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Abstract: Beerkan infiltration runs could provide an incomplete description of infiltration with reference to either the
near steady-state or the transient stages. In particular, the process could still be in the transient stage at the end of the run
or some transient infiltration data might be loss. The Wul method and the BEST-steady algorithm can be applied to
derive soil hydrodynamic parameters even under these circumstances. Therefore, a soil dataset could be developed using
two different data analysis methods. The hypothesis that the Wul method and BEST-steady yield similar predictions of
the soil parameters when they are applied to the same infiltration curve was tested in this investigation. For a sandy-loam
soil, BEST-steady yielded higher saturated soil hydraulic conductivity, Ky, microscopic pore radius, A, and depth of the
wetting front at the end of the run, d.y; and lower macroscopic capillary length, A, as compared with the Wul method.
Two corresponding means differed by 1.2—1.4 times, depending on the variable, and the differences appeared overall
from moderate to relatively appreciable, that is neither too high nor negligible in any circumstance, according to some
literature suggestions. Two estimates of Ky were similar (difference by < 25%) when the gravity-driven vertical flow and
the lateral capillary components represented the 71-89% of total infiltration. In conclusion, the two methods of data
analysis do not generally yield the same predictions of soil hydrodynamic parameters when they are applied to the same
infiltration curve. However, it seems possible to establish what are the conditions making the two methods similar.
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INTRODUCTION

In the last thirty years, single-ring infiltration experiments
have become popular for field determination of soil hydrody-
namic parameters, mainly thanks to the progresses by the
Canadian school (Elrick and Reynolds, 1992a; Iovino et al.,
2017; Reynolds and Elrick, 1990; Reynolds et al., 2000). A
single-ring experiment makes use of a ring with a small radius
that is inserted into the initially unsaturated soil to a short
depth. A constant depth of ponding is established on the soil
surface confined by the ring and the three-dimensional infiltra-
tion process into the soil is monitored. Steady-state infiltration
is attained after a transient phase of decreasing infiltration rates
(Elrick and Reynolds, 1992a). Soil hydrodynamic properties are
determined with different approaches using transient (Wu et al.,
1999) or steady-state (Reynolds and Elrick, 1990) infiltration
rates or a combination of both (Stewart and Abou Najm,
2018a, b).

An impulse to single-ring experiments was given by the
French school nearly fifteen years ago, when the Beerkan
Estimation of Soil Transfer parameters (BEST) procedure of
soil hydraulic characterization was proposed for the first time
(Angulo-Jaramillo et al., 2016; Lassabatere et al., 2006; Yilmaz
et al., 2010). The beerkan experimental protocol is very simple
since it only needs a small ring, a few liters of water and a
stopwatch (Lassabatere et al., 2006). The ring is inserted to a
small depth into the soil to avoid lateral loss of the applied
water. Fixed, small volumes of water are repeatedly poured into
the cylinder and the time elapsed during infiltration of each
water volume is measured. The dataset thus describes an
experimental cumulative infiltration curve that should include
both transient and steady-state stages. These data can be

analyzed to obtain the soil hydrodynamic parameters with three
alternative algorithms based on the infiltration model by
Haverkamp et al. (1994), known as BEST-slope (Lassabatere et
al., 2006), BEST-intercept (Yilmaz et al., 2010) and BEST-
steady (Bagarello et al., 2014), respectively. BEST-steady
appears particularly attractive from a practical point of view
since it can also be applied with a reduced experimental
information for a run, that is total duration, total infiltrated
water and steady-state infiltration rate (Bagarello and David,
2020; Bagarello et al., 2021). In other words, a failure for any
reason in collecting transient infiltration data or a poor
representation of this stage impede application of BEST-slope
and BEST-intercept since these algorithms require fitting the
transient infiltration model to the data. However, BEST-steady
remains usable. An alternative method for estimating the soil
hydrodynamic properties with a beerkan infiltration run is the
so-called method 1 by Wu et al. (1999) or Wul method. This
method is based on a different infiltration model from that of
Haverkamp et al. (1994) and it does not necessarily require
achievement of steady-state conditions (Stewart and Abou
Najm, 2018a), whose attainment is instead necessary to apply
any BEST algorithm.

Although performing an individual beerkan run is easy, the
need to intensively sample the soil to obtain a good
representation of its hydrodynamic behavior poses many
practical problems that can make field work extremely
expensive and demanding, especially on large areas (Bagarello
et al., 2019a; Braud et al., 2017; Gonzalez-Sosa et al., 2010).
Consequently, some runs could provide an incomplete
description of the infiltration process. For example, especially
in remote zones, water may represent a limiting factor. The
decision could be performing as short as possible runs to save
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water. However, the risk is to poorly describe the near steady-
state phase of the infiltration process (Gonzalez-Sosa et al.,
2010). In other situations, performing almost simultaneously
several replicated runs could be a good means to make field
work more rapid (Lassabatere et al., 2019). In this case, the risk
is to poorly describe the transient phase of the process, and
hence to miss some hydrologically valuable information on
capillarity effects or water repellency, since the operator has to
follow simultaneously different runs in different rings, maybe
spaced a few meters from each other.

In principle, a reduced experimental information at a
sampling point does not necessarily compromise estimation of
soil hydrodynamic parameters at that point. For example, the
Wul method could be used if there are doubts about
achievement of steady-state conditions by the end of the run
whereas BEST-steady could be applied if the description of the
transient phase is uncertain or incomplete (Figure 1). However,
the use of these two data analysis methods to obtain comparable
soil hydrodynamic parameters is possible if they yield similar
results when they are applied to the same infiltration curve.
This similarity has to be verified since predictions of soil
hydrodynamic parameters can be expected to vary with the
applied method of data analysis (Elrick and Reynolds, 1992b;
Verbist et al., 2009; Xu et al., 2012). Therefore, the risk of
using different data analysis methods for developing a single
dataset is that it will be noised or heterogeneous since the
chosen methods are not equivalent. To our knowledge, only
Bagarello and David (2020) synthetically compared the Wul
method and BEST-steady. The results were encouraging since a
similarity between the two methods was recognized but a
comparison limited to a single dataset does not demonstrate that
these two methods should generally be expected to yield similar
estimates of soil hydrodynamic properties.

The hypothesis of this investigation was that the Wul and
BEST-steady methods yield the same prediction of soil hydro-
dynamic parameters when they are used to analyze the same
infiltration process. An implication of a successful check of this
hypothesis will be that an incomplete information on either the
steady-state or the transient stage of the process at a sampling
point, does not prevent the run from being considered for the
development of a dataset of soil hydrodynamic parameters for
an area of interest.

Therefore, the objective of this investigation was to compare
BEST-steady with the Wul method. A relatively permeable soil
was chosen for this investigation to be confident that attainment
of steady-state flow conditions was not an expected factor
influencing the established comparison.

Complete infiltration curve, including transient and steady-state
data: both the Wul method and BEST-steady can be applied

Only transient stage: the Wul method can be applied

Only total infiltration, total duration and final (steady-state)
infiltration rate: BEST-steady can be applied

cumulative infiltration, |

® transient O steady-state
M total infiltration & total duration

&

g

time, t

Fig. 1. Example of a hypothetical cumulative infiltration curve
including transient and steady-state stages.

THEORY

The so-called Wul method (Wu et al., 1999) is based on the
assumption that the following model can be used to describe the
infiltration process:

I =A,t+ B,t% (1)

where / (L) is the cumulative infiltration, ¢ (T) is the time and
Aw (L/T) and By (L/T%%) are the parameters of the model.
Eq. (1) is fitted to the (¢, /) data pairs measured from the begin-
ning of the single-ring experiment to obtain an estimate of 4.
and By. Then, the saturated soil hydraulic conductivity, K
(L/T), is calculated as (Wu et al., 1999):

" A A6 2
S (2a)
A, =%[\/(H+ G)Z+4G°C— (H+G") (2b)

where Ac (L) is the macroscopic capillary length, expressing the
relative importance of capillary over gravity forces (White and
Sully, 1987), A@ (L*/L?) is the difference between the saturated,
6 (L*/L?), and the initial, 6 (L*/L°), volumetric soil water
contents, H (L) is the steady ponded depth of water on the
infiltration surface, and the G* (L), C (L) and Tt (T) terms have
the following expressions, respectively (Wu et al., 1999):

G =d+r 3
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where d (L) is the ring insertion depth, » (L) is the ring radius
and @ and b are dimensionless constants (¢ = 0.9084, b =
0.1682). The Wul method is also usable with very small d
values and a null A value (Wu and Pan, 1997).

The BEST-steady algorithm yields and estimate of K using
the intercept, bs (L), and the slope, is (L/T), of the straight line
fitted to the data describing steady-state conditions on the cu-
mulative [ vs. ¢ plot (Bagarello et al., 2014):

CB is
&= ab+c, @
in which 4 (1/L) and Cp are constants that can be defined for
the specific case of the Brooks and Corey (1964) hydraulic
conductivity function as (Lassabatere et al., 2006):

== (52)
o 1
@ -

where f and y are infiltration constants that are commonly set at
0.6 and 0.75, respectively, for & < 0.25 &, and 7 is the shape
parameter of the hydraulic conductivity function by Brooks and
Corey (1964) which, in BEST, is estimated using soil textural
and dry bulk density data (Lassabatere et al., 2006; Minasny
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and McBratney, 2007). According to Di Prima et al. (2020), A
can also be estimated from b; as:

b
A= 086175 (6)

The characteristic microscopic pore radius, A (L), is given
by (White and Sully, 1987):

_ o
pgA

@

m

where o (M/T?) is surface tension of water, p (M/L?) is density
of water, and g (L/T?) is acceleration due to gravity. Taking the
properties of pure water at 20 °C as appropriate, Eq. (7) reduces
to Am = 7.4/, which is valid when A, and A. are expressed in
mm. The A, value represents an effective equivalent mean
radius of the pores that participate in the infiltration process
(Tovino et al., 2016). The larger A the greater the effect of
gravity compared to capillarity as the infiltration driving force
(Souza et al., 2014).

According to Wu et al. (1997), Ac can be used to estimate the
depth of the wetting front at the end of a single-ring infiltration
run, dwr (L), taking into account for lateral flow divergence:

Ltor
dur = Fag (82)
where 1o (L) is total infiltration and fis given by:
H+ 2,
f= o +1 (8b)

The empirical Horton (1940) infiltration model, also used in
this investigation, is written as:

ig—1i
1= gt + - L (1-e~kt) ©)
where io (L/T) is the initial infiltration rate (¢ = 0), ir (L/T) is the
infiltration rate as ¢t — oo and the constant & (1/T) expresses the
rate at which io approaches ir.

MATERIALS AND METHODS

The field experiment was carried out at the so-called
“Aranceto” site of the Department of Agricultural, Food and
Forest Sciences, University of Palermo (Italy) (38°06°24”" N,
13°21°06”" E). An approximately 150 m? flat area of an organic
citrus orchard under no-tillage management, with trees of more
than 3540 years spaced 4 m X 4 m apart, was selected. Dis-
turbed soil samples were collected from the upper 0-0.10,
0.10-0.20 and 0.20-0.30 m of the profile in June 2020 to de-
termine the soil particle size distribution using conventional
methods following H2O: pre-treatment to eliminate organic
matter and clay deflocculation with sodium hexametaphosphate
and mechanical agitation (Gee and Bauder, 1986). The soil
texture of the upper 0.3 m of the profile was sandy-loam ac-
cording to the USDA classification system (clay = 14.4—15.5%,
depending on the sampling depth; silt = 29.6-30.2%; sand =
54.9-55.4%; Bagarello et al., 2021). The mean organic carbon
content, OC (%), of the upper few centimeters of the soil, de-
termined with the Walkley-Black method, was equal to 3.1%.

Field infiltration experiments of the beerkan type (Lassa-
batere et al., 2006) were carried out during the months of June
2020 to April 2021. The main features of these experiments

were: 1) insertion of 0.08-m-diam. rings to a depth of 0.01 m on
the soil surface; ii) filling plastic glasses with 57 mL of water
for each glass; iii) infiltration runs carried out by successively
pouring the water contained in a glass on the confined infiltra-
tion surface from a height of nearly 0.03 m. In particular, a
given volume of water was poured in the ring in approximately
3 s at the start of the measurement and the elapsed time during
complete infiltration was measured. An identical amount of
water was subsequently poured into the ring, and the time
needed for this water to infiltrate was logged. Although the
existing guidelines suggest that 15 water volumes should gen-
erally be enough to collect nearly steady infiltration data
(Lassabatere et al., 2006), 20 water volumes, corresponding to a
total cumulative infiltration of 226.8 mm, were used in this
investigation to possibly improve estimation of the steady-state
infiltration rate (Lassabatere et al., 2019; Souza et al., 2014).
This choice was considered reasonable not to violate the as-
sumptions of homogeneous soil and uniform water content of
the sampled soil volume with a longer experiment
(Vandervaere et al., 2000).

A total of five sampling campaigns were carried out on dif-
ferent dates, even with other scientific objectives (Bagarello et
al., 2021; Caltabellotta et al., 2021), by performing 16 runs at
random points of the field site on each date. In particular, the
first sampling campaign was carried out in ten days from June
29 to July 14, 2020. The soil was sampled again on July 20-21
and then on August 25 and 27. The fourth and the fifth sam-
pling campaigns were carried out in autumn (nine days from
November 3 to 16) and the subsequent spring (April 14-15,
2021), respectively. At each campaign, the spontaneous herba-
ceous vegetation was removed with shears while the roots
remained in situ, as suggested by Lassabatere et al. (2006). Soil
was repeatedly sampled during the experimental period to
determine the dry soil bulk density, p» (g/cm?), and the volu-
metric soil water content, & (m*/m?). On a given sampling day,
undisturbed soil cores (0.05 m in height by 0.05 m in diameter)
were collected at the 0 to 0.05 m and 0.05 to 0.10 m depths at
three randomly chosen sampling points. These six cores were
used to determine p» and the gravimetric soil water content, w
(g/g), and hence 6, in the laboratory. The data were averaged to
obtain, for a given day, a p» and an antecedent, &, water content
value of the upper 0.10 m of the soil. The saturated soil water
content, & (m*/m®), necessary for calculating soil hydrodynam-
ic parameters, was estimated from p» assuming that & coincid-
ed with porosity (Mubarak et al., 2009).

For each infiltration run, both the Wul method and the
BEST-steady algorithm were used to analyze the data. An
estimate of 4. and B. was obtained by fitting Eq. (1) to the
experimental (¢, /) data pairs using the SOLVER routine of
Microsoft Excel software with the default settings (Microsoft
Company, Redmond, WA). The quality of the fit was evaluated
by calculating the relative error, Er (%), as suggested by Lassa-
batere et al. (2006):

L - 1)

a7

where /P and /; are the experimental and modeled cumulative
infiltration, respectively, and k is the number of data points
describing an infiltration curve.

Considering that the last part of all infiltration processes ap-
peared steady, as denoted by a nearly linear relationship be-
tween / and ¢, an estimate of i; and bs was obtained with linear

Er =100 (10)
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regression analysis procedures by considering the last three data
points in most cases (RE criterion, RE = regression).
BEST-steady theoretically assumes that steady-state condi-
tions have been reached by the end of the run but steady-state
estimation is unavoidably empirical. A means to possibly per-
ceive anomalies in the applied is estimating criterion was
thought to be establishing comparisons with other possible
criteria. Therefore, five additional criteria taken from the litera-
ture were also applied to estimate #s. In particular, steady-state
was considered to be reached when two (Mubarak et al., 2009)
or three (Mubarak et al., 2010) consecutive infiltration times,
and hence infiltration rates, were identical. These two criteria
were denoted as 2E and 3E (E = equal), respectively. Other two
criteria were based on the largest percentage difference, A (%),
between three consecutive infiltration rates, i- (L/T), defined as:

max(iy)-min(iy)

Ai, = 100 (11)

min(i;)

In this case, the steady-state infiltration rate was estimated as
the mean infiltration rate for the first three consecutive time
intervals yielding a Ai, value of less than 3% (3Q3 criterion;
Q = quasi-equal; Bagarello and Giordano, 1999) or 5% (3Q5
criterion; Jabro, 1996) during an experiment. Taking into ac-
count that not less than eight water volumes should be used to
perceive near steady-state conditions (Lassabatere et al., 2006),
the 2E, 3E, 3Q3 and 3Q5 criteria were applied starting from the
ninth water volume onwards. The last applied criterion, denoted
as HO (HO = Horton), implied fitting the Horton (1940) infil-
tration model (Eq. 9) to the (z, /) data pairs, using the SOLVER
routine of Microsoft Excel software (Microsoft Company,
Redmond, WA), and setting is equal to i, in accordance with
the applied methodology by Ciollaro and Lamaddalena (1998).
As an example, the application of the different criteria to one of
the infiltration curves of this investigation is shown in Figure 2.

An estimate of Ky, Ac, A and ds was obtained for each run
with both the Wul method (denoted by the Wul subscript) and
the BEST-steady algorithm (BS). In particular, Egs. (2) and (3)
were used to calculate Ky w1 and A wui, respectively, whereas
Eqgs. (4)—(6) were used to determine Ki,zs and Acss. Eq. (7) was
applied to determine Amwus and Amss from Aewus and Aess, re-
spectively, considering a water temperature of 20 °C. An esti-
mate of dwswi and dwsss was finally obtained with Eq. (8) using
the appropriate estimates of .

The Lilliefors (1967) test was applied at P = 0.05 to test the
normal distribution hypothesis of both the untransformed (NO)
and the In-transformed (LNO) K, A, A» and dj. values obtained
with the two methods of analysis. The arithmetic mean and the
associated coefficient of variation, CV, were used to summarize
the data when the hypothesis of normally distributed untrans-
formed data was not rejected. The geometric mean and the
associated CV were calculated (Lee et al., 1985) when the non-
rejected hypothesis was that of In-normally distributed data.
Several comparisons were then established between the two
datasets for a given variable by performing two-tailed, paired t
tests at P = 0.05 on the untransformed or the In-transformed
data, depending on their distribution. Linear regression analysis
procedures and calculation of 95% confidence intervals for both
the intercept and the slope of the linear regression line were
also used to test the correspondence between two variables. The
statistical significance of a fitted regression line to the data was
established with a two-tailed t test at P = 0.05. The Tukey Hon-
estly Significant Difference (THSD) test at P = 0.05 was used
to determine the sampling date effect on the soil hydrodynamic
parameters calculated with the two data analysis methods. Two
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Fig. 2. Application example (P1 experiment of June 29, 2020) of
the different criteria for estimating the steady-state infiltration rate,
is (RE = regression criterion; HO = Horton criterion, 2E and 3E =
identity of two and three consecutive infiltration rates, respectively;
3Q3 and 3Q5 = three consecutive infiltration rates, i, differing by
less than 3% and 5%, respectively; / = cumulative infiltration; ¢ =
time; bs = intercept of the straight line fitted to the data describing
steady-state conditions on the / vs. ¢ plot; io, ir and k = fitting pa-
rameters of the Horton model).

tailed, paired t tests at P = 0.05 were also made to compare a
soil hydrodynamic parameter obtained on a sampling date with
the two methods.

RESULTS

The p», 6 and 6/6; values measured in the N = 25 sampling
days were summarized in Table 1. An inverse linear relation-
ship (coefficient of determination, R*> = 0.767, R > 0) was de-
tected between p» and &. Therefore, the infiltration data were
collected in different conditions, varying from a relatively
compacted dry soil to a less compacted wet soil. The highest
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&/6: value was equal to 0.27 and &/6; values marginally greater
than 0.25 were recorded in three days. Consequently, BEST-
steady was usable for estimating the soil hydrodynamic pa-
rameters (Lassabatere et al., 2006). Fitting Eq. (1) to the cumu-
lative infiltration data yielded Er values never exceeding 3.1%
and equal on overage to 1.2% (N = 80 infiltration curves).
Therefore, Eq. (1) accurately described the measured infiltra-
tion processes (Lassabatere et al., 2006).

The mean duration of the infiltration runs was of nearly 0.3
h (CV =49%). With reference to the K and d\ datasets devel-
oped with the two analysis methods, only the LNO hypothesis
was not rejected by the Lilliefors (1967) test (Table 2). For A,
the only non-rejected hypothesis was the NO one. For Au, the
normal distribution hypothesis was rejected with reference to
both the untransformed and the In-transformed data but the
largest difference between the empirical cumulative distribution
function and the corresponding theoretical function was smaller
in the latter case. Consequently, the geometric mean and the
associated CV were used to summarize Ks, A» and d.s whereas
the arithmetic mean and the associated CV were used for A.

The two calculation methods (BS, Wul) yielded significant-
ly different estimates of K, A, An and ds, (Table 3). In particu-
lar, BEST-steady yielded higher means of K, A» and ds» and a
lower mean of Ac as compared with the Wul method. For each
parameter, the correlation between the two methods was statis-
tically significant although not very strong (R?> = 0.53-0.70,
depending on the variable; R > 0 in all cases; Figure 3).
According to the calculated 95% confidence intervals for the
intercept and the slope (Table 3), the linear regression line
between the data obtained with the BS and Wul methods did
not coincide with the identity line. In particular, the former
method tended to yield higher predictions of Ky, A, An and djs»
than the Wul method in the range of the lowest values of the
considered variables and lower predictions in the range of the
highest values. Finally, BEST-steady yielded consistently lower
CV values than the Wul method.

According to the THSD test, there was not any difference
between two sampling dates for Ac, An and d.y, regardless of the
applied data analysis method (Table 4). With reference to K, a
time effect was noticed with BS (June-July 2020 > August
2020 = July 2020 = April 2021 = November 2020) but not with
the Wul method. The two data analysis methods yielded signif-
icantly different Ks, Ac, Aw and d.ys results in four of the five
sampling dates, that is with the exception of November 2020
(Table 4). Detecting statistically significant differences between
two datasets is not enough to summarize the results of the com-
parison since it is necessary to also establish the relevance in
practice of the significant differences. Literature allowed us to
get an idea on the practical importance of these differences. In
particular, Elrick and Reynolds (1992b) suggested that two K
values differing by two or three times could be considered
relatively similar given that, in the field, K; can be expected to
vary up to five orders of magnitude. A more stringent similarity
criterion between two corresponding K values was adopted by
Reynolds (2013), working with numerically generated data. In
this last case, two estimates were considered similar when their
ratio fell in the 0.75 to 1.25 range (differences by <25%). In
this investigation, the two means of K differed by 1.3 times
(Table 3) and two corresponding estimates of K at a sampling
location differed at the most by 3.2 times. The individual
K;.Bs/Ks,mu1 ratios fell in the 0.75—1.25 range for the 26% of the
experiments and the factor of difference between Kiss and
K, wa did not exceed two and three in the 90% and 99% of the
cases, respectively. Relative variability of Ky was high accord-

Table 1. Dry soil bulk density, p», antecedent volumetric soil water
content, &, and ratio between & and the volumetric saturated soil
water content, &, during the sampling period (N = 25 sampling
days).

Variable Min Max Mean CV (%)
P (g/cm?) 1.014 1.209 1.106 5.4
6 (m*/m?) 0.049 0.163 0.107 38.5
6/ 6; 0.090 0.271 0.181 35.6

For a given sampling day, a value of p» and a value of 6 were
obtained by averaging six individual determinations of p» and 6,
respectively.
Min = minimum value; Max = maximum value; CV = coefficient
of variation.

Table 2. Results of the Lillefors (1967) test for each developed
dataset (sample size, N = 80 for each dataset).

Variable Analysis Dnax Assumed
method NO LNO distribution

K BS 0.083 0.056 LNO
Wul 0.168 0.047

Ae BS 0.065 0.106 NO
Wul 0.084 0.113

Am BS 0.163 0.106 LNO
Wul 0.328 0.113

dwr BS 0.116 0.089 LNO
Wul 0.146 0.087

K = saturated soil hydraulic conductivity; A. = macroscopic capil-
lary length; A» = characteristic microscopic pore radius; dws= depth
of the wetting front at the end of the run; Dmax = largest difference
between the empirical cumulative frequency distribution and the
corresponding theoretical distribution; Derir = critical value of Dmax
=0.099; NO = normal; LNO = In-normal.

ing to Warrick (1998) regardless of the calculation method.
Therefore, BEST-steady yielded higher and less variable Kj
values as compared with the Wul method but the differences
between the two methods were overall moderate and perhaps
negligible, at least in some circumstances. Also Bagarello and
David (2020) obtained means of K differing by 1.3 times with
these two methods but differences were not statistically signifi-
cant in that case.

With reference to A, An and ds, two corresponding means
differed by 1.2-1.4 times, depending on the considered variable
(Table 3). Even these differences did not seem very high but an
examination of the literature suggested that they could have
some practical relevance. In particular, the two calculation
methods led to a different categorization of soil capillarity (Di
Prima et al., 2020) since the Ac data obtained with BEST-steady
clearly suggested that the soil had a moderate capillarity
(42 < Ac < 125 mm) whereas, with the Wul method, the soil’s
capillarity was between moderate and strong (125 < A < 1000
mm). Mubarak et al. (2009) concluded that a change by nearly
1.3 times in the depth of the wetted bulb under drip irrigation
has to be considered marked. In this investigation, the two esti-
mates of d.y differed by 1.2 times suggesting at least a relatively
appreciable difference. Finally, according to Warrick (1998), A
and A» exhibited a medium variability when they were deduced
with BEST-steady but they were classified as highly variable
with the Wul method. This different classification of the relative
variability of the data could lead to a different perception of the
required experimental efforts for characterizing an area of
interest with a representative value of A and An.
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Fig. 3. Comparison between the a) saturated soil hydraulic conductivity (K5), b) macroscopic capillary length (A), ¢) characteristic micro-
scopic pore radius (A») and d) depth of the wetting front at the end of the run (dw) obtained by using the BEST-steady and Wul methods of
data analysis.

Table 3. Summary statistics of the K, A, An and dwy values obtained by BEST-steady and the Wul method (sample size, N = 80 for each

variable).

Variable BEST-steady Wul 95% confidence interval
Min Max Mean CV (%) Min Max Mean CV (%) Intercept Slope
K, (mm/h) 55.3 483.7 171.3(a) 52.0 244 1093.6 133.8(a) 76.8 1.79-2.70 0.50 —0.68
A, (mm) 15.8 167.6 89.2(a) 36.0 4.2 379.3 125.8(a) 52.8 29.8 —46.8 0.34-0.46
A,y (mm) 0.044 0.47 0.090(a) 43.6 0.020 1.79 0.070(a) 75.3 —1.47—--0.94 0.36 —0.55
dy,r (mm) 75.8 331.2 126.6(a) 28.9 36.5 4314 102.3(a) 47.5 2.12-291 0.42-0.59

K = saturated soil hydraulic conductivity; A. = macroscopic capillary length; 4. = characteristic microscopic pore radius; dwy= depth of the wetting
front at the end of the run; Min = minimum value; Max = maximum value; CV = coefficient of variation.

For a given variable, the means followed by the same lower case letter enclosed in parenthesis were significantly different according to a two-tailed
paired t test at P = 0.05. The confidence intervals were calculated for the linear regression line of the BEST-steady vs. Wul results. Calculations
were performed on the In-transformed data for Ky, A» and d.y. The untransformed data were considered for Ac.

Table 4. Summary statistics of the Ky, Ac, An and dwy values obtained by BEST-steady and the Wul method on each sampling date (sample
size, N = 16 for a variable, a data analysis method and a sampling date).

Variable Method June-July 2020 July 2020 August 2020 November 2020 April 2021
Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%) Mean CV (%)
K, (mm/h) BEST-steady | 264.5aA 34.5 151.0bA 51.2 188.2abA 304 136.8bA 49.8 143.4bA 58.1
Wul 192.1aB 49.5 113.0aB 67.4 120.3aB 45.5 151.9aA 98.4 108.0aB 103.9
A (mm) BEST-steady 84.0aA 37.2 87.3aA 50.3 85.6aA 22.9 95.3aA 32.7 93.9aA 34.8
Wul 124.9aB 46.4 128.7aB 70.2 137.9aB 29.1 103.2aA 63.3 134.4aB 53.0
A,y (mm) BEST-steady | 0.095aA 44.5 0.098aA 66.3 0.089aA 23.2 0.083aA 38.6 0.084aA 41.1
Wul 0.067aB 56.5 0.071aB 74.1 0.056aB 28.6 0.101aA 141.5 0.063aB 54.4
d,yy (mm) BEST-steady | 125.7aA 28.2 138.0aA 41.7 122.6aA 16.9 121.2aA 27.3 126.1aA 27.9
Wul 95.7aB 40.4 108.3aB 55.3 85.4aB 23.2 127.1aA 64.5 99.5aB 41.8

K = saturated soil hydraulic conductivity; A. = macroscopic capillary length; A» = characteristic microscopic pore radius; dws= depth of the wetting
front at the end of the run; CV = coefficient of variation. For given variable and data analysis method, means followed by the same lower case letter
were not significantly different according to the Tukey Honestly Significant Difference test at P = 0.05. Means followed by a different lower case
letter were significantly different. For given variable and sampling date, means followed by the same upper case letter were not significantly differ-
ent according to a two-tailed paired t test at P = 0.05. Means followed by a different upper case letter were significantly different.
The statistical tests were performed on the In-transformed data for K, A and dys. The untransformed data were considered for A..
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In summary, the effect of the infiltration data analysis meth-
od on the K, Ac, An and ds, calculations was statistically signifi-
cant and it appeared overall from moderate to relatively appre-
ciable.

DISCUSSION

The results of this experiment reinforced previous investiga-
tions demonstrating a dependence of the calculated soil hydro-
dynamic parameters on the applied data analysis method (Ver-
bist et al., 2009). In particular, a greater effect of gravity com-
pared to capillarity as the infiltration driving force was per-
ceived for the sampled soil with BEST-steady than the Wul
method (Mubarak et al., 2009; White and Sully, 1987). Moreo-
ver, a different conclusion was reached with reference to tem-
poral variability of K since the BS method signaled a signifi-
cant time variation that was not suggested by the Wul method.

Erroneously or imprecisely assuming that the flow process
has stabilized when, in fact, it is still in the transient phase
implies overestimating the steady-state infiltration rate, is, and
underestimating the by intercept. In this case, BEST-steady
overestimates K, A» and dus (Egs. 4, 7 and 8, respectively) and
underestimates Ac (Eq. 6). The detected differences between
BEST-steady and the Wul method (Tables 3 and 4) appeared
consistent with a non-stabilized process since the former meth-
od yielded higher K, A and d.s values and lower A values than
the latter method. Moreover, this interpretation had some sup-
port. In particular, the equilibration time is longer as soil per-
meability to water decreases (Elrick and Reynolds, 1992a) and
Ki.s > K, w1 was generally obtained for the lowest K values in
this investigation (Figure 3a). In other words, the suggestion
was that steady-state infiltration rate was particularly overesti-
mated in low permeability soil conditions.

However, there were other reasons inducing to believe that
the differences between the two methods were not attributable,
at least exclusively, to non-attainment of steady-state infiltra-
tion rate. One of these reasons was provided by the comparison
among alternative estimating criteria of i, although only the RE
criterion was usable for all infiltration experiments. In particu-
lar, the success rate of the alternative criteria, defined as the
percentage of runs yielding an estimate of is, varied from the
12% for the 3E criterion to the 96% for the HO criterion (Table
5). The correlation between the is values obtained with any
alternative criterion (2E, 3E, 3Q3, 3Q5, HO) and those estimat-
ed with the RE criterion was statistically significant (R? = 0.90—
0.97; R > 0). For the 2E, 3Q3 and 3QS5 criteria, however, the
linear regression line did not coincide with the identity line
according to the calculated 95% confidence intervals for the
intercept and the slope (Table 5). In particular, the detected
tendency for these three criteria was to yield higher estimates of
is as compared with the linear regression criterion (Figure 4).
This result was plausible since the infiltration experiment was
generally shorter in the former cases than the latter one. To be
clearer, the prescribed condition by the 2E, 3Q3 and 3Q5 crite-
ria was generally detected before considering the entire infiltra-
tion curve. For the 3E and HO criteria, the linear regression line
coincided with the identity line. Therefore, this analysis showed
that commonly used criteria for estimating is yielded similar or
higher values as compared with the regression criterion applied
in this investigation. In other words, the analysis did not pro-
vide any suggestion that the RE criterion overestimated i.

In addition, times to steady-state are shorter in initially wet-
ter soil conditions. Therefore, an equilibration time explanation
of the differences between BEST-steady and the Wul method

Table 5. Parameters of the linear regression line between the
steady-state infiltration rate, iy (mm/h), estimated with the 2E, 3E,
3Q3, 3Q5 and HO criteria and that obtained with the RE criterion.

Criterion N Intercept Slope R?
2E 64 —45.1 1.229 0.9336
(80.0%) | (-113.4t023.2) | (1.15t0 1.31) | (R>0)
3E 10 -139.0 1.297 0.9013
(12.5%) | (-514.610236.6) | (0.95t0 1.65) | (R>0)
3Q3 51 -70.4 1.199 0.9657
(63.8%) | (-119.0t0 -21.7) | (1.13t0 1.26) | (R>0)
3Q5 70 -31.6 1.152 0.9620
(87.5%) | (-74.6t011.5) | (1.10to 1.21) | (R>0)
HO 77 9.94 1.040 0.9065
(96.2%) | (-50.5t070.4) | (0.96t01.12) | (R>0)

2E = equality of two consecutive infiltration rates; 3E = equality of
three consecutive infiltration rates; 3Q3 = three consecutive infil-
tration rates differing at the most by 3%; 3QS5 = three consecutive
infiltration rates differing at the most by 5%; HO = final infiltration
rate according to the Horton model. N = sample size (in percentage
of the complete sample size, i.e. 80 infiltration runs, in parenthe-
sis); R? = coefficient of determination.

Intercept and Slope columns: the values in parenthesis represent
the 95% confidence interval.

could be supported by larger differences between the two
methods in initially drier soil conditions. Instead, Kias/Kswul
was not significantly related with 8 (R* = 0.022, R = 0) in the
0.05 < & < 0.16 m*m? range.

Another perspective to interpret the differences between the
two considered methods of data analysis was prompted by Xu
et al. (2012), emphasizing the conceptual difference between
the infiltration equations used by the two methods. In particu-
lar, the parameters of the infiltration model by Haverkamp et al.
(1994) have a physical meaning. Instead, the 4 and B. pa-
rameters of Eq. (1) were derived from several semi-empirical
relations involving the fitted constants ¢ and b and defined
through relations with no clear physical meaning. Therefore, a
possible interpretation of the differences between BEST-steady
and the Wul method could be that the former method per-
formed better than the latter one since it was based on a physi-
cally more reliable description of infiltration.

In a recent numerical investigation, Bagarello et al. (2019b)
established a link between the reliability of the K, estimates
with the Wul method and the relative importance of the two
terms of Eq. (1), i.e. Awt and Bu#*. In particular, a weight of 4wz
that does not reach approximately the 75-82% of total infiltra-
tion (= Awt + Buwf®3) did not allow to obtain accurate (differ-
ences by <25%) K predictions, that were too low as compared
with the true values. A weight greater than 97-98% of total
infiltration implied an unacceptable overestimation of Ki.
Therefore, the estimates of K were accurate for a weight of the
Awt term varying from 75-82% to 97-98% of total infiltration.
With reference to a three-dimensional infiltration process, the
B,.1** term corresponds to vertical capillary flow while the Az
term encompasses the gravity-driven vertical flow and the
lateral capillary components (Angulo-Jaramillo et al., 2016;
Vandervaere et al., 2000). Therefore, these last two components
have to play a prevalent but not exclusive role in controlling
infiltration to yield a reliable estimate of K; with the Wul
method. In this investigation, a statistically significant relation-
ship (R? = 0.68, R > 0) was detected between Kjss/Ks, w1 and
(Awt)/(Awt+Bywt>) (Figure 5). According to the fitted regression
line, the two estimates of K coincided for a relative weight of
the 4wt term equal to 79.5% and they differed by no more than
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Fig. 4. Comparison between the estimated steady-state infiltration rates, is, with the a) 2E, b) 3E, c¢) 3Q3, d) 3Q5 and e) HO criteria and

those obtained with the RE criterion.

25% (0.75 < Kps/Ks,wa1 < 1.25) when the At term represented
the 71-89% of total infiltration. Taking into account that, ac-
cording to Bagarello et al. (2019b), the estimates of Ks w1 are
expected to be reliable in a range of (Awf)/(Awt+Bwt®3) values
very similar to that reported above, the analysis suggested that
the best similarity between the two methods of analysis was
detected when the Wul method was expected to yield accurate
predictions of K. This result did not prove that BEST-steady
performed well in general, due to the lack of reference data upon
which evaluations and judgments could be made (Reynolds et al.,
2000), but it induced to be rather confident that the estimates of
K 35, and of the other derived parameters, were reliable.

Another indication of this analysis was that the developed
dataset likely included both reliable and unreliable or less relia-
ble K w1 values. The first group of data were those correspond-
ing to a relative weight of the 4.¢ term ranging from 75 to 98%
(23 data points, representing the 29% of the total). The other
data (71% of the total) were probably less reliable because the
relative weight of the 4. term varied between 34 and 75%.

The formal analysis by Vandervaere et al. (2000), developed
with reference to tension infiltrometer experiments, supported
the suggested interpretation of data reliability since they also
showed that the weight of the different components of the flow
process controls the accuracy of the estimated soil hydrody-
namic parameters.
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Fig. 5. Ratio between two corresponding estimates of saturated soil
hydraulic conductivity (K;ss: BEST-steady; Kswui: Wul method)
against the weight of the 4.¢ term on total infiltration at the end of
the run (sample size, N = 80).

CONCLUSIONS

For a sandy-loam soil, the hypothesis that BEST-steady and
the Wul method yield the same estimates of saturated soil
hydraulic conductivity, K, macroscopic capillary length, A,
characteristic microscopic pore radius, A», and depth of the
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wetting front at the end of the infiltration run, dwy, was not sup-
ported since a moderate to relatively appreciable effect of the
infiltration data analysis method on the calculated soil parame-
ters was recognized. However, another conclusion of this inves-
tigation was that similarity of the predictions with the two
methods can be established by fitting the two-parameter infil-
tration equation to the data. The two methods are expected to
yield similar K predictions when most of total infiltration is
expressed by the term linear in time, that physically describes
gravity-driven vertical flow and lateral capillary flow.

Therefore, soil hydrodynamic parameters obtained with
BEST-steady and the Wul method should not directly be com-
pared since part of the differences between the data could express
an effect of the data analysis method. However, it appears possi-
ble to predict this effect since BEST-steady and the Wul method
are expected to yield similar estimates of K if a high percentage
of total infiltration is due to gravity and lateral capillarity. The
measured infiltration process is enough to make this check.

A limit of this investigation is that the results refer to a sin-
gle soil. Sampling other soils, and maybe complementing the
field experimental research with numerical modeling, is advisa-
ble to draw more general conclusions. Performing these addi-
tional investigations requires properly selecting the soils to be
sampled since the data should contain a reliable information on
both the transient and steady-state stages of the infiltration
process. Therefore, excessively fine-textured soils should be
avoided because steady-state conditions could not be attained
by the end of an experiment of a few hours and performing
longer experiments could be impractical. Excessively coarse-
textured soils should also be avoided since, in this case, the
transient stage could be too short to be sampled in practice.
These investigations could be helpful in the perspective to
develop soil datasets that do not contain a bias due to the ap-
plied data analysis method.
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