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Abstract

With reference to a more compacted and less conductive upper soil layer overlying a
less compacted and more conductive subsoil, a simple three-dimensional (3D) infil-
tration run is expected to yield more representative results of the upper layer than
the subsoil. However, there is the need to quantitatively establish what is meant by
more representativeness. At this aim, numerically simulated infiltration was inves-
tigated for a theoretically unconfined process under a null ponded head of water
(dOHO setup, with d = depth of ring insertion and H = ponded depth of water) and
a practical Beerkan run (d1H1 setup, d = H = 1 cm). The considered layered soils
differed by both the layering degree (from weak to strong; subsoil more conductive
than the upper soil layer by 2.3-32.4 times, depending on the layering degree) and
the thickness of the upper soil layer (0.5-3 cm). It was confirmed that water infiltra-
tion should be expected to be more representative of the upper soil layer when this
layer is the less permeable since, for a 2-h experiment, the instantaneous infiltration
rates for the layered soil were 1.0-2.1 times greater than those of the homogeneous
low-permeable soil and 1.3-20.7 smaller than those of the homogeneous coarser soil
that constituted the subsoil. Similarity with the homogeneous fine soil increased as
expected as the upper layer became thicker. For a weak layering condition, the layered
soil yielded an intermediate infiltration as compared with that of the two homoge-
neous soils forming the layered system. For a strong layering degree, the layered soil
was more similar to the homogeneous fine soil than to the homogeneous coarse soil.
Using the practical setup instead of the theoretical one should have a small to mod-
erate effect on the instantaneous infiltration rates since all the calculated percentage
differences between the d1H1 and dOHO setups fell into the relatively narrow range
of —18.8% to +17.4%. A sequential analysis procedure appeared usable to detect
layering conditions but with some modifications as compared with the originally pro-
posed procedure. The practical setup enhanced the possibility to recognize the time
at which the characteristics of the subsoil start to influence the infiltration process.
In conclusion, this investigation contributed to better interpret both the theoretical

and the practically established 3D infiltration process in a soil composed of a less
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conductive upper soil layer overlying a more conductive subsoil and it also demon-

strated that modifying the recently proposed sequential analysis procedure only using

infiltration data could be advisable to determine the time when layering starts to

influence the process.

1 | INTRODUCTION

Soil hydraulic properties are frequently estimated by estab-
lishing a three-dimensional (3D) infiltration process through
a circular source into the initially unsaturated soil. Such a
kind of infiltration process depends on gravity and on both
vertical and lateral capillarity (Vandervaere et al., 2000). The
applied experimental methodology and the time window to
which the data refer can differ from case to case. In particu-
lar, the experiment can be carried out by establishing a ponded
head of water or a negative pressure head on the infiltration
surface. Both the transient and the steady-state stages of the
process can be sampled but the data could also be collected
for only one of the two stages. Regardless of these differences,
the vast majority of data analysis methods rely on 3D infiltra-
tion models that were developed under the assumption that the
data are representative of an ideal soil, that is, homogeneous,
isotropic, rigid, and uniformly unsaturated at the beginning
of the experiment (Angulo-Jaramillo et al., 2016). However,
ideal soil conditions are rarely, if ever, met in the field and
efforts must be made to find a link between theory and reality.

Infiltration experiments can be carried out, sometimes with
no or little awareness, on soil volumes that consist of two
layers with different hydraulic properties. In particular, a
compacted soil layer, more or less thin, overlying a less com-
pacted subsoil is rather common in different environments
and conditions and its presence can have a large impact on
hydrological processes, soil-water relations, and soil physical
quality (Assouline & Mualem, 2002; Ben-Hur et al., 1987;
Lenhard, 1986; Ramos et al., 2000; Reynolds et al., 2009). A
less permeable upper layer can be formed as a consequence
of soil sealing (Assouline & Mualem, 1997), compaction
(Assouline et al., 1997), settlement of sediments in urban infil-
tration basins (Lassabatere et al., 2010), or in engineered soils
(Yilmaz et al., 2013). The thickness of this upper layer can
vary widely, depending on the circumstances. For example,
Assouline (2004) and Moret-Fernandez et al. (2021) reported
values of seal thickness varying from <1 to 20 mm and from
10 to 50 mm, respectively. Batey (2009) stated that, at least in
particular situations, the compaction depth may extend to 1 m
or more.

The number of documents examining 3D infiltration pro-
cesses into layered soils seems to be limited (Dohnal et al.,
2016; Shan & Stephens, 1995; Wu et al., 1997), but some
studies specifically considered the case of a low-permeable

layer over a more permeable layer. In particular, Lassabatere
et al. (2010) and da Silva Ribas et al. (2021) suggested that,
when the soil is layered and the upper layer is the less per-
meable, water infiltration is more representative of the upper
layer. A similar result was obtained by Yilmaz et al. (2013),
sampling temporal changes of a basic oxygen furnace slag.
Di Prima et al. (2018) tested in the laboratory infiltration in
a sealed soil and they recognized that the process was mainly
governed by seal formation and also that the final infiltration
rates were representative of the hydraulic behavior of the seal
layer, irrespective of the upper soil layer thickness. Working
in the field in a Mediterranean vineyard, Alagna et al. (2019)
also suggested that a simple infiltration experiment is suitable
enough to detect the effect of the altered upper layer on flow.
Recently, Moret-Fernindez et al. (2021) developed a method
to analyze the 3D infiltration data collected in layered soils
regardless of whether the upper soil layer is finer or coarser
than the subsoil. In particular, the time when the infiltration
bulb reaches the interface between the upper soil layer and
the subsoil can be identified by sequentially fitting a cumula-
tive infiltration model to the data and then examining how the
root mean square error, RMSE, changes during the run. This
is consistent with the fact that some of the properties of the
deeper soil layer can be expected to influence the measured
infiltration. In the absence of any soil layering, RMSE should
remain nearly constant while it suddenly increases when the
infiltration bulb reaches the interface of layers in layered soils.
Moret-Fernandez et al. (2021) obtained encouraging results
by applying the sequential analysis procedure with the four-
term approximation of the cumulative infiltration model by
Haverkamp et al. (1994), as proposed by Moret-Ferndndez
et al. (2020).

Therefore, with reference to a more compacted and less
conductive upper layer overlying a less compacted and more
conductive subsoil, the expectation is that a simple 3D infil-
tration run will yield more representative results for the upper
layer than the subsoil (da Silva Ribas et al., 202 1; Lassabatere
et al., 2010) and that the measured infiltration will contain
(Moret-Fernandez et al., 2021), but not necessarily in a per-
ceivable manner (Di Prima et al., 2018), some information
related to the subsoil. These conclusions require further inves-
tigations to better establish what is meant in practice when one
speaks of an infiltration curve being more representative of
the upper layer and also what factors influence this similarity
and how.
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BEST (Beerkan Estimation of Soil Transfer parameters)
methods of 3D infiltration data analysis (Bagarello et al.,
2014; Lassabatere et al., 2006; Yilmaz et al., 2010) are largely
used to obtain a complete soil hydraulic characterization
(Angulo-Jaramillo et al., 2019). They are based on the theoret-
ical description of the infiltration process with the Haverkamp
et al. (1994) model that was specifically developed to ana-
lyze a fully 3D process under a pressure head not greater than
zero. Therefore, the use of this model to deduce the satu-
rated soil hydrodynamic parameters is theoretically limited
to the case of a ring insertion depth, d, equal to zero and
also a null ponded depth of water on the infiltration surface
(H = 0). Establishing an unconfined 3D infiltration process
under a null ponded depth of water is not easy from an exper-
imental point of view. In particular, it may require performing
a relatively complicated experiment with the tension infil-
trometer, which is not free from uncertainties and problems
such as those concerning the hydraulic contact between the
device and the soil surface (Close et al., 1998). More easily,
a Beerkan infiltration run could be performed since litera-
ture suggests that it should be representative of such a kind
of infiltration process (Lassabatere et al., 2006). A Beerkan
run is performed by inserting a small ring (with a radius of
<100 mm) in the soil to a short depth (~10 mm) to avoid
lateral loss of water and then by establishing an infiltration
process under a near null ponded depth of water. In the sim-
plest cases, small (<140 mL) and constant water volumes are
poured repeatedly on the soil surface until the process stabi-
lizes (Lassabatere et al., 2006). However, the experimental
data obtained by this type of run agree only approximately
with the theoretical assumptions of the infiltration model by
Haverkamp et al. (1994) since inserting the ring into the soil
implies that infiltration is forced to be one-dimensional (1D)
at the beginning of the run. In addition, repeatedly pouring a
small water volume into the ring or using automated infiltrom-
eters (Di Prima, 2015) determine a small positive pressure
head on the soil surface for at least a part of the experiment.
For example, in the paper by Lassabatere et al. (2006), the
initial ponded depth of water was of 0.2-0.8 cm, depending
on the run. An initial ponded depth of water of 1.1 cm was
reported by Xu et al. (2012).

With reference to five ideal soils, Bagarello et al. (2022)
recently established a numerical comparison between the the-
oretical (d = H = 0) and the practical (d = H = 1 cm) setups.
A constant H value of ~1 cm can be considered as a rather
extreme case for a Beerkan infiltration run. Therefore, the
term practical setup was used to denote an experimental setup
similar but not identical to the theoretical setup assuring a per-
fect consistency between the infiltration model (Haverkamp
etal., 1994) and the experiment. Inserting the ring a little into

the soil reduced the instantaneous infiltration rates, i ., for the

s byps

Core Ideas

* Beerkan infiltration in layered soil was numerically
studied for both theoretical setup and practical
approximation.

* Using the practical setup instead of the theoreti-
cal one should have small to moderate effect on
infiltration rates.

* Modified sequential analysis procedure is usable to
detect layering conditions in practical infiltration.

entire run and hence cumulative infiltration, /, while establish-
ing a small ponded depth of water on the infiltration surface
increased i, and /. Generally, the two effects, even if they had
an opposite sign, did not compensate one with other without
a residual. In any case, differences between the two setups,
denoted as dOHO and d1H1 for the theoretical and practical
situations, respectively, were small and perhaps negligible in
many practical circumstances since they did not exceed a few
percentage units (~10%) for both i, and I.

Testing setup effects on layered soils is necessary to verify
if this conclusion also applies to a more complex scenario. In
the case of a layered soil, it can be presumed that, depending
on the thickness of the upper layer relative to the ring inser-
tion depth, infiltration into this layer will exclusively be 1D or
3D after a 1D phase. Similarly, infiltration in the subsoil can
exclusively be 3D or 3D after a 1D phase.

Numerical simulation appears an appropriate tool for test-
ing layering and setup effects on the infiltration process since
a numerical experiment makes it possible to determine how a
specific factor influences the soil hydrodynamic response and
it can be performed in fully controlled conditions, without any
experimental error (e.g., Bagarello et al., 2019, 2022; Dohnal
etal.,2016; Lai & Ren, 2007; Lai et al., 2010; Reynolds, 2013;
Wu et al., 1993).

The general objective of this investigation was to verify the
impact of a low-permeable soil layer overlying a more per-
meable subsoil on a theoretically unconfined process under a
null ponded depth of water (dOHO setup) as well as a practi-
cal Beerkan run (d1H1 setup). The specific objectives were
to (i) determine the impact of the soil layering degree and the
thickness of the upper layer on infiltration rates and cumu-
lative infiltration; (ii) test the applicability of the recently
suggested sequential analysis procedure to identify the time
when the infiltration front reaches the subsoil; and (iii) verify-
ing if and in what situations a theoretical analysis that assumes
a fully unconfined process under a null ponded depth of water
can be considered appropriate for a Beerkan infiltration run
performed on a layered soil.
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TABLE 1 Soil hydraulic parameters (Carsel & Parrish, 1988) and initial soil water content for the numerical simulations.
van Genuchten—-Mualem parameters
Soil 0, (cm®/cm®) 0, (cm3/cm?) a (1/cm) n K, (cm/s) 0, (cm*/cm?)
Loamy-sand, LS 0.057 0.41 0.124 2.28 4.05x 1073 0.057
Sandy-loam, SAL 0.065 0.41 0.075 1.89 1.23 x 1073 0.066
Loam, L 0.078 0.43 0.036 1.56 2.88 x 107* 0.092
Silt-loam, SIL 0.067 0.45 0.020 1.41 1.25x 10~* 0.113

Note: 0,, residual volumetric soil water content; €, saturated volumetric soil water content; a and n, empirical parameters of the van Genuchten (1980) model for the water

retention curve; K, saturated soil hydraulic conductivity; 6;, initial volumetric soil water content.

TABLE 2

Layered soil Practical Beerkan run (d1H1)

The practical and theoretical Beerkan infiltration scenarios under nine combinations of layered soil.

Theoretical Beerkan run (d0HO)

Upper soil Silt-loam Silt-loam

Lower soil Loam Sandy-loam Loamy-sand Loam Sandy-loam Loamy-sand
Layering degree

Upper layer thickness (cm) Weak Moderate Strong Weak Moderate Strong

0.5 SILO.5L SILO.5SAL SILO.5LS SILO.5L SILO.5SAL SILO.5LS

1 SIL1L SIL1SAL SIL1LS SIL1L SIL1SAL SIL1LS

3 SIL3L SIL3SAL SIL3LS SIL3L SIL3SAL SIL3LS

Abbreviations: L, loam; LS, loamy-sand; SIL, silt-loam; SAL, sandy-loam.

2 | MATERIALS AND METHODS

2.1 | Soils and numerical experiments

Four soils, namely silt-loam (SIL), loam (L), sandy-loam
(SAL), and loamy-sand (LS), were considered in this study.
Soil hydraulic properties were expressed according to the van
Genuchten—Mualem model (Mualem, 1976; van Genuchten,
1980) with hydraulic parameters adopted from Carsel and
Parrish (1988) (Table 1). Infiltration experiments were numer-
ically simulated using Hydrus-2D/3D (Siminek et al., 2007),
which was found to be a robust and reliable tool for simulat-
ing water flow in the soil under various conditions (Simtinek
et al., 2016; Varvaris et al., 2021).

Simulations were carried out for the four homogeneous
soils (SIL, L, SAL, and LS) as well as nine layered soils as
follows: SIL (thickness = 0.5 cm) on L (being denoted as
SILO.5L), SIL (thickness = 1 cm) on L (SIL1L), SIL (thick-
ness = 3 cm) on L (SIL3L), SIL (thickness = 0.5 cm) on SAL
(SILO.5SAL), SIL (thickness = 1 cm) on SAL (SIL1SAL),
SIL (thickness = 3 cm) on SAL (SIL3SAL), SIL (thickness
= 0.5 cm) on LS (SILO.5LS), SIL (thickness = 1 c¢cm) on
LS (SIL1LS), and SIL (thickness = 3 cm) on LS (SIL3LS)
(Table 2). Therefore, three layering degrees were considered
in this investigation, namely, a weakly layered soil (SIL over
L; K,,/K,, = K, of the lower layer/K of the upper layer = 2.3),
a moderately layered soil (SIL over SAL; K;,/K,, = 9.8), and
a strongly layered soil (SIL over LS; K,,/K,,, = 32.4). For each

layering degree, three thickness values of the upper soil layer,
t,, were considered.

All simulations were performed with both the dOHO (null
depth of ring insertion, d, and null pressure head on the soil
surface, H) and d1H1 (d = H = 1 cm) setups. The ring radius
was equal to 5 cm and the initial condition was that of a uni-
form soil water pressure head, #; = —9022 cm. Only this
initially dry condition was considered for a threefold rea-
son: (i) the drier the soil the greater the lateral capillarity
term, which represents the distinguishing term between 3D
and 1D infiltration (Vandervaere et al., 2000); (ii) determin-
ing soil hydrodynamic properties with a Beerkan run and the
Haverkamp et al. (1994) model requires that the experiment
is performed in an initially relatively dry soil (in particular,
antecedent soil water content, 6;, not greater than 0.25 times
the saturated soil water content, 6, according to Lassabatere
et al., 2006); and (iii) with reference to several homogeneous
soils, including those considered in this investigation, and a
range of relatively small initial soil water content values, dif-
ferences between the infiltration rates for the dOHO and d1H1
setups were not appreciably affected by the antecedent soil
water content (Bagarello et al., 2022). Defining the initial
conditions with a constant soil water pressure head in the
entire flow domain finds support in the literature (Dohnal
et al., 2016; Dusek et al., 2009). In particular, these authors
simulated 3D infiltration processes in an initially dry soil by
fixing h; at —1000 cm. However, with this 4; value, the 8,/0,
ratio was equal to 0.29 for the L soil and 0.40 for the SIL
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FIGURE 1 Schematic of the flow
domain and settings for the numerical
simulations.

soil and hence it was incompatible with the possible appli-
cation of BEST methods of analysis of 3D infiltration data
(Lassabatere et al., 2006). A smaller A; value (=9022 cm)
was therefore considered in this investigation. In this case,
0,10, did not exceed 0.25 for the four tested soils. Each infil-
tration process was simulated for 2 h, in accordance with
Dusek et al. (2009), and also considering that this duration
likely represents a plausible time limit for a field run in many
circumstances. Instantaneous infiltration rate, i, (L/T), and
cumulative infiltration, 7 (L), data were stored at 12 s time
intervals. Infiltration rate was expressive of the process at any
particular instant whereas cumulative infiltration integrated
infiltration rates until a given instant.

To guarantee an unrestricted flow, the size of the flow
domain was 80 cm in X and 100 cm in Z for the L and
SIL soils while it was 100 cm in X and 200 cm in Z for the
LS and SAL soils (Figure 1). The element size was 0.05 cm
for the upper 10 cm of the flow domain and then it grad-
ually increased to a maximum of 3 cm at the bottom. A
variable density of element mesh was chosen to ensure the
simulation accuracy for a relatively large flow domain. The
boundary condition at the bottom was free drainage and no
lateral flux was considered for the vertical boundaries of the
simulation domain. An upper boundary condition of constant
water head was assigned within the ring to simulate infil-
tration under ponding conditions. Flow was not affected by
the established boundaries of the domain during the simula-
tion period. Therefore, the setting of the simulation domain
was appropriate to represent the actual infiltration process
under the various considered setups. The same methodology
of numerical simulation of 3D infiltration experiments was
also applied recently by Moret-Fernandez et al. (2021).
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2.2 | Data analysis

Initially, the data obtained with the dOHO setup were analyzed
according to the following three steps: (i) analysis of the infil-
tration rates; (ii) analysis of cumulative infiltration; and (iii)
testing the sequential analysis procedure by Moret-Fernandez
et al. (2021).

Concerning the first step, the i, values of the finest (SIL)
homogeneous soil were first compared with those of the
homogeneous coarser (L, SAL, and LS) soils. Then, the i, val-
ues obtained for each combination between layering degree
(weak, moderate, and strong) and t,; value (0.5, 1, and 3 cm)
were compared with those of the two homogeneous soils that
were combined with each other to form the layered soil. To
define in more detail the link between infiltration in a homo-
geneous fine soil and infiltration in a layered soil composed
of an upper layer of the same fine soil and a coarser subsoil,
the infiltration rate ratio, i,; ; = i,(layered soil)/i.(SIL) (L =
layered; H = homogeneous), versus time curves were then
examined for the nine layering scenarios.

With reference to the second step of the analysis, focused
on cumulative infiltration, it was preliminarily decided to con-
sider the first 0.5 h of the process. This choice was made for
a twofold reason: (i) a relatively short infiltration run, allow-
ing to save time and water in intensive field campaigns, has
more practical interest than a long run; and (ii) with this dura-
tion, it was possible to consider different scenarios, ranging
from a process that was presumably affected by layering very
soon (f,; = 0.5 cm) to a process that occurred in the upper soil
layer for an appreciable part of its total duration (¢, = 3 cm).
The cumulative infiltration curves for the layered and the
two corresponding homogeneous soils were compared. The
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percent differences between cumulative infiltration of the lay-
ered (Jjzyereq) and the homogeneous SIL (Igyp ) soils, Al =
100 X (jayereq — Isi.)/Isy» were then calculated at each time
point during the run.

Concerning the third step of the analysis for the theoretical
setup, the methodology by Moret-Fernandez et al. (2021) was
preliminarily applied by using the four-term approximation of
the model by Haverkamp et al. (1994) and (Moret-Fernandez
et al., 2020) and the “Solver” program built into Microsoft
Excel. However, the results were not satisfactory due to the
difficulty to obtain valid, that is, non-null, values of the last
two coefficients of the model. Perhaps, the used tool or the
time interval between two subsequent data points was not
appropriate to perform this analysis. Instead, positive, and
hence valid, parameters were obtained by considering the
infiltration rates instead of cumulative infiltration and fitting
the empirical three-term infiltration model by Horton (1940)
to the data. Therefore, this last approach was used to verify if
the sequential analysis procedure was usable to reveal layering
conditions. The use of Horton-type models for the analysis of
the 3D infiltration process is already well documented in the
scientific literature (Hussen & Warrick, 1993; Iovino et al.,
2021; Jacques et al., 2002).

A comparison between the dOHO and d1H1 setups was sub-
sequently carried out. In particular, the relationship between
Aipy = 100 X [i(d1H1) — i.(dOHO0)]/i,(dOHO) (P = practi-
cal; T = theoretical) and # was determined for the nine layered
soils and also for the homogeneous SIL soil for comparative
purposes. Similar calculations were made for cumulative infil-
tration. In this last case, the relationship between Alpt = 100
X [I(d1H1) — I(d0OHO0)]/I(dOHO) and ¢ was determined. Finally,
the effect of the used setup on the results of the sequential
analysis procedure was evaluated.

The analysis of the instantaneous infiltration rates was
initially performed by considering the simulated data at Ar
= 0.2 min, representing the shortest available time inter-
val. However, in the development of the analysis, it was
considered that the cumulative infiltration data, the fitting
of a model to the data, and the experimental information
collected with the d1H1 setup mainly have a practical rel-
evance since the data collected in the field are frequently
used to estimate soil hydrodynamic properties. In this case,
it is unlikely that infiltration will be measured at very short
time intervals, except for limited time periods. Therefore,
the cumulative infiltration data and those obtained with the
d1HI1 setup were analyzed by considering a longer time inter-
val between two subsequent readings, that is, At = 1 min.
The same choice was made to fit an infiltration model to the
data.
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FIGURE 2 Ratio between the infiltration rates, i,, for the L

(loam), SAL (sandy-loam), and LS (loamy-sand) homogeneous soils
and those for the homogeneous SIL (silt-loam) soil plotted against time,
t.

3 | RESULTS AND DISCUSSION

3.1 | Unconfined infiltration under a null
ponded depth of water (dOHO setup)

3.1.1 | Infiltration rates

As expected, the infiltration rate at any given instant during
the 2-h run increased from the less to the most conductive
homogeneous soil, that is, according to the LS > SAL > L
> SIL order. On average, the i.(L)/i,.(SIL), i.(SAL)/i.(SIL),
and i.(LS)/i.(SIL) ratios were equal to 1.7, 5.3, and 15.5,
respectively (means of 600 values for each ratio), and they
increased during the run (Figure 2). In particular, i.(L)/i,(SIL)
increased by 1.3 times (from 1.4 at = 0.2 min to 1.8 at ¢
=2 h), i (SAL)/i (SIL) increased by 2.2 times (2.7-6.0) and
i(LS)/i (SIL) increased by 3.7 times (4.9-18.3). Therefore,
comparing more similar soils implied obtaining, as expected,
infiltration rate ratios that were closer to one and more sta-
ble during the run. The i.(L)/i.(SIL), i .(SAL)/i.(SIL), and
i,(LS)/i.(SIL) versus ¢ relationships were concave downwards,
indicating that the i, ratios increased at a decreasing rate as ¢
increased and also suggesting that they tended to stabilize at
long times, in accordance with theory (Reynolds & Elrick,
1990).

For each layered soil (weakly, moderately, and strongly),
Figure 3 shows the infiltration rate curves corresponding to
the three thickness values of the upper layer (¢, = 0.5, 1,
and 3 cm) together with those for the two homogeneous soils
that were combined with each other to form the layered soil.
Generally, the infiltration rates of the layered soil approached
more the i, values of the homogeneous SIL soil than those of
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FIGURE 3 Infiltration rates, i,, for the homogeneous SIL (silt-loam), L (loam), SAL (sandy-loam), and LS (loamy-sand) soils and the layered

soils plotted against time, 7. (a) SIL overlying L (weakly layered soil); (b) SIL overlying SAL (moderately layered soil); (c) SIL overlying LS

(strongly layered soil). K,/K,,,

the homogeneous coarser soil constituting the subsoil in the
layered system (L, SAL, and LS, depending on the scenario).
In particular, for a weak layering (SIL over L), the differences
between the layered soil and the coarser soil did not differ
very much from those between the layered soil and the finer
soil given that two corresponding infiltration rates (layered vs.
homogeneous) differed by 1.3—1.8 times during the run in the
former case and by 1.0-1.4 times in the latter one. This result
occurred since infiltration rates for the homogeneous SIL and
L soils were relatively similar (Figures 2 and 3). Instead, in
the case of a strong layering (SIL over LS), the layered soil
yielded i, values differing by 4.9-20.7 and 1.0-2.1 times as
compared with the coarser and the finer soil, respectively.
Intermediate results were obtained for the moderately layered
soil (SIL over SAL) since, in this case, infiltration rates dif-
fered by 2.7-6.3 times from those of the coarser soil and by
1.0-2.0 times as compared with the finer soil.

Therefore, the layered soils showed a greater similarity with
the SIL soil of the upper layer than the coarser soils below.
This result became more and more clear as the thickness of
the upper layer increased (Figure 3), as expected, but it was
also detected with a very thin upper layer (0.5 cm).

After 2 h of infiltration, 0.5 cm of SIL induced a decrease
in the final infiltration rate, i,f, by 1.3 times when this layer
was positioned over the L soil, 3.0 times when the subsoil
was a SAL soil and 8.6 times with the LS soil as the sub-
soil (Table 3). Therefore, a thin upper layer of a fine soil had

K, of the lower layer/K of the upper layer.

a larger effect on i, as the subsoil was coarser. Final infiltra-
tion rates of the three homogeneous coarse soils (L, SAL, and
LS) differed by 10.3 times (29.6-304.4 mm/h). The presence
of a thin layer of a fine soil on these three soils determined
a shift of the range of i,, toward smaller (22.6-35.4 mm/h)
and less variable (ratio between the highest and the lowest i,
value = 1.6) values. Conversely, the thin layer of SIL soil over
a coarser soil yielded higher i, values for the layered soil than
the homogeneous SIL soil (Table 3). The increase in irf was
greater as the layering degree increased (from 1.4 times for
the SILO.5L soil to 2.1 times for the SILO.5LS soil).
Therefore, for a weak layering degree, the i, value of the
layered soil was almost equally distant from the 7, values of
the two associated homogeneous soils (SILO.5L soil: 1.3 times
smaller as compared with the L soil and 1.4 times greater as
compared with the SIL soil). A stronger layering enhanced the
differences between the layered soil and the two associated
homogeneous soil but more appreciably with reference to the
differences with the coarser soil than the finer soil (SIL0O.5LS
soil: 8.6 times smaller /,; value as compared with the LS soil
and 2.1 times greater i,, value as compared with the SIL soil).
As logical, a greater thickness of the upper SIL layer
enhanced similarities between the layered and the homo-
geneous SIL soils and differences between the layered and
the homogeneous coarser soils (Table 3). Some results did
not appear fully intuitive. For example, as compared with
the homogeneous SIL soil, the presence of a coarser subsoil
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TABLE 3
highest and the lowest i,, values.

Thickness of the Final infiltration
Layered soil upper layer (cm) rate”, i,, (mm/h)
SIL over L 0.5 22.6

1 19.5

3 16.5
SIL over SAL 0.5 32.7

1 22.6

3 15.8
SIL over LS 0.5 354

1 222

3 14.7

Differences between the final infiltration rates, i, in the layered and the homogeneous soils expressed as the ratio between the

Factor of difference

As compared with the
homogeneous coarser soil

As compared with the
homogeneous finer soil

1.31 1.36
1.51 1.17
1.79 1.01
3.04 1.97
4.40 1.36
6.31 1.06
8.59 2.13

13.7 1.33

20.7 1.13

4Final infiltration rates, irf, of the homogeneous soils equal to 16.6, 29.6, 99.4, and 304.4 mm/h for the SIL (loamy-sand), L (loam), SAL (sandy-loam), and LS (loamy-sand)

soils, respectively.

below 3 cm of SIL soil reduced i, by a little, but more appre-
ciably as the subsoil became coarser (i,y = 16.6 mm/h for
the SIL soil and 16.5, 15.8, and 14.7 mm/h for the SIL3L,
SIL3SAL, and SIL3LS soils, respectively).

3.1.2 | [Infiltration rate ratios

For each layered soil (SIL over L, SIL over SAL, and SIL
over LS), Figure 4a—c shows i,y versus ¢ for the three 7,
values (0.5, 1, and 3 cm). The same data were reported in
Figure 4d—f by plotting, for each ¢, value, i, ;y versus ¢ for the
three layering degrees. The following sequence of four stages
was generally detected for the i, 7 versus ¢ relationships: stage
I, i,y y = 1; stage 2, i,; y < 1, decreasing as ¢ increased;
stage 3, i,; g < 1, increasing as ¢ increased; stage 4, i,; i > 1,
increasing with time. Therefore, a stage was defined by simul-
taneously considering the values of i,; y (<1, = 1, >1) and
the variation of these values with time (increasing, decreas-
ing). For t; = 3 cm, the last stage was not detected and stage
3 was only weakly perceived. Evidently, stage 1 corresponded
to the early phase of the infiltration process, during which
the characteristics of the flow field did not change between
the layered and the homogeneous soil. As logical, the dura-
tion of stage 1 increased with the thickness of the upper soil
layer nearly independently of the underlying coarser soil since
this duration was 0.2 min for a thickness of 0.5 cm, 1.6 min
for a thickness of 1 cm, and 18.8—19.4 min for a thickness of
3 cm (Table 4). As infiltration started to occur in the under-
lying coarser soil, the infiltration rates became smaller as
compared with those of the homogeneous SIL soil. This slow-
down reached a maximum (smallest i,; iy value) and then it
decreased since, from a certain instant, i, y; started to steadily
increase. Due to this increase, infiltration later became faster

in the layered soil than in the homogeneous SIL soil. The
thinner the upper layer, (i) the smaller the lowest i, ;; value
during stages 2 and 3 (i, g < 1) (Figure 4a—c), (ii) the higher
the greatest i,;y; value during stage 4 (i,; g > 1), and (iii)
the shortest the duration of stages 2 and 3 (Table 4). For a
given thickness of the upper soil layer, the coarser the sub-
soil, (i) the lower the minimum i,; ;y value during stages 2 and
3 (Figure 4d—f) and (ii) the longer the duration of these two
stages (Table 4).

Therefore, in comparison with the infiltration rates of a
homogeneous fine soil, those of a layered soil composed of an
upper fine soil layer overlying a coarser soil evolved accord-
ing to the following sequence: (i) identical, (ii) smaller and
decreasing, (iii) smaller and increasing, and (iv) greater and
increasing. This trend had an impact on cumulative infiltra-
tion, 7, as shown in the example of Figure 5 for a thickness
of the upper fine soil layer equal to 1 cm. In particular, the 1
values of the homogeneous and layered soils coincided dur-
ing stage 1 and also later, but only at a single instant in this
case. At this particular instant, there was a balance between
the decreased infiltration rates during stages 2 and 3 and the
increased infiltration rates during stage 4. The coarser the
soil underlying the upper layer, the later this instantaneous
condition of equality of 7 was reached.

According to this investigation, the conclusion by Lass-
abatere et al. (2010) and da Silva Ribas et al. (2021) can
be formulated in a little greater detail. In particular, the
suggestion by these authors was supported but it is also nec-
essary to specify that, for a little permeable upper layer,
the similarity between the layered soil and the homogeneous
fine soil depends on both the thickness of the upper layer
and the hydraulic properties of the subsoil. Similarity gen-
erally increases with a thicker upper layer. In the case of
a weak layering, the layered soil is expected to yield an
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strongly (c) layered soil and for a thickness of the upper layer equal to 0.5 cm (d), 1 cm (e), and 3 cm (f). L, loam; LS, loamy-sand; SAL, sandy-loam.

TABLE 4

Duration (min) of the infiltration run in the layered soil yielding equal (1), smaller (<1), and larger (>1) infiltration rates as

compared with the infiltration rate of the homogeneous SIL soil for the three layered soils and the three thickness values of the upper soil layer.

Layered soil

SIL over L

1
<1
>1

SIL over SAL 1

SIL over LS

<1
>1
=1
<1
>1

Abbreviations: L, loam; LS, loamy-sand; SIL, silt-loam; SAL, sandy-loam.

Infiltration rate ratio (layered/SIL soils)

Thickness of the upper layer (cm)

0.5 1 3

0.2 0.2-1.6

0.4-1.6 1.8-8.0 >19.6
>1.8 >8.2

0.2 0.2-1.6

0.4-2.2 1.8-11.2 >19.0
>2.4 >11.4

0.2 0.2-1.6

0.4-3.2 1.8-18.4 >19.0
>3.4 >18.6

0.2-19.4

0.2-18.8

0.2-18.8

85U8017 SUOWILLOD BATea10 3[edldde ayy Aq peusenob a1e ssppiie YO ‘8sn JO S8 10} ArIqi]8UIIUO AB|IAN UO (SUONIPUOD-PUB-SLLIBYWOD A8 | 1M ATRIq 1 BU1|UO//:SdNL) SUORIPUOD PUe SWiB | 8U1 88S *[£202/TT/82] U0 Akeld)aulluo A8|iMm ‘owsed A Ipms 1Bea AsieAun Ad 8202 2[2//200T 0T/I0P/W0 A8 | imAlelq 1 Ul |U0'SSesde// Sy WOy pepeoumod ‘9 ‘€202 ‘€99T6EST



BAGARELLO ET AL.

1.2 ‘ 1
22 w1154
8ES% o SIL1L/SIL
r—1 "
g2 M esiwsayse
3 & 9105 {— eSILLLS/SIL
S &« 0o
v o Q
g c < 1
299
2% 20095
2 2 g \J
'@ & £ 09

0.85

0.001 0.01 0.1 1
t(h)

FIGURE 5 Ratio between the cumulative infiltration of the

layered soil and that of the homogeneous SIL soil plotted against time,
t. L, loam; LS, loamy-sand; SAL, sandy-loam; SIL, silt-loam.

intermediate infiltration as compared with that for the two
homogeneous soils that form the layered system. If the lay-
ering degree is strong, the layered soil appears more similar
to the homogeneous fine soil than to the homogeneous coarse
soil.

3.1.3 | Cumulative infiltration

For each layering degree, Figure 6 compares the cumulative
infiltration curves for the two homogeneous soils that were
combined with each other to form the layered soil with three
different thicknesses of the upper layer (z,; =0.5, 1, and 3 cm).
Cumulative infiltration was obviously greater in the homoge-
neous coarse soils (L, SAL, and LS) than the homogeneous
SIL soil. As expected, differences between two homogeneous
soils were relatively small for the L-SIL comparison (ratio
between I at t = 0.5 h equal to 1.5), intermediate for the SAL—
SIL comparison (ratio = 3.9), and relatively high in the case
of the LS—SIL comparison (ratio = 10.2).

Regardless of both the degree of layering and the thickness
of the upper SIL layer, the cumulative infiltration curves of
the layered soils were closer to that of the homogeneous SIL
soil than to the cumulative infiltration curve of the homo-
geneous soil constituting the coarser subsoil in the layered
system. In the representations of Figure 6, the overlap of the
infiltration curves of the homogeneous SIL soil and the lay-
ered soils appeared more complete for #,; = 1 and 3 cm than
t, = 0.5 cm. In this last case, with the exclusion of the early
stage of the run, more water infiltrated in the layered soil than
in the homogeneous SIL soil.

According to Yilmaz et al. (2013), inverse numerical mod-
eling of the infiltration data obtained in a two-layered system
with a less permeable upper layer should be expected to
yield representative hydraulic parameters of the upper layer.
The results of this investigation appeared to agree with the

conclusion by Yilmaz et al. (2013) given the appreciable
overlap between the infiltration corresponding to the homo-
geneous SIL soil and those obtained for the layered soils,
regardless of the layering degree and especially for 7, > 1 cm.

The time evolution of percent differences between cumu-
lative infiltration of the layered and homogeneous SIL soils,
Al g, for the nine layered soils is shown in Figure 7. Sim-
ilarity between the layered soils and the SIL soil generally
increased with the thickness of the upper layer, as expected,
since —11.1% < ALy < +29.5%, =9.7% < Al < +2.4%,
and —1.4% < Al < 0 were obtained for 7,; = 0.5, 1, and
3 cm, respectively. With a small thickness of the upper layer
(0.5 cm), fizyereq > Is (positive Al y values) was the most
frequent result during the run. The opposite result (/jyereq
< Igp, for the largest part of the run) was obtained with an
intermediate thickness (1 cm), especially with reference to
a moderate and strong layering condition. Finally, /j,crcq =
Iy, prevailed with the thickest upper layer (3 cm). Weaker
layering conditions generally made infiltration for the lay-
ered soil more similar to that of the homogeneous SIL soil,
regardless of the thickness of the upper layer. A thicker upper
soil generally made infiltration in layered soil more similar to
that of the homogeneous SIL soil, regardless of the layering
degree.

3.1.4 | Sequential analysis procedure

The infiltration model was adapted to the data for > 0.17 h,
that is, by considering at least 10 data points for the fitting,
which yielded 21 RMSE values for a run. Calculations of
RMSE were performed for the homogeneous SIL soil and the
SIL3L, SIL3SAL, and SIL3LS layered soils. The sequential
analysis was not applied for small ¢,; values (<1 cm) since,
in this case, the wetting front reached the interface between
the two layers very soon (<1.6 min, Table 4), meaning that
RMSE values representative of the upper layer alone could
not be obtained. Instead, for #; = 3 cm, the first 17 RMSE
values (¢ < 0.283 h) were obtained in the upper layer, whereas
the last 13 values represented infiltration in the two-layered
system.

For the homogeneous SIL soil, the RMSE versus ¢ rela-
tionship described a curve concave downward, denoting that
RMSE increased regularly with time at a decreasing rate as
t increased (Figure 8a). An increasing RMSE versus ¢ rela-
tionship was also detected in the presence of the subsoil.
However, approximately starting from the time at which infil-
tration also occurred in the subsoil, RMSE became higher for
the layered soils than the homogeneous SIL soil, as expected
(Moret-Fernandez et al., 2021). This increase in RMSE was
minimal in the case of a weakly layered soil (SIL3L) and more
appreciable as the layering degree increased.
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against time, 7, for the different layering degrees and thickness values of
the upper soil layer. L, loam; LS, loamy-sand; SAL, sandy-loam.

Despite the detected differences between the homogeneous
and the layered soils, the usability of the RMSE versus ¢
relationship to determine the time when the infiltration bulb
reaches the interface between the upper soil layer and the sub-
soil appeared somehow questionable for a twofold reason: (i)
the general shape of the RMSE(¢) curve did not change sub-
stantially between homogeneous and layered soils, and (ii)
field data are unavoidably more noised than those used for this
analysis. Therefore, layering could be difficult to be detected
in practice from the RMSE versus  relationship.

However, analyzing the same data, that is, RMSE and ¢,
in an alternative manner was found to make detection of
soil layering conditions easier. In particular, Figure 8b shows
ARMSE/At plotted against the duration of the infiltration
run. In the case of the homogeneous SIL soil, ARMSE/At
decreased monotonically and the relationship between this
ratio and 7 was concave upward. For both a moderately and a
strongly layered soil, after a decreasing stage denoting infiltra-
tion in the upper layer, ARMSE/A¢ increased rather abruptly
and then it started to decrease again after reaching a maxi-
mum. The time at which the increase in ARMSE/A¢ became
detectable was very close to the time when infiltration started
to occur in the subsoil (difference by no more than 1-2 min),
suggesting that ARMSE/Ar started to increase because the
subsoil started to influence infiltration. The results were less
clear for a weakly layered soil due to the lack of a well-
defined peak in the ARMSE/At versus ¢ plot. However, even in
this case, a departure of the ARMSE/A¢ versus ¢ relationship
from that obtained for the homogeneous SIL soil appeared
perceivable.

Therefore, the sequential analysis procedure first intro-
duced by Moret-Fernandez et al. (2021) appears usable to
detect layering conditions. However, according to this inves-
tigation, infiltration rates should be considered, the Horton
(1940) infiltration model should be fitted to the data and the
relationship between ARMSE/At and ¢ should be examined.
A concave upward relationship between these two variables is
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modified sequential analysis procedure. L, loam; LS, loamy-sand; SAL, sandy-loam; SIL, silt-loam.

expected for a homogeneous soil. A moderate or strong layer-
ing condition is signaled by a sharp increase in the ARMSE/A¢
versus ¢ relationship after a decreasing stage. For a weakly
layered soil condition, an alteration of the regularity of the
ARMSE/At versus ¢ curve could represent all that it is possi-
ble to detect. In other words, the effectiveness of the suggested
procedure appears to depend on the layering degree, being not
surprisingly highest in the case of strong layering degrees.

3.2 | Comparing the dOHO and d1H1 setups

3.2.1 | Infiltration rates

With reference to a 2-h infiltration run sampled at At = 1 min
time intervals, Figure 9 shows, for the three-layered soils and
the three ¢, values for each layering degree, the relationship
between Ai,pr, that is, the percentage difference between the
i, values for the d1H1 and dOHO setups, and ¢. The Ai,py val-
ues obtained for the homogeneous SIL soil were also reported
in the figure. The individual Ai,py values varied from a min-
imum of —18.8% (SIL3LS soil) to a maximum of +17.4%
(SILO.5LS soil), and the means of Ai,py varied from —10.4%
(SIL soil), or —9.9% (SIL3L soil) by only considering the lay-
ered soils, to +16.1% (SILO.5LS soil). Therefore, the effect of
the setup on i, was overall small or moderate.

For the homogeneous SIL soil, Ai,pt was < O for the entire
run duration (from —15.0% to —4.4%), meaning that i .(d1H1)
was steadily smaller than i,.(dOHO). In other terms, the d1H1
setup determined a slower infiltration process than the dOHO
setup, as already reported by Bagarello et al. (2022).

Although Ai,pr fell into a not very broad range of val-
ues, the layering degree influenced the Ai pyt calculations.
In particular, —15.0% < Ai,pp < +2.6%, —16.7% < Ai,pr <
+12.9%, and —18.8% < Ai,py < +17.4% were obtained for
the SIL-L, SIL-SAL, and SIL-LS soils, respectively, denoting
a wider range for a stronger layering. As expected, the greatest
similarity between the Ai,pr values calculated for the homo-

geneous SIL soil and those obtained for the layered soils was
detected in the case of the thickest upper layer (7,; = 3 cm),
regardless of the layering degree. In particular, the overlap
of the two Ai, py(t) curves was initially complete, which was
obvious since flow fields initially coincided. Then, an effect
of the subsoil was detected since the overlap of the two curves
persisted in the case of a weak layering (SIL3L soil) but not, or
at least less clearly, in the case of a moderate and strong layer-
ing (SIL3SAL and SIL3LS soils, respectively). The decrease
in t,; made the difference between the results for the lay-
ered and the homogeneous SIL soils more appreciable since
it generally determined an increase in Ai,.py for the layered
soils that became less negative or even positive, depending
on the layering degree. In particular, a thin upper layer (¢
= 0.5 cm) yielded a mean of Ai,pr nearly null (—0.2%) and
individual Ai,pr values close to or not very different from
zero (from —5.7% to +2.6%) for a weak layering. For a mod-
erate and a strong layering, the individual Ai,py values and
the corresponding means were > 0 (from +0.3% to +12.9%
and +10.9% in the former case; from +2.0% to +17.4% and
+16.1% in the latter one).

For the homogeneous SIL soil, the final infiltration rate, i,
obtained with the practical setup (d1H1) was smaller by 7.4%
than the corresponding value obtained with the theoretical
setup (dOHO). With reference to the layered soils, Ai,pr, that
is, the percentage difference between corresponding i, values
with the two setups at the end of the 2-h run, varied from
—6.5% to +17.4%. In particular, the conditions determining
the greatest differences between the dOHO and d1HI1 setups
(Aipr = +13.0%) were those of a moderately or strongly
layered soil and a thin (0.5 cm) upper layer. The best simi-
larity between the two setups (—0.4% < Aiypr < +2.6%) was
detected for a weakly layered soil and a thin or relatively thin
(0.5-1 cm) upper layer.

Therefore, this analysis suggested that, with a thick upper
layer, the results should not be expected to differ greatly
between the layered soil and the homogeneous SIL soil,
regardless of the layering degree. In particular, smaller
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infiltration rates are expected with the practical setup (d1H1)
as compared with the theoretical one (dOHO). If the upper
layer is thin, the impact of the layering degree becomes
more appreciable. For a weak layering degree, i.(d1H1) ~
i.(dOHO) appears a plausible assumption. For moderate or
strong degrees of layering, i.(d1H1) > i.(dOHO) appears more
likely. In other words, layering may make theoretical (dOHO)
and practical (d1H1) infiltration rates like each other. This sit-
uation is expected to occur in the case of a weak layering and
a thin upper layer.

3.2.2 | Cumulative infiltration

Figure 10 shows the percent differences, Alpr, between the
cumulative infiltration values obtained with the d1H1 and
dOHO setups during the 0.5 h-run. The Alpy values varied in
the rather narrow range of —12.2% < Alpr < +11.8%, denot-
ing an overall limited effect of the used setup on cumulative
infiltration. As expected in accordance with the infiltration
rate calculations (Figure 9), the setup effect for a thick upper
layer (¢, = 3 cm) was similar to that observed for the homo-
geneous SIL soil, meaning that, regardless of the layering
degree, cumulative infiltration for the d1H1 setup was up
to about 11%—12% lower than that obtained with the dOHO
setup. A layering degree effect was instead perceived with a
thin upper layer (f,; = 0.5 cm). In particular, a weak layering

implied detecting /(d1H1) < I(dOHO) albeit by only a little
given that Alpr was not smaller than —4.0%. Instead, /(d1H1)
> I(dOHO) was obtained with a moderate and a strong layer-
ing but only by a little also in these cases since Alpr did not
exceed +6.4% in the former case and +11.8% in the latter one.
With an upper layer of an intermediate thickness (¢, = 1 cm),
Alpp <0 was obtained. In particular, for a weak layering, Alpy
stabilized around a value of nearly —8.0% as the duration of
the run increased up to 0.5 h. For a moderate and a strong lay-
ering, Alpy reached a minimum of nearly —7.0% and then it
started to increase, remaining negative.

Therefore, the correspondence between the two setups dif-
fered depending on both the layering degree and the thickness
of the upper layer. Less cumulative infiltration occurred with
the d1H1 setup than the dOHO one for an upper layer of inter-
mediate to high thickness and also for a thin upper layer but
only in the case of a weak layering degree. Otherwise, the
practical setup yielded more cumulative infiltration than the
theoretical one.

While d = 1 cm represents a common practice of the
Beerkan infiltration run, establishing a constant H value equal
to 1 cm represented a rather extreme case for such a type
of run. Other scenarios that should perhaps be tested in the
future are as follows: (i) positive, constant, and smaller H val-
ues (e.g., <0.5 cm), as those established with the automated
infiltrometer by Di Prima (2015); and (ii) decreasing ponded
depths of water for each water volume application (e.g., from
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FIGURE 11 Comparison of the ARMSE/At versus ¢ (where
RMSE is the root mean square error in mm/h and ¢ is the time in h)
relationships for the practical (d1H1) and the theoretical (dOHO) setups.

0.8-1.1 to 0 cm), in accordance with Lassabatere et al. (2006)
and Xu et al. (2012).

3.2.3 | Sequential analysis procedure

Figure 11 compares the ARMSE/At curves for the dOHO and
d1H1 setups. The general shape of this curve did not change
between these two setups. However, the increasing phase of
the ARMSE/At versus ¢ relationship was detected earlier with
the practical setup than the theoretical one. This result was

consistent with the circumstance that the infiltration rates for
the layered and the homogeneous SIL soils started to diverge
a little earlier with the d1H1 setup (approximately after 16—
17 min) than with the dOHO setup (after nearly 19 min). The
increase in the curve appeared sharper for the practical setup
than the theoretical one and the largest vertical amplitude of
the ARMSE/At versus ¢ curves, defined as the largest distance
between the ARMSE/A¢ versus ¢ curves for the layered and
the homogeneous SIL soils, increased from the dOHO setup
(0.6-3.5 units, depending on the layered soil) to the d1H1 one
(0.7—4.5 units). Therefore, the practical setup induced in gen-
eral a more clearly detectable departure of the ARMSE/A¢
versus ¢ curve from the one corresponding to the homoge-
neous SIL soil. In other words, the practical setup enhanced
the possibility to recognize the time at which the charac-
teristics of the subsoil started to influence the infiltration
process.

4 | CONCLUSIONS

In this investigation, infiltration in a layered soil with a less
permeable upper layer and a more permeable subsoil was
numerically studied for both a theoretical process with null
depth of ring insertion, d, and ponded head of water, H
(dOHO setup), and an approximation of this process, obtained
with d = H = 1 cm (practical setup, d1H1). The considered
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layered soils differed by both the layering degree (from weak
to strong) and the thickness of the upper soil layer (0.5-3 cm).
A fixed source size (radius = 5 cm) and a constant antecedent
soil water pressure head (—9022 cm) were considered for
simulating infiltration.

It was concluded that water infiltration is more represen-
tative of the upper soil layer when this layer is the less
permeable. In particular, infiltration rates for the layered soil
can be expected to be greater than those of the homogeneous
little permeable soil by no more than nearly two times but they
can also be ~20 times smaller than those of the homogeneous
coarser soil that constitutes the subsoil. For a weak layering
condition, the layered soil yields an intermediate infiltration
as compared with that of the two homogeneous soils forming
the layered system. For a strong layering degree, the layered
soil is more similar to the homogeneous fine soil than to the
homogeneous coarse soil.

Using the practical setup (d1H1) instead of the theoreti-
cal one (dOHO) should have a small to moderate effect on the
instantaneous infiltration rates since they can be expected to
vary with the setup by nearly 20% at the most.

A sequential analysis procedure appears usable to detect
layering conditions but with some modifications as com-
pared with the originally proposed procedure. In particular,
an empirical model is fitted to infiltration rate values. The
effectiveness of the method seems to depend on the layering
degree, being not surprisingly highest in the case of strong
layering degrees. The practical setup appears to enhance the
possibility to recognize the time at which the characteristics
of the subsoil start to influence the infiltration process with
the modified sequential analysis procedure.

This investigation tried to take a small and incomplete step
forward as regards the transition from the ideal conditions to
the real ones. In this context, this investigation could repre-
sent the starting point of additional developments in the study
of 3D infiltration into a soil composed of a little permeable
upper layer and a coarser subsoil. In particular, the fact that
some results of this investigation were not intuitive demon-
strates the opportunity of the investigation that was carried
out and indicates the need for further developments. Simulta-
neously considering infiltration and soil water pressure heads
in the wetted zone could help to generally improve descrip-
tion of 3D infiltration in layered soils. Moreover, layering and
setup effects should be studied by also considering different
sizes of the source, different antecedent soil water conditions,
and also soil heterogeneity. Numerical simulation could be
an appropriate tool at these purposes since different relevant
data, such as those on water content of the wetted soil vol-
ume, lateral expansion of this volume, and pressure heads
in different points of the wetted soil, can be obtained with
a great detail. It should also be considered that, in the field,
a single soil layer is not homogeneous, rigid, and isotropic.
Therefore, numerical simulations should be performed by
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improving soil description, maybe step by step, in an attempt
to get as close as possible to a realistic description of the
porous medium. Finally, another objective that perhaps should
be pursued is trying to better define potential and limitations
of the sequential analysis procedure, at least from the perspec-
tive to detect the presence of layering with a simple infiltration
experiment.
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