values for the six studied soils used to
model the synthetic cumulative infiltration curves.

Soil
texture

Sand Loamy
Sand

Sandy
Loam

Loam Silt
Loam

Silty Clay
Loam

θr (m3

m− 3)
0.045 0.057 0.065 0.078 0.067 0.089

θs (m3

m− 3)
0.43 0.41 0.41 0.43 0.45 0.43

αvG
(mm− 1)

0.0145 0.0124 0.0075 0.0036 0.002 0.001

n 2.68 2.28 1.89 1.56 1.41 1.23
S (mm
h− 0.5)

86.5 58.2 36.0 20.9 16.3 6.0

Ks (mm
h− 1)

297 145.9 44.2 10.44 4.5 0.7

l 0.5 0.5 0.5 0.5 0.5 0.5
αWR (h− 1) 10000 5000 1000 100 80 10
 1000 500 100 10 8 1
 800 400 80 8 6.4 0.8
 600 300 60 6 4.8 0.6
 400 200 40 4 3.2 0.4
 200 100 20 2 1.6 0.2
 100 50 10 1 0.8 0.1
 80 40 8 0.8 0.64 0.08
 60 30 6 0.6 0.48 0.06
 40 20 4 0.4 0.32 0.04
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the steady phase, the soil always experienced wettable conditions, and
water infiltration at times immediately preceding this phase can be
modeled using Eq. (2), regardless of the actual soil characteristics and
curve shapes. For all tests that exhibited evidence of water repellency (e.
g., convex curve shapes), this approach required us to determine the
sorptivity of the equivalent non-repellent soil, i.e., a soil with the same
hydraulic characteristics except for soil water repellency. An example of
this process is reported in Fig. 2.

The optimization involved 77 sets of initial parameter values for α̂WR
and ŵFW, with the following starting values: α̂WR = 0.00001, 0.0001,
0.001, 0.01, 0.1, 1 and 10 s− 1, ŵFW = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,

0.8, 0.9 and 1. In all cases, we used Smax as the initial value for soil
sorptivity.

The parameter set with the smallest SSE was chosen as the global
optimum solution. The estimator for the saturated soil hydraulic con-
ductivity, K̂s, was then estimated as follows (Lassabatere et al., 2006):

K̂s = AŜ
2
− iexps (8)

The accuracy of these fits was evaluated based on the consistency of
the model shape and the fit relative error, Er FIT, which was estimated as
follows:

Fig. 2. Procedure for estimating the maximum sorptivity, Smax.
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Table 2
Berchidda dataset categorization and output parameters.

Shape type n. Test ID Location N n. tr. n. st. iexps
(
mms− 1

)
Intercept(mm) wFW(− ) αWR

(
h− 1

)
S
(
mmh− 1

)
Ks

(
mmh− 1

)
SSE Er(%) Model

Concave-to-convex-to-linear 1 Berchidda_1B_1 below tree canopy 262 157 105 231.2 − 41.8 0.28 2.5 76.4 79.9 50.2 0.7 FW
2 Berchidda_1B_3 below tree canopy 172 93 79 121.6 − 20.0 0.36 2.0 53.8 46.4 23.0 0.7 FW
3 Berchidda_1B_4 below tree canopy 113 34 79 356.8 − 38.8 0.20 6.3 79.6 192.3 2.3 0.7 FW
4 Berchidda_1B_6 below tree canopy 184 107 77 375.6 − 36.9 0.34 7.3 80.5 207.6 10.0 0.4 FW
5 Berchidda_1B_8 below tree canopy 110 45 65 74.5 − 34.8 0.14 1.2 39.6 33.9 24.6 2.3 FW
6 Berchidda_1B_9 below tree canopy 157 71 86 227.5 − 54.8 0.17 2.3 74.4 84.0 37.1 1.3 FW
7 Berchidda_1B_10 below tree canopy 83 47 36 267.6 − 47.6 0.27 2.6 82.3 92.1 8.9 0.5 FW
8 Berchidda_1O_1 open space 76 43 33 201.2 − 45.8 0.25 2.9 59.8 84.3 5.1 0.5 FW
9 Berchidda_1O_2 open space 140 79 61 111.4 − 78.1 0.11 1.0 48.9 33.3 16.0 0.6 FW
10 Berchidda_1O_5 open space 127 37 90 115.7 − 10.9 0.32 5.0 41.6 59.2 1.5 0.6 FW
11 Berchidda_1O_7 open space 138 35 103 177.2 − 16.8 0.32 4.6 56.4 73.5 5.5 0.9 FW
12 Berchidda_2B_1 below tree canopy 146 80 66 375.9 − 32.4 0.33 4.8 88.4 133.3 8.6 0.5 FW
13 Berchidda_2B_8 below tree canopy 104 37 67 149.1 − 24.6 0.35 2.4 54.8 56.0 6.1 0.7 FW
14 Berchidda_2O_1 open space 119 62 57 490.1 − 8.7 0.59 13.6 87.2 241.8 13.7 0.7 FW
15 Berchidda_2O_5 open space 129 72 57 156.4 − 49.6 0.40 2.0 45.7 88.1 26.4 1.1 FW
16 Berchidda_2O_8 open space 103 46 57 144.1 − 25.0 0.36 2.2 53.1 52.1 2.6 0.4 FW
17 Berchidda_2O_9 open space 105 69 36 334.3 − 33.4 0.35 8.9 69.6 176.2 17.2 0.5 FW
18 Berchidda_2O_10 open space 149 87 62 208.0 − 22.3 0.42 4.4 57.2 101.0 10.0 0.5 FW
19 Berchidda_3B_6 below tree canopy 103 58 45 57.0 − 33.9 0.22 0.8 33.8 23.8 21.4 1.6 FW
20 Berchidda_3O_2 open space 99 53 46 119.3 − 17.9 0.46 1.8 49.4 46.6 11.6 0.8 FW
21 Berchidda_3O_3 open space 121 90 31 107.1 − 70.5 0.26 0.7 50.3 31.5 39.2 0.6 FW
22 Berchidda_3O_4 open space 110 76 34 213.9 − 30.7 0.35 5.5 58.8 110.5 24.4 0.6 FW
23 Berchidda_3O_5 open space 163 89 74 241.4 − 15.9 0.62 2.9 66.7 108.4 26.1 0.7 FW
24 Berchidda_3O_7 open space 127 70 57 146.7 − 57.7 0.29 1.2 57.5 48.0 18.9 0.7 FW

Convex 1 Berchidda_1B_5 below tree canopy 177 82 95 359.4 − 140.5 0.01 1.7 97.9 110.8 140.1 2.0 FW
2 Berchidda_2B_2 below tree canopy 121 67 54 320.8 − 50.4 0.25 5.6 65.6 187.2 11.5 0.7 FW
3 Berchidda_2B_4 below tree canopy 120 51 69 352.8 − 55.9 0.21 5.2 73.6 184.4 15.4 0.9 FW
4 Berchidda_2B_5 below tree canopy 97 44 53 423.9 − 69.5 0.17 3.5 96.1 137.1 19.8 1.0 FW
5 Berchidda_2B_6 below tree canopy 112 74 38 382.6 − 92.9 0.09 2.7 92.4 117.6 23.6 0.9 FW
6 Berchidda_2O_4 open space 113 54 59 195.2 − 58.2 0.29 2.4 54.9 96.7 25.5 0.9 FW
7 Berchidda_3B_1 below tree canopy 154 84 70 296.0 − 61.1 0.35 3.5 65.9 170.1 25.3 0.8 FW
8 Berchidda_3B_2 below tree canopy 125 67 58 140.6 − 51.7 0.21 2.7 44.8 82.3 7.5 0.5 FW
9 Berchidda_3B_7 below tree canopy 111 64 47 247.2 − 153.1 0.13 0.7 77.5 73.0 24.2 1.1 FW
10 Berchidda_3B_9 below tree canopy 82 49 33 255.9 − 78.8 0.03 2.5 78.3 78.3 15.2 0.7 FW
11 Berchidda_3B_10 below tree canopy 142 89 53 291.9 − 68.2 0.14 2.7 82.2 95.8 11.8 0.5 FW
12 Berchidda_3O_8 open space 85 44 41 248.2 − 83.3 0.04 2.2 74.8 81.1 4.2 0.5 FW
13 Berchidda_3O_9 open space 120 66 54 222.1 − 60.5 0.23 2.5 65.4 94.4 27.5 0.7 FW

Convex-to-linear 1 Berchidda_2B_7 below tree canopy 119 44 75 195.4 − 51.7 0.12 2.5 63.4 70.6 6.9 0.8 FW

(continued on next page)
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Er FIT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑s− 1

i=1
[Ia(ti) − Iest(ti) ]2

∑s− 1

i=1
I2a(ti)

√
√
√
√
√
√
√
√

(9)

where (s − 1) is the number of data points considered for the transient
state and Ia and Iest are the analytically derived and estimated values for
water infiltration.

The inversion procedure was performed on both the analytically
derived and experimental curves using an algorithm implemented in R
software (R Core Team, 2021). The algorithm is available at https://doi.
org/10.5281/zenodo.14129542.

The relative error, Er, was also calculated for each estimated value of
Ŝ, K̂s, α̂WR and ŵFW, and was compared to the corresponding reference
value as follows:

Er(x) =
x̂ − x
x

(10)

where x̂ is the estimated value and x is the target, i.e., the reference
value S, Ks, αWR and wFW.

4. Results and discussion

4.1. Analysis of the Berchidda dataset

The Berchidda dataset was categorized into eight shape types based
on the criterion proposed by Pachepsky and Karahan (2022), and were
ordered based on their abundance as follows (Table 2):

• 24 concave-to-convex-to-linear: similar to L type but with a final
linear stage;

• 13 convex: K type;
• 7 convex-to-linear: E type;
• 5 concave-to-linear: A shape type;
• 5 slightly concave-to-linear: similar to A type but with a less pro-
nounced initial concave part;

• 3 convex-to-concave-to-linear: similar to F type but with a more
gradual transition stage from the convex to the linear stages;

• 2 slightly concave-to-convex: similar to L type but with a less pro-
nounced initial concave part;

• 1 linear: H type.

The letters refer to the categories defined by Pachepsky and Karahan
(2022) and illustrated in their Fig. 2.

The intercept values from the steady-state portion of the curves in
Table 2 were identified as being sensitive indicators of the occurrence of
water repellency, matching the findings from previous studies (e.g.,
Loizeau et al., 2017). Specifically, the parameters wFW and αWR both
tended to decrease with declining intercept values, corresponding to a
change in the curves’ shape from concave to convex (Fig. 3a and e). This
result signals that both parameters are sensitive to the occurrence of
water repellency.

The curve shape types had notable differences in the distributions of
wFW and αWR values. Median wFW values were ordered as follows
(Fig. 3b): concave-to-linear, slightly concave-to-linear, concave-to-
convex-to-linear, linear, convex-to-concave-to-linear, convex-to-linear,
convex, slightly concave-to-convex. For the αWR parameter, the order
was as follows (Fig. 3f): concave-to-linear, slightly concave-to-linear,
linear, convex-to-concave-to-linear, convex-to-linear, convex, concave-
to-convex-to-linear, slightly concave-to-convex. Fig. 3b and f show
almost identical orders with the only exception being the concave-to-
convex-to-linear type, which moved from the third position when the
curves were organized according to the wFW values to the seventh po-
sition when the curves were arranged according to the αWR values. This
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variation was a consequence of the heterogeneous distribution of the
hydrophobic material onto the soil surface, and because the two pa-
rameters provide distinct but complementary information. While αWR
expresses the rate of attenuation exerted by the repellent fraction on
water infiltration, wFW expresses the distribution of this fraction on the
soil surface. So, it is possible that a particular soil could exhibits intense
impedance phenomena (i.e., low αWR) over a substantial portion of the
surface. This is the case observed in the response of the concave-to-
convex-to-linear curves in Fig. 3b and f, where the median αWR value
of 2.6 h− 1 was associated with a median wFW of 0.33 (i.e., 2/3 of the
surface exhibited intense impedance phenomena). We argue that an
effective interpretation of the bulk behaviour in the infiltration process
within a fractional medium is only achievable when both parameters are
considered simultaneously. Other fractional wettability scenarios can
also include less intensive impedance phenomena that occur on relevant
soil fractions, as observed in the response of the convex-to-concave-to-
linear curves, which had a median αWR of 76.5 h− 1 and a median wFW
of 0.28.

Regarding concave-shaped curves, it is notable that wFW can assume
values of both 0 and 1. As discussed in the Theory section, this phe-
nomenon occurs because Eq. (5) aligns with Eq. (2) under wettable
conditions and concave-shaped curves. This condition may be achieved
under the following two circumstances: the first and more intuitive,
when wFW = 1 and IWR(t) = 0, and the second, when wFW = 0 and IWR(t)
assumes the common formulation of Eq. (2) as a consequence of
extremely high αWR values (Di Prima et al., 2021). Three curves out of
the five that were categorized as concave-to-linear fell within the first
scenario and did not exhibit αWR values (Fig. 3a and e). Only one fell
within the second scenario. For these four curves, the experimental data

Fig. 3. Plots of the wFW (a and c) and αWR (e and g) parameters versus the intercept values obtained from the steady-state portion of the curves. Box plots of the wFW
(b and d) and αWR (f and h) parameters. The values are categorized according to the shape types (a, b, e, f) and locations (c, d, g, h).

Fig. 4. Plot of representative values of WDPT (s) against wFW for three trees.
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were modeled by Eq. (2) (Table 2). The last curve was modeled by Eq.
(5) and was characterized by an αWR value of 90.9 h− 1, which represents
low impedance phenomena occurring in a soil fraction of 0.71 (1 − wFW).

The wFW values exhibited non-normal distributions according to the
Kolmogorov-Smirnov test, even after log transformation. Thus, we
employed the non-parametric Kruskal-Wallis test to determine whether
the median values of this parameter differed between those measured in
the open spaces and below tree canopies (Fig. 3c and d). According to
this test, the wFW median values were significantly different (p-value =
0.001), with lower wFW values below the tree canopies (median wFW =

0.20), compared to the open space (median wFW = 0.32; Fig. 3d). We
then compared how the main types of curve shapes were distributed for
tests performed in open spaces versus beneath the tree canopy. The
majority (73 %) of curves exhibiting a convex shape were measured
below the tree canopies (16 out of 22), resulting in a medianwFW of 0.14.
The concave-to-convex-to-linear curves were more evenly distributed,
with 42 % (10 out of 24) recorded below the tree canopies and the
remaining 58 % (14 out of 24) in the open space. The wFW values for this
shape type were normally distributed; thus, we used a two-sample t-test
to determine whether the means of the two groups were different.

Although fractional wettability was detected in both locations, the t-test
highlighted significant differences, with lower wFW values below the tree
canopies (mean wFW = 0.27), compared to the open spaces (mean
wFW = 0.36). These results confirm that locations beneath the tree
canopy had more prevalent water-repellent conditions. Specifically, the
lower wFW signaled a more homogeneous distribution of the hydro-
phobic material onto the soil surface of this location.

For each sampled tree and the adjacent open space, we compared the
fractional wFW parameter with WDPT measurements. The comparison
revealed significant correlations, with a Pearson correlation between
log[median(WDPT) ] and mean(wFW) values of − 0.948 (p-value = 0.004;
Fig. 4). The correlation between the two variables can be attributed to
the similarity of the provided information. On one hand, 1 − wFW ex-
presses the distribution of the water-repellent fraction on the soil sur-
face, enabling meaningful comparisons with other water-repellency-
sensitive parameters and indicators. Furthermore, the potential range
of values for wFW extends only from 0 to 1, whereas αWR spans values
from 0 to +∞. This limited range of values for wFW may enhance com-
parisons between parameters and among soils with varying responses to
water repellency.

Fig. 5. Cumulative infiltration curves for the Sandy Loam soil for different αWR and wFW values. The curves for all the six studied soils were reported in Appendix 1.
The curves were generated analytically using Eq. (1) and the Carsel and Parrish (1988) hydraulic parameters (Table 1).
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Fig. 6. Relative error of the output parameters for the six synthetic soils.
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4.2. Analytical validation

4.2.1. Categorization of the synthetic curves generated with the new model
The generation of synthetic curves through Eq. (1) resulted in a va-

riety of shapes, highlighting the ability of the model to account for
diverse hydraulic behaviors. The six soils presented a comparable array
of shapes (Appendix 1). As an illustrative example, Fig. 5 shows the
cumulative infiltration curves for the sandy loam soil. The diverse array
of shapes included in the 660 curves were categorized as follows:

• Concave shapes (66 curves), designated as IW(t). These curves
occurred under the following two circumstances: i) when, for each
soil, αWR coincided with its maximum value (10000, 5000, 1000,
100, 80, or 10 h− 1), and ii) when wFW = 1, i.e., when the wettable
fraction represented 100 % of the soil (Fig. 1a), regardless of the αWR
value;

• Convex shapes (6 curves, one for each soil), designated as IWR(t).
These curves occurred when wFW = 0, i.e., when the soil surface was
simulated as being entirely covered by the water-repellent layer
(Fig. 1b), and αWR coincided with its minimum value (40, 20, 4, 0.4,
0.32, or 0.04 h− 1), representing extremely water-repellent
conditions;

• Mixed shapes (588 curves), designated as IFW(t). These curves
included both cases of concave-to-convex and convex-to-concave
curves, and occurred under two circumstances: i) when
0 < wFW < 1, i.e., under fractional wettability conditions (Fig. 1c),

and ii) when wFW = 0 with soil that exhibited intermediate water-
repellent conditions expressed by a αWR value between its mini-
mum and maximum.

4.2.2. Validation of the inverse procedure
The output parameters of the inversion procedure are reported in

Appendix 2. The fitting of Eq. (5) to transient data was accurate, with
ErFIT never exceeding 1.2 %. In terms of the quality of estimates, the
relative error, Er(αWR), between the estimated (α̂WR) and reference
(αWR) values consistently decreased with lower wFW values (e.g., Fig. 6i,
X1). The least amount of error was associated with wFW = 0, in which
the entire surface was characterized as being water repellent and the
hydrophobic effect on water infiltration has been maximized. On the
contrary, errors were maximized when the soil was entirely wettable,
with wFW = 1 (e.g., Fig. 6i, X2). In other words, when wFW approached
zero, αWR became a significant factor in the model, exerting a strong
influence. Conversely, as wFW approached one, the model became
increasingly insensitive to αWR, and its influence diminished. As outlined
in the theory section, when wFW = 1, the second term of the right-hand
side of Eq. (1), IWR(t), equals zero, resulting in infiltration becoming
IW(t) with a concave shape. Consistently, for a regular shape, Eq. (5)
yields higher α̂WR values compared to unrealistically low target αWR
values. This result arises from the fact that IWR(t) can be used to model
regular concave shapes, provided that αWR takes high values.

We also note that Er(αWR) increased when the soil was modeled as
being more wettable, i.e., having greater αWR values (e.g., Fig. 6i, X3). In

Fig. 7. Comparison of representative concave-to-convex-to-linear shaped curves from in-field (left) and synthetic (right) infiltration tests.
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this case, the effect of water repellency on water infiltration became
attenuated as consequence of the presence of a less-repellent layer
covering the soil surface. As a result, the estimation of α̂WR became
increasingly uncertain, reaching its apex in the extreme scenario of a
completely wettable soil, i.e., when αWR had its maximum value for a
given soil (e.g., Fig. 6i, X4). When this circumstance occurs with real
data, the soil behavior can be readily discerned by the operator, facili-
tated by the easily detectable concave shape of the cumulative infiltra-
tion and the decreasing trend observed in infiltration rates. In addition,
the misestimation of αWR is expected to have negligible impact on the
determination of soil sorptivity, particularly when αWR assumes excep-
tionally high values (Di Prima et al., 2021).

Under water-repellent conditions (indicated by low αWR values) and
the presence of a small fraction of water-repellent soils (identified as
having relatively high values of wFW), the model consistently yielded
reliable predictions for wFW, indicated by the low Er(wFW) values (e.g.,
Fig. 6j, X5). In contrast, for small wFW values and for attenuated water-
repellent conditions. i.e., high αWR values, the differences between the
estimator ŵFW and the reference wFW value substantially rose (e.g.,
Fig. 6j, X6), reaching their peak in the worst-case scenario when αWR
assumed its maximum value. This result was because, although the
water-repellent fraction increased as wFW approaches 0, the weak effect
exerted by water repellency on water infiltration, along with the syn-
thetic curves exhibiting a substantial concave shape, did not allow for a
reliable prediction of wFW. In other words, the estimations became more
accurate when there was a significant contrast between the wettable and

water-repellent fractions.
The estimates for S had error values, Er(S), that ranged from − 0.8 to

4.7 % (Fig. 6c, g, k, o, s, w), while Er(Ks) ranged from − 8.3 to 1.5 %
(Fig. 6d, h, l, p, t, y). These results represent an improvement compared
to previous studies, such as those reported by Di Prima et al. (2021).
More broadly, constraining S to its maximum value, Smax, appears to be a
good approach to prevent that parameter from being overestimated.
These results also show that Eq. (5) yielded similar outcomes for the
entire range of wettability, from entirely wettable to fully water-
repellent soils and the various intermediate conditions associated with
fractional wettability.

4.3. Comparison of representative curves from experimental and synthetic
datasets

In this section, we present three comparisons between the experi-
mental and synthetic datasets for representative curves from three
distinct shape types: convex, concave, and mixed shapes. Our intent here
is to provide a guide for readers to interpret the shape of their infiltration
curves and analyze the underlying parameters. In addition, readers may
refer to Appendix 3, where the graphical concept of the fractional
phenomenon is combined with additional information concerning the
wFW and αWR parameters estimated for the Berchidda site. For each
comparison, we chose one curve from the Berchidda experimental
dataset and then selected a synthetic analogue from the analytical
dataset that 1) closely mimicked the experimental curve’s shape and 2)

Fig. 8. Comparison of representative convex shaped curves from in-field (left) and synthetic (right) infiltration tests.
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was generated using comparable wFW and αWR parameters. We selected
all synthetic curves from the sandy loam soil, consistent with the soil
texture at the Berchidda site.

For the mixed shape, we selected from the Berchidda dataset the
tenth (10) curve sampled below (B) Tree 1 (1) (Table 2; test ID: Ber-
chida_1B_10; Fig. 7a). The synthetic analogue was generated by using a
wFW value of 0.4 and an αWR value of 4 h− 1 in Eq. (1) (Fig. 7b; test ID:
Sandy_Loam_w0.4_alpha4 in Appendix 2). Both curves exhibited mixed
shapes characterized by an initial concave part followed by a convex
part, with an inflection point, and a final linear part (concave-to-convex-
to-linear type). Both curves had relatively small αWR values, indicating
intense water repellency phenomena, and (1 − wFW) values equal to
0.73 for the experimental test and 0.64 for the synthetic test, indicating
that the impedance phenomena occurred over significant portions of the
infiltration surfaces. Both tests had initial decreases in infiltration rates
(Fig. 7c and d), which we attributed to the relatively rapid attenuation of
the capillarity effect in the wettable fraction. In the second (convex)
stage, infiltration rates gradually increased as water impediment
decreased in the water-repellent fraction. Once the water-repellency
became negligible, the curves approached linearity and gravity be-
comes the dominant force controlling downward flow through both
portions.

For the convex shape, we selected the ninth (9) curve sampled below
(B) the canopy of Tree 3 (3) from the Berchidda dataset (Table 2; test ID:
Berchida_3B_9; Fig. 8a). The synthetic counterpart was generated by
using a wFW value of 0 and an αWR value of 4 h− 1 in Eq. (1) (Fig. 8b; test

ID: Sandy_Loam_w0_alpha4 in Appendix 2). Both curves displayed the
typical convex shape commonly observed under water repellency and
were distinguished by low αWR values andwFW = 0. It is noteworthy that
the water repellency effect was so pronounced that it dominated over
any capillarity effect on the ultimate shape of both curves. Indeed, a
consistently rising trend of infiltration rates with time was observed in
both instances, attributed to the gradual attenuation of the hydrophobic
effect as the soil moisture increased (Fig. 8c and d). In this scenario,
water repellency emerged as the primary factor governing the infiltra-
tion process and determining the ultimate shape of the curve.

Finally, for the concave shape, we selected the second (2) curve
sampled in the open (O) space adjacent to Tree 2 (2) from the Berchidda
dataset (Table 2; test ID: Berchida_2O_2; Fig. 9a). The synthetic coun-
terpart was generated by using a wFW value of 0.8 and an αWR value of
100 h− 1 in Eq. (1) (Fig. 9b; test ID: Sandy_Loam_w0.8_alpha100 in Ap-
pendix 2). Both curves exhibited the typical concave shape commonly
observed under normal conditions, characterized by high αWR values
and wFW close to 1. This configuration signifies that infiltration occurred
without any water repellency effects anywhere on the surface. The
consistent declines in infiltration rates with time seen in these curves
were attributable to the gradual attenuation of the capillarity effect as
the wetting front advanced deeper into the subsurface. Steady-state
conditions were reached between 362 and 2649 s (Fig. 9c and d).

The observed similarities between the experimental and synthetic
curves support the robustness of the proposed fractional wettability
infiltration model. Indeed, the new model successfully reproduces the

Fig. 9. Comparison of representative concave shaped curves from in-field (left) and synthetic (right) infiltration tests.
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same types of shapes that can be observed in real soils. These compar-
isons enhance our ability to accurately interpret infiltration processes
and model water infiltration under specific circumstances of fractional
wettability. In such situations, the accurate interpretation of the infil-
tration process necessitates a careful examination of the curve shape,
while modeling water infiltration also demands the determination of the
extent of the fractional phenomena and knowledge of both the wFW and
αWR parameters.

5. Summary and conclusions

In this study, we presented a novel infiltration model designed to
simulate water infiltration under fractional wettable conditions. This
model was tested on the experimental dataset, which comprised 60
cumulative infiltration curves. The interpretation and subsequent cate-
gorization of these curves took into account the fractional wettability
phenomenon and were based on the observed array of shapes and the
values of the model parameters wFW and αWR. This assessment also led to
the identification of the parameter wFW as a reliable predictor of water
repellency occurrence, providing valuable information about the
amount of water infiltrating through the two fractions and consequently
the fractional distribution of hydrophobic material onto the soil surface.
Ad hoc laboratory protocols may be developed in future investigations
to assess the physical meaning of the wFW parameter. For instance, soil
samples can be repacked, including many known patterns of hydro-
phobic materials at their surfaces. Simple tests, such as theWDPT, can be
performed following a gridded scheme in order to characterize the
artificial water-repellent layers in terms of persistence of water repel-
lency. Subsequent infiltration tests can be performed to determine wFW,
which can be compared with the known fractions adopted to repack the
samples.

The modeling procedure yielded a set of 660 curves with a diverse
range of shapes, encompassing regular concave, convex, and mixed
shapes (which included both concave-to-convex and convex-to-concave
curves). The model (i.e., Eq. (5)) had the ability to account for diverse
hydraulic behaviors and captured a wide range of realistic infiltration
curve types. The subsequent inversion of these curves demonstrated that
the model was applicable for interpreting soil parameters, such as S and
Ks, from infiltration tests conducted under a wide range of soil wetta-
bility conditions. The analysis of the synthetic curves enhanced our
ability to recognize specific processes influencing water infiltration,
such as water repellency and fractional wettability. The observed simi-
larities between the experimental and synthetic curves demonstrated the
robustness of the proposed model. The new model successfully repro-
duced the same types of shapes observed at the field site, located in
Berchidda, Italy. These comparisons further supported the enhanced
ability to accurately interpret infiltration processes and model water
infiltration under specific circumstances of fractional wettability.

Future investigations may aim to extend the overarching framework
(i.e., Eq. (1)) to other infiltration models, including one- and three-
dimensional variants and both analytical and numerical solutions. The
ability to simulate complex scenarios with various sources of hetero-
geneity—such as layering, unstable flow, water repellency and frac-
tional wettability—will allow to enhance our understanding of soil
water dynamics. To achieve this, numerical simulations would require
an ad-hoc adaptation of the Richards equation that integrates the frac-
tional concept and incorporates a new law or new soil hydraulic func-
tions capable of simulating effects analogous to the empirical scaling
factor proposed by Abou Najm et al. (2021) for the water-repellent soil
fraction.
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Kollár, J., Rodný, M., Šurda, P., Fodor, N., Sándor, R., 2018. Effect of vegetation and
its succession on water repellency in sandy soils. Ecohydrology 11, e1991. https://
doi.org/10.1002/eco.1991.

Loizeau, S., Rossier, Y., Gaudet, J.-P., Refloch, A., Besnard, K., Angulo-Jaramillo, R.,
Lassabatere, L., 2017. Water infiltration in an aquifer recharge basin affected by
temperature and air entrapment. J. Hydrol. Hydromech. 65, 222–233. https://doi.
org/10.1515/johh-2017-0010.

Moret-Fernández, D., Latorre, B., 2023. Hydraulic characterization and modeling of
hydrophobic substrates. J. Hydrol. 130173. https://doi.org/10.1016/j.
jhydrol.2023.130173.

Nguyen, H.V., Nieber, J.L., Ritsema, C.J., Dekker, L.W., Steenhuis, T.S., 1999. Modeling
gravity driven unstable flow in a water repellent soil. J. Hydrol. 215, 202–214.
https://doi.org/10.1016/S0022-1694(98)00269-8.

Nieber, J.L., Bauters, T.W.J., Steenhuis, T.S., Parlange, J.-Y., 2000. Numerical simulation
of experimental gravity-driven unstable flow in water repellent sand. J. Hydrol. 231,
295–307.

Pachepsky, Y., Karahan, G., 2022. On shapes of cumulative infiltration curves. Geoderma
412, 115715. https://doi.org/10.1016/j.geoderma.2022.115715.

Parlange, J.-Y., 1975. On Solving the Flow Equation in Unsaturated Soils by
Optimization: Horizontal Infiltration1. Soil Sci. Soc. Am. J. 39, 415. https://doi.org/
10.2136/sssaj1975.03615995003900030019x.

R Core Team, 2021. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rahmati, M., Latorre, B., Lassabatere, L., Angulo-Jaramillo, R., Moret-Fernández, D.,
2019. The relevance of Philip theory to Haverkamp quasi-exact implicit analytical
formulation and its uses to predict soil hydraulic properties. J. Hydrol. https://doi.
org/10.1016/j.jhydrol.2019.01.038.

Rahmati, M., Weihermüller, L., Vanderborght, J., Pachepsky, Y.A., Mao, L., Sadeghi, S.
H., Moosavi, N., Kheirfam, H., Montzka, C., Looy, K.V., Toth, B., Hazbavi, Z.,
Yamani, W.A., Albalasmeh, A.A., Alghzawi, M.Z., Angulo-Jaramillo, R., Antonino, A.
C.D., Arampatzis, G., Armindo, R.A., Asadi, H., Bamutaze, Y., Batlle-Aguilar, J.,
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