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Abstract
The Beerkan infiltration experiment is carried out by inserting the ring a short depth

into the soil and establishing a positive head of water on the infiltration surface for

at least a part of the run. Nevertheless, the data are analyzed by assuming a fully

unconfined infiltration process (ring insertion depth, d = 0 cm) and a null ponded

depth of water (H = 0 cm). The influence of ring insertion and ponded water on an

infiltration process of 2 h sampled every minute was tested in this numerical inves-

tigation. Five soils varying from sand to silt loam, three ring radii (5–15 cm), and

the Beerkan-specific range of values for both d and H (between 0 and 1 cm) were

considered. The differences between the theoretical (d = H = 0 cm) and the prac-

tical (d = H = 1 cm) setups varied from −10.4 to +8.6% for the mean infiltration

rate and from −10.2 to +8.3% for the final cumulative infiltration. These differences

were small, and they decreased in absolute value by considering a soil-dependent

ring radius. In particular, nearly negligible differences were detected using a small

ring in coarse-textured soils and a large ring in fine-textured soils. In the coarser soils,

inserting the ring and establishing a ponded depth of water did not alter the estimated

coefficients of the two-parameter infiltration model appreciably with the cumulative

linearization method, because these coefficients differed between the theoretical and

practical setups by no more than 9.2%. In fine soils, linearization could not be pos-

sible regardless of the considered setup, or it was the use of d = H = 1 cm instead of

d = H = 0 cm that impeded a convincing linearization of the data. In conclusion, the

good correspondence, in many circumstances, between the theoretical and the prac-

tical Beerkan infiltration experiment reinforced the interest in this simple experiment

as a practical means to collect infiltration data in the field.

Abbreviations: L, loam; LS, loamy sand; 1D, one dimensional; Ssand, sand; SAL, sandy loam; SIL, silt loam; 3D, three dimensional.
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1 INTRODUCTION

The correspondence between theory and practice, an obvi-
ous prerequisite of any experimental data analysis procedure,
has to be guaranteed when soil hydrodynamic parameters are
estimated from single-ring infiltration data.

The physically based infiltration model by Haverkamp et al.
(1994) has been widely used for the theoretical description
of three-dimensional (3D) infiltration from a circular source
into an initially unsaturated soil. This model was specifically
developed to analyze disc, or tension, infiltrometer experi-
ments (i.e., 3D processes under a pressure head not greater
than zero). Therefore, the use of the model to deduce the
saturated soil hydrodynamic parameters is limited to fully
unconfined infiltration experiments (ring insertion depth,
d = 0 cm) with a null ponded depth of water on the infiltration
surface (H = 0 cm).

However, experimental data are frequently obtained by the
so-called Beerkan infiltration run (Lassabatere et al., 2006).
This experiment agrees only approximately with the theoreti-
cal assumptions of the infiltration model by Haverkamp et al.
(1994), because the ring used to confine the infiltration sur-
face is inserted into the soil to a short depth to avoid lateral
loss of water during the run. In addition, repeatedly pour-
ing a small water volume into the ring determines a positive
pressure head on the soil surface for at least a part of the exper-
iment. A variety of setups can be found with reference to the
used d and H values. For example, Lassabatere et al. (2006)
inserted the ring to a depth of about 1 cm, and the initial
ponded depth of water was 0.2–0.8 cm, depending on the run.
A ring inserted 1 cm into the soil and an initial ponded depth
of water of nearly 1 cm were reported by Xu et al. (2012) and
Lozano-Baez et al. (2021), whereas a ring insertion depth of
2 cm was reported by Hoeffner et al. (2021). The automated
single-ring infiltrometer by Di Prima (2015) maintains a small
(i.e., approximately less than 0.5 cm) water head on the con-
fined soil surface. Therefore, the practice does not generally
agree with the theory, because a repeated falling-head pro-
cess is considered similar to a constant-head process and d
and H values are greater than zero. On the other hand, the
vast majority of d and H values do not exceed 1 cm.

The similarity between a falling-head and a constant-head
process for boundary conditions similar to a Beerkan infil-
tration run was suggested by Touma et al. (2007) using
numerically obtained infiltration data. However, these authors
did not consider the case of a steadily null ponded depth of
water on the infiltration surface, because numerical tests per-
formed by allowing ponded depth of water to vary from 0.68
to 0 cm were compared with those obtained with a constant
depth of water of 0.34 cm. Numerical simulations were also
used in other investigations to test different H and d effects
on infiltration. In particular, Dušek et al. (2009) showed that a
higher water level in the ring produces higher infiltration rates

Core Ideas
∙ Beerkan infiltrations were conducted under both

theoretical and practical conditions.
∙ Five soils and three ring radii were considered

in verifying the correspondence of infiltration
characteristics.

∙ The differences of infiltration rate and cumula-
tive infiltration between theoretical and practical
infiltration were minor.

∙ The practical interest was reinforced for the
Beerkan infiltration as a simple method to collect
infiltration data.

due to a greater pressure gradient and that infiltration rates
decrease as d increases, because flow moves from a purely
3D process for d = 0 cm to a combination of one-dimensional
(1D) and 3D processes for d > 0. Dohnal et al. (2016) later
showed that the transition from the vertical 1D flow within
the infiltration ring to 3D flow below the ring implies the
appearance of an initial bend when the linearization method
by Vandervaere et al. (2000a) is applied. However, the results
obtained by Dušek et al. (2009) and Dohnal et al. (2016),
referring to d values of ≥5 cm, are not directly applicable
to a Beerkan infiltration experiment because there is no evi-
dence that a small ring insertion depth has the same practical
effects as a deeper insertion. Thus, the available information
on the H and d effects on infiltration is incomplete. In par-
ticular, it is still necessary to test the influence of the ring
insertion depth and the established ponded depth of water
on the infiltration process by considering different soils and
the Beerkan-specific range of values for these two variables.
More precisely, the level of agreement between a real (d and
H close to 1 cm) and the theoretical (d = H = 0 cm) Beerkan
infiltration run has to be assessed. Numerical simulation of the
infiltration process appears appropriate for testing hypotheses
and checking factors that can be expected to affect a particu-
lar procedure to estimate soil parameters because a numerical
experiment can be performed in fully controlled conditions
and it is not hampered by experimental errors (e.g., Bagarello
et al., 2019; Lai et al., 2010; Lai & Ren, 2007; Reynolds, 2013;
Wu et al., 1993).

The general objective of this investigation was to verify if
a Beerkan infiltration experiment can be considered appro-
priate for an analysis that assumes a fully unconfined process
under a null ponded depth of water. With reference to five
soils differing by their characteristics, the specific objec-
tive was to determine both the separate and the combined
effects of a small ponded depth of water on the infiltration
surface and a small ring insertion depth on (a) infiltration



BAGARELLO ET AL. 3 of 14Vadose Zone Journal

rate, (b) cumulative infiltration, and (c) linearized cumulative
infiltration.

2 THEORY

The two-parameter infiltration equation is written as (Philip,
1957):

𝐼 = 𝐶1 𝑡
1∕2 + 𝐶2𝑡 (1)

where I [L] is the cumulative infiltration, t [T] is the time, and
C1 [L T−1/2] and C2 [L T−1] are coefficients having a physical
meaning in the simplified time expansion by Haverkamp et al.
(1994). In particular, the first term of Equation 1 indicates
vertical capillarity, whereas the second term refers to grav-
ity and lateral capillarity during the 3D infiltration process
(Vandervaere et al., 2000b). According to Smiles and Knight
(1976) and Vandervaere et al. (2000a), the adequacy of the
two-term equation with the data can be checked by the so-
called cumulative linearization method in which both sides of
Equation 1 are divided by t1/2:

𝐼

𝑡1∕2
= 𝐶1 + 𝐶2𝑡

1∕2 (2)

If we understand Equation 2 as a straight-line equation, the
infiltration data can be plotted on a I/t1/2 against t1/2 graph
where C1 and C2 appear as the intercept and the slope of the
linear regression line, respectively.

3 MATERIALS AND METHODS

3.1 Soils and numerical experiments

Five soils—namely, sand (S), loamy sand (LS), sandy loam
(SAL), loam (L), and silt loam (SIL)—were considered in
this study. These soils were chosen because they differed
widely by their hydraulic properties, allowing exploration
of a wide range of situations. Soil hydraulic properties
were determined 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 numerically conducted
by considering homogeneous soil conditions and using
HYDRUS-2D/3D (Šimůnek et al., 2007), which was demon-
strated to be a robust and reliable tool for simulating water
flow in the soil under various conditions (Šimůnek et al.,
2016; Varvaris et al., 2021). The modeling comprised
three-dimensional axisymmetric simulations. 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, whereas it was
100 cm in X and 200 cm in Z for the S, LS and SAL soils.
The element size was 0.05 cm for the upper 10 cm of the flow
domain, and then it gradually increased to 5 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
infiltration under ponding conditions.

For each soil, three radii of the infiltration ring were con-
sidered (i.e., r = 5, 10, and 15 cm). For each ring radius, two
ring insertion depths (i.e., d = 0 cm and d = 1 cm) and two
ponding heads (i.e., H = 0 and 1 cm) were used in this study.
Therefore, 12 combinations (3 ring radii × 2 ring insertion
depths × 2 ponding heads) were considered for each soil.

The initial condition was set to be a uniform water pres-
sure head within the whole flow domain. For each simulation
with the four setups, that is, d = H = 0 cm (d0H0), d = 1 cm
and H = 0 cm (d1H0), d = 0 cm and H = 1 cm (d0H1),
and d = H = 1 cm (d1H1), the initial volumetric soil water
content, θi [L3 L−3], was set equal to 0.25 (25%) of the sat-
urated volumetric water content, θs [L3 L−3], for each soil
type (Table 1). This choice was made taking into account that
(a) Lassabatere et al. (2006) did not recommend θi/θs > 0.25
for determining the soil hydrodynamic parameters with the
Haverkamp et al. (1994) model, and (b) excessively dry or
wet soil conditions, even if they can persist for long times
in certain environments, are not recommended for perform-
ing single-ring infiltration experiments for practical reasons,
including shattering (dry soil) or compaction (wet soil) risks
associated with ring insertion (Reynolds, 1993). Nevertheless,
control simulations with the d0H0 and d1H1 setups were also
performed for θi/θs = 0.20 and 0.30 (Table 1) and the two limit
values of r (5 and 15 cm) to detect a possible dependence of
the setup effects on the antecedent soil water content in a range
of wetness conditions having some practical interest.

The infiltration duration was 2 h for all simulation runs,
in accordance with Dušek et al. (2009) and considering that
this duration represents a plausible time limit for a field run
in many circumstances. Flow was not affected by the estab-
lished boundaries of the domain during the simulation period.
Therefore, the setting of the simulation domain was appro-
priate to represent the actual infiltration process under the
various considered setups.

Cumulative infiltration, I [L], and instantaneous infiltration
rate, ir [L T−1], were sampled every minute to obtain, for each
simulation, cumulative infiltration and infiltration rate curves
composed of 120 data points.

Single-ring infiltration data are frequently used to deter-
mine soil hydrodynamic parameters by infiltration models
that are strictly usable in ideal porous media (i.e., homoge-
neous, rigid, and isotropic). Therefore, simulated infiltration
was consistent, from a theoretical point of view, with the
use of the data for characterization of the soil hydrodynamic
behavior.
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T A B L E 1 Soil hydraulic parameters (Carsel & Parrish, 1988) and initial conditions in simulations

Initial conditions
van Genuchten–Mualem parameters θi/θs = 0.20 θi/θs = 0.25 θi/θs = 0.30

Soil θr θs α n Ks hi θi hi θi hi θi

Sand 0.045 0.43 0.145 2.68 8.25×10−3 −25.9 0.086 −19.9 0.108 −16.5 0.129

Loamy sand 0.057 0.41 0.124 2.28 4.05×10−3 −63.6 0.082 −39.5 0.103 −29.2 0.123

Sandy loam 0.065 0.41 0.075 1.89 1.23×10−3 −392.2 0.082 −161.0 0.103 −97.7 0.123

Loam 0.078 0.43 0.036 1.56 2.88×10−4 −23,901.6 0.086 −2,323.0 0.108 −872.1 0.129

Silt loam 0.067 0.45 0.020 1.41 1.25×10−4 −47,659.3 0.090 −9,022.0 0.113 −3,381.5 0.135

Note. θr (cm3 cm−3) = residual volumetric soil water content; θs (cm3 cm−3) = saturated volumetric soil water content; α (cm−1) and n = empirical parameters of the van
Genuchten (1980) model for the water retention curve; Ks (cm s−1) = saturated soil hydraulic conductivity; hi (cm) = initial soil water pressure head; θi (cm3 cm−3) = initial
volumetric soil water content.

3.2 Data analysis

Dependence of setup effects on the antecedent soil water con-
tent was initially tested by determining, for each soil (S, LS,
SAL, L, and SIL), ring radius (r = 5 and 15 cm) and θi/θs
ratio (0.20, 0.25, and 0.30), the percentage difference, Δir (%),
between the instantaneous infiltration rate for the d1H1 setup,
and the corresponding ir value for the d0H0 setup. Therefore,
a total of 3,600 Δir values (5 soils × 2 radii × 3 θi/θs values ×
120 ir values during a run) were calculated. A comparison was
then performed among the three Δir values obtained with the
three antecedent soil water conditions for given soil, radius,
and time. A similarity of the three Δir values suggested that
θi/θs did not appreciably influence the difference between the
theoretical (d0H0) and the practical (d1H1) setups. Instead,
large Δir differences indicated that the setup effects varied
with the antecedent soil water content. The same procedure
was applied for the cumulative infiltration at the end of the
2-h period, I2h [L]. In this case, the relative difference was
denoted as ΔI2h (%), and a total of 30 ΔI2h values (5 soils × 3
θi/θs values × 2 ring radii) were considered.

Further analyses were performed with reference to the
θi/θs = 0.25 antecedent soil water condition. In particular, for
each soil and ring radius, the infiltration rate, normalized with
respect to Ks [L T−1], was plotted against time, t [T], for the
four considered setups (i.e., d0H0, d1H0, d0H1, and d1H1).
The effect of using larger d and H values than the theoretical
null values was also examined by calculating the percent-
age difference, Δir (%), between the instantaneous infiltration
rates corresponding to the d1H0, d0H1, and d1H1 setups and
those obtained for the d0H0 setup. The same procedure was
applied for I2h by calculating ΔI2h (%).

There are no shared guidelines that could help to judge
the similarity of infiltration rates, and comparisons are often
qualitative or only report percentage differences between cor-
responding values (Dušek et al., 2009; Wu et al., 1997).
According to Reynolds (2013), a difference of <25% between
two Ks values can be considered if they refer to an ideal condi-
tion, in which measurement error, random noise, and natural

variability do not occur. The link between Ks and infiltration
rate is obvious, because a given percentage difference in 3D
infiltration rate at steady-state determines the same percent-
age difference in the calculated Ks value (Elrick & Reynolds,
1992). Consequently, an extensive value was attributed to
the threshold value criterion by Reynolds (2013), meaning
that differences of ≤25% were considered negligible, whereas
differences of >25% were deemed appreciable.

The effect of d and H on the two-term infiltration equa-
tion was then tested by applying the cumulative linearization
method (Equation 2) with the first 20 min of infiltration. Per-
forming short-duration experiments in the field is attractive
to save time and water. Moreover, an experiment as short as
possible is expected to justify the assumption of homogeneous
soil and uniform water content in the field (Vandervaere et al.,
2000a). In particular, the I/t1/2 vs. t1/2 relationship was deter-
mined for each soil (S, LS, SAL, L, and SIL), ring radius
(r = 5, 10, and 15 cm), depth of ring insertion (d = 0 and
1 cm), and ponded depth of water (H = 0 and 1 cm). The
linearity of the I/t1/2 vs. t1/2 relationship was assessed by the
coefficient of determination, R2, of the fitted relationship to
the data. Only R2 was considered, also in accordance with
Vandervaere et al. (2000a), because the data were obtained
numerically and hence were free of the uncertainties typical
of the laboratory and field experiments. Initially, the theoreti-
cal d0H0 scenario was considered to test linearity of the data
when they were obtained in perfect agreement with the infil-
tration model, that is, under null d and H values. Then, the
effect of d and H, both individually and in combination with
each other, on the linearity of the I/t1/2 vs. t1/2 relationship and
the estimated C1 and C2 values was determined.

4 RESULTS AND DISCUSSION

4.1 Infiltration rates and final cumulative
infiltration

For all soils and both ring radii, similar Δir values were
obtained during the 2 h of infiltration with the three tested
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(a)

(b)

F I G U R E 1 Percentage difference, Δir
(%), between the instantaneous infiltration rates,
ir [L T−1], for the d1H1 (d = ring insertion
depth = 1 cm; H = ponded depth of
water = 1 cm) and d0H0 (d = H = 0 cm) setups
for five soils (S, sand; LS, loamy sand; SAL,
sandy loam; L, loam; SIL, silt loam), two ring
radii (r = 5 and 15 cm), and three antecedent
soil water conditions (initial volumetric soil
water content, θi/saturated volumetric soil water
content, θs = 0.20, 0.25, and 0.30)

T A B L E 2 Percentage differences (ΔI2h, %) between cumulative infiltration after 2 h for the d1H1 (d = ring insertion depth = 1 cm;
H = ponded depth of water = 1 cm) and d0H0 (d = H = 0 cm) setups for five soils (sand [S], loamy sand [LS] sandy loam [SAL], loam [L], and silt
loam [SIL]), two ring radii (r) and three antecedent soil water conditions (initial volumetric soil water content, θi/saturated volumetric soil water
content, θs = 0.20, 0.25, and 0.30)

r = 5 cm r = 15 cm
Soil θi/θs = 0.20 θi/θs = 0.25 θi/θs = 0.30 Largest difference θi/θs = 0.20 θi/θs = 0.25 θi/θs = 0.30 Largest difference

%

S −0.097 −0.097 −0.097 0.0002 6.68 6.69 6.68 0.01

LS 1.29 1.29 1.33 0.05 8.27 8.29 8.31 0.04

SAL −0.71 −0.65 -0.54 0.17 8.29 8.32 8.40 0.11

L −6.24 −6.04 −5.84 0.40 4.34 4.55 4.73 0.39

SIL −10.4 −10.2 −10.0 0.35 0.67 0.82 0.93 0.27

θi/θs values. In particular, three corresponding Δir values
did not differ by >0.7% for r = 5 cm (Figure 1a) and 0.6%
for r = 15 cm (Figure 1b). A similar result was obtained
for I2h, because three corresponding ΔI2h values differed
at the most by 0.4% with both rings, depending on the soil
(Table 2). Therefore, the antecedent soil water content effect

was nearly negligible in the sense that the effect of the setup
(d1H1 against d0H0) was similar for a relatively dry soil
and a relatively wet one. In other terms, the detected setup
effects should be rather general, at least within a range of
intermediate soil water contents that represent in
many circumstances the optimal conditions for
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carrying out single-ring infiltration experiments in the
field (Reynolds, 1993).

Taking into account that very similar results were obtained
for the three considered θi/θs values, the subsequent data anal-
ysis was only performed with reference to the intermediate
value of the three θi/θs ratios, that is, for θi/θs = 0.25.

For each soil and ring radius, the d1H0 setup yielded
smaller ir/Ks values as compared with the theoretical d0H0
setup, as shown in the three examples of Figure 2, confirming
that the initial 1D stage made infiltration slower as compared
with the completely unconfined process (Dušek et al., 2009)
and also demonstrating that a ring insertion by only 1 cm was
enough to make this slow down perceivable. On the other
hand, the d0H1 setup yielded higher ir/Ks values than the the-
oretical setup, because the pressure head gradient was greater
in the former case (Alagna et al., 2018; Dušek et al., 2009).
As expected, the normalized infiltration rates for the d1H1
setup fell into the area bounded by the curves correspond-
ing to the d1H0 and d0H1 setups. In some cases, such as for
the S soil and r = 5 cm (Figure 2a), a nearly complete over-
lap of the infiltration rates was detected by comparing the
practical (d1H1) and the theoretical (d0H0) setups. In other
cases, such as for the LS soil and r = 15 cm (Figure 2b), the
practical experiment yielded higher ir/Ks values than the the-
oretical one. In still other cases, such as for the SIL soil and
r = 5 cm (Figure 2c), smaller ir/Ks values were obtained with
the practical experiment than the theoretical one.

Figure 3 shows the Δir values, plotted against t, for the five
soils and both the smallest and the largest tested ring (r = 5
and 15 cm, respectively). The corresponding results for the
intermediate ring (r = 10 cm) are reported in Supplemental
Figure S1. For each tested effect (ring insertion, ponded water,
ring insertion, and ponded water), Table 3 lists the average of
the 120 Δir values corresponding to each soil and ring radius.

Using d = 1 cm instead of d = 0 (d1H0 vs. d0H0 setups)
yielded negative Δir values in all cases, showing that the com-
bined 1D/3D process made infiltration slower than a purely
3D process for the entire duration of the run. In particular, the
1,800 values of Δir (5 soils × 3 radii × 120 ir values for a
run) varied between −21.8 and −3.6% (Figure 3; Supplemen-
tal Figure S1), and the averages of Δir ranged from −19.0 to
−5.9%, depending on the soil and the ring radius (Table 3).

The instantaneous infiltration rates varied perceivably but
not substantially when the ring was inserted 1 cm into the soil.
A time effect was detected for Δir. In particular, the range
of the differences between the highest and the lowest value
of Δir during a run varied from 1.3 percentage units (from
−5.9 to −7.2%, Figure 3f) for the coarsest soil and the largest
ring (S, r = 15 cm) to 11.7 percentage units (from −10.1 to
−21.8%, Figure 3e) for the finest soil and the smallest ring
(SIL, r = 5 cm). For the coarser soils (S, LS, and SAL),
Δir remained essentially stable during the run except for the
first minutes, in which the two considered setups (d = 0 cm

(a)

(b)

(c)

F I G U R E 2 Normalized infiltration rates, ir/Ks (ir = infiltration
rate and Ks = saturated soil hydraulic conductivity, both in L T−1),
against time, t, for the four considered setups (d0H0, d0H1, d1H0, and
d1H1) differing by the ring insertion depth, d (cm), and the ponded
depth of water, H (cm), and three of the considered combinations of
soil and ring radius, r: (a) sandy (S) soil and r = 5 cm; (b) loamy sand
(LS) soil and r = 15 cm; and (c) silt loam (SIL) soil and r = 5 cm

and d = 1 cm) differed a little more appreciably. This result
appeared plausible because, in the early stage of infiltration,
the differences were between a 1D and a 3D flow but later
they were between a combined 1D/3D flow and a 3D flow.

After a transient phase, for the finer soils (L and SIL),
the absolute differences decreased (i.e., they became less
negative) by a few percentage units. However, the perception
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F I G U R E 3 Percentage differences, Δir (%), between the instantaneous infiltration rates, ir [L T−1], for the d1H0, d0H1, and d1H1 setups
(d = ring insertion depth = 0 or 1 cm; H = ponded depth of water = 0 or 1 cm) and the corresponding values with d = H = 0 cm (d0H0 setup) for the
S (sand), LS (loamy sand), SAL (sandy loam), L (loam), and SIL (silt loam) soils and two ring radii (r = 5 and 15 cm) plotted against the time, t, for
the 2-h infiltration experiment

was that in these soils, Δir tended to stabilize in an advanced
stage of the run. The ring insertion effect on infiltration rates
was a little more appreciable, with the percentage differences
being more negative, as soil texture became finer, but the

soil effect was not substantial (Table 3). The averages of Δir
increased with r by 9.4 to 11.1 percentage units, depending
on the soil (Table 3). Therefore, the d effect decreased as the
ring radius increased for all soils. Likely, as the size of the
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T A B L E 3 Averages of the percentage differences (Δir , %)
between the instantaneous infiltration rates (ir [L T−1]) for the d1H0,
d0H1, and d1H1 setups (d = ring insertion depth = 0 or 1 cm;
H = ponded depth of water = 0 or 1 cm) and the corresponding values
with d = H = 0 cm (d0H0 setup) for the S (sand), LS (loamy sand),
SAL (sandy loam), L (loam), and SIL (silt loam) soils and three ring
radii for the 2-h infiltration experiment

Ring radius
Tested effect Soil 5 cm 10 cm 15 cm

%

Ring insertion S −15.5 −8.6 −5.9

LS −15.4 −8.5 −5.9

SAL −15.6 −8.7 −6.1

L −17.4 −9.9 −7.0

SIL −19.0 −11.1 −7.9

Ponded water S +18.6 +15.5 +13.5

LS +20.1 +17.2 +15.2

SAL +17.9 +16.6 +15.5

L +13.4 +13.1 +12.9

SIL +10.3 +9.8 +9.5

Ring insertion and
ponded water

S −0.1 +5.4 +6.7

LS +1.3 +7.0 +8.3

SAL −0.5 +6.5 +8.6

L −5.8 +2.2 +5.2

SIL −10.4 −2.2 +1.0

ring increased, total flow from the unconfined source was
less influenced by lateral divergence, and hence the differ-
ences between the two setups decreased. In other terms, the
enhanced similarity between d = 0 cm and d = 1 cm resulted
from the reduced 3D character of the flow process with a
larger source.

Using H = 1 cm instead of H = 0 cm (d0H1 vs. d0H0
setups) yielded positive Δir values in all cases, as expected
(Dohnal et al., 2016). In particular, the instantaneous Δir
values varied from +6.4 to +20.3% (Figure 3; Supplemen-
tal Figure S1), and the averages of Δir varied from +9.5 to
+20.1%, depending on the soil and the ring radius (Table 3).
Therefore, the infiltration rates did not change substantially,
based on the 25% threshold criterion used here, even with H.
In almost all cases, except the S soil and r = 15 cm (Figure 3f),
the lowest Δir value was detected at the beginning of infiltra-
tion. The increase of Δir was small for the S and LS soils,
because the range of the differences of Δir varied from 0.4
to 2.7 percentage units, depending on the soil type and r
(Figure 3a,b,f,g; Supplemental Figure S1a,b). This increase
was a little more appreciable for the SAL, L, and SIL soils,
because the range of the differences in Δir varied by 4.3 to 6.3
percentage units in this case (Figure 3c,d,e,h,i,j; Supplemental
Figure S1c,d,e). Moreover, the general perception was that Δir
rapidly stabilized for the coarser soils, whereas it increased

more gradually with time for the finer soils. The averages of
Δir generally decreased as the soil became finer, regardless
of the ring radius, and for a given soil they decreased as r
increased by a quantity varying from 5.1 percentage units for
the coarser soil (S) to 0.6–0.8 percentage units for the finer
soils (L and SIL) (Table 3). Therefore, the finer the soil, the
smaller the effect of H on the infiltration rate. Moreover, the
effect of the ring radius on the differences between the d0H1
and d0H0 setups decreased as the soil became finer. In other
terms, this check suggested that a greater similarity between
the two setups should be expected in the coarser soils when a
large ring is used in our study. In finer soils, the ring radius
became relatively less important and, in general, the small
ponded depth of water did not influence infiltration signifi-
cantly. A more capillarity-driven character of the infiltration
process, as expected for a fine-textured soil, implies a reduced
effect of the hydraulic gradient on infiltration, regardless of
the ring size.

Of course, the comparison between d = H = 1 cm and
d = H = 0 cm (d1H1 vs. d0H0 setups) yielded Δir values
falling between the two extremes corresponding to the d1H0
and d0H1 setups, respectively (Figure 3; Supplemental Figure
S1). Therefore, inserting the ring 1 cm into the soil reduced
the tendency to obtain high ir values as a consequence of
the positive depth of ponding. Conversely, establishing this
ponding condition reduced the tendency to obtain low ir val-
ues as a consequence of ring insertion. In particular, using
d = H = 1 cm instead of d = H = 0 cm yielded Δir values vary-
ing from −14.9 to +9.5% (Figure 3; Supplemental Figure S1)
and means of Δir between−10.4 and+8.6%, depending on the
soil and the ring radius (Table 3). Therefore, the infiltration
rates obtained with a practical experiment (d1H1) differed
from the theoretical rates (d0H0) by only a few percentage
units. The averages of Δir were smallest (negative or small
positive values) with the smallest ring and they increased with
r, assuming positive values for all soils with the largest ring
(Table 3). The ring size effect was the least noticeable for the
coarsest soil (S soil, means of Δir increasing by 6.8 percentage
units from r = 5 cm to r = 15 cm), and it increased as the soil
became finer (SIL soil, means of Δir increasing by 11.5 per-
centage units) (Table 3). On average, the similarity between
the practical and the theoretical experiment was more satisfac-
tory with a soil-dependent ring radius. In particular, the best
similarity between the two experiments was detected with a
small ring for the coarse soils and a large ring for the fine soils.

For the three established comparisons between cumula-
tive infiltration values (i.e., the d1H0, d0H1 and d1H1 setups
against the d0H0 setup), Figure 4 shows the percentage dif-
ferences between cumulative infiltration after 2 h against the
ring radii for each soil.

Ring insertion implied naturally smaller I2h values, with
ΔI2h values varying from −18.3 to −5.9% (Figure 4). In
particular, ΔI2h varied from −18.3% (SIL soil, Figure 4e) to
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F I G U R E 4 Percentage differences, ΔI2h (%), between cumulative infiltration after 2 h for the d1H0, d0H1, and d1H1 setups (d = ring insertion
depth = 0 or 1 cm; H = ponded depth of water = 0 or 1 cm) and the corresponding values with d = H = 0 cm (d0H0 setup) for the five tested soils
and the three ring radii, r

−15.4% (LS soil, Figure 4b) for r = 5 cm and from −7.4%
(SIL soil, Figure 4e) to−5.9% (S soil, Figure 4a) for r= 15 cm.
Therefore, the decrease of I2h due to ring insertion was smaller
(ΔI2h values closer to zero) as the ring radius increased, and
the soil did not appreciably influence ΔI2h.

Ponded water yielded higher values of cumulative infil-
tration, with ΔI2h values varying from +8.8 to +20.0%
(Figure 4). In general, the increase of I2h was greatest for
the smallest ring, because ΔI2h ranged from +9.9 to +20.0%,
depending on the soil, for r = 5 cm and from +8.8 to +15.3%
for r = 15 cm. The ring size effect was more appreciable
for the coarser soils than for the finer ones. In particular, the
increase of r from 5 to 15 cm resulted in a decrease of ΔI2h by
nearly 5 percentage units for the S and LS soils (Figure 4a,b),
2.4 units for the SAL soil (Figure 4c), and nearly 1 percentage
unit for the L and SIL soils (Figure 4d,e).

Simultaneously inserting the ring and establishing a
ponded depth of water on the infiltration surface (d1H1 setup)
yielded small differences overall as compared with the theo-
retical experiment (d0H0), because ΔI2h varied on the whole
from −10.2 to +8.3% (Figure 4). For all soils, ΔI2h increased
with r, and it was>0 for the largest ring (from+0.8 to+8.3%).

With the smallest ring, ΔI2h was close to zero for the S, LS,
and SAL soils (from −0.7 to +1.3%; Figure 4a,b,c) and neg-
ative (≤−6.0%) for the L and SIL soils (Figure 4d,e). The
best similarity between the practical and the theoretical exper-
iment was detected with the smallest ring for the S, LS, and
SAL soils (Figure 4a,b,c), the intermediate ring for the L soil
(Figure 4d), and the largest ring for the SIL soil (Figure 4e).
Therefore, the finer the soil, the larger the ring should be to
obtain a similar I2h value with the d0H0 and d1H1 setups.

4.2 Two-parameter infiltration model

Concerning the d0H0 setup, the check of the linearity of the
numerically obtained I/t1/2 vs. t1/2 data yielded R2 values that
ranged from .9326 to .9992 for the five soils and the three ring
radii (Table 4). As shown in Figure 5, reporting as an example
the fitted relationships to the data for the coarsest (S) and the
finest (SIL) soils (the corresponding results for the LS, SAL,
and L soils were reported in the Supplemental Figure S2),
the lowest R2 values denoted that the (I/t1/2, t1/2) data did not
describe a linear relationship for the entire duration of the run,
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F I G U R E 5 Relationship between I/t1/2 and t1/2 (I = cumulative infiltration, in mm; t = time, in h) for the infiltration data corresponding to
different combinations of ring radius (r = 5, 10, and 15 cm), depth of ring insertion (d = 0 and 1 cm), and ponded depth of water (H = 0 and 1 cm):
(a) sand soil and (b) silt loam soil
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T A B L E 4 Intercept (C1), slope (C2), and coefficient of determination (R2) of the linear regression line between I/t0.5 and t0.5 (time, t, in h,
infiltration, I, in mm) with reference to the tested soils (sand [S], loamy sand [LS] sandy loam [SAL], loam [L], and silt loam [SIL]) and the
considered ring insertion depth (d) and ponded depth of water (H) combinations for each ring radius (r)

r = 5 cm r = 10 cm r = 15 cm
Soil d H C1 C2 R2 C1 C2 R2 C1 C2 R2

cm mm h–1/2 mm h–1 mm h–1/2 mm h–1 mm h–1/2 mm h–1

S 0 0 56.0 583.9 .9992 60.2 420.0 .9983 62.8 359.1 .9978

1 0 45.8 494.9 .9991 54.2 384.6 .9981 58.6 338.0 .9976

0 1 62.8 697.2 .9993 68.1 487.0 .9984 71.5 407.9 .9979

1 1 50.8 589.3 .9992 60.8 446.0 .9983 66.2 384.3 .9977

LS 0 0 45.3 258.9 .9990 47.8 180.8 .9980 49.1 152.9 .9974

1 0 37.7 218.3 .9981 43.5 164.7 .9969 46.1 143.3 .9965

0 1 50.5 314.8 .9991 53.8 214.3 .9981 55.6 177.7 .9977

1 1 41.6 265.7 .9985 48.5 195.7 .9973 51.9 166.8 .9969

SAL 0 0 32.9 77.4 .9990 34.2 48.6 .9984 34.6 38.9 .9981

1 0 28.9 60.7 .9923 31.9 41.6 .9924 33.1 34.6 .9934

0 1 35.9 93.3 .9991 37.4 58.2 .9984 38.0 46.3 .9982

1 1 31.1 74.6 .9938 34.7 50.6 .9937 36.1 41.7 .9942

L 0 0 20.9 19.0 .9976 21.3 10.4 .9956 21.4 7.6 .9934

1 0 20.0 10.2 .9498 20.8 6.3 .9475 21.1 4.9 .9484

0 1 22.3 22.5 .9983 22.8 12.5 .9969 22.9 9.3 .9957

1 1 21.2 13.0 .9605 22.1 8.1 .9619 22.5 6.4 .9639

SIL 0 0 16.6 8.7 .9912 16.8 4.1 .9689 16.9 2.6 .9326

1 0 16.4 2.5 .7361 16.7 1.1 .5163 16.8 0.7 .3394

0 1 17.4 10.4 .9947 17.6 5.2 .9843 17.7 3.5 .9688

1 1 17.1 3.6 .8354 17.4 1.9 .7480 17.5 1.3 .6722

because an upward curvature of the data points was detected in
the early stages. In general, R2 decreased as the soil became
finer. Moreover, an increase of the ring radius determined a
decrease of R2 for all soils. Therefore, Equation 1 appropri-
ately described the considered infiltration process for most
of the considered soil and radius combinations, because the
linearity of the data on the I/t1/2 vs. t1/2 plot was clearly per-
ceivable (Smiles & Knight, 1976; Vandervaere et al., 2000a).
However, the two-parameter infiltration equation did not per-
form well when the soil was fine textured and a large radius
was used for the numerical experiment.

With reference to a 3D infiltration process, the vertical cap-
illarity and gravity terms do not vary with the ring radius,
whereas the lateral capillarity term decreases as r increases
and this decrease makes infiltration slower, all other con-
ditions being equal (Haverkamp et al., 1994; Vandervaere
et al., 2000b). Therefore, this investigation suggested that a
decrease of lateral capillarity had a negligible effect on the
applicability of the two-parameter infiltration equation in the
coarser-textured soils, because the I/t1/2 vs. t1/2 relationship
remained linear even with the largest ring. In fine-textured
soils, a decrease of lateral capillarity and the consequent slow-
down of the process induced a nonlinearity of the relationship

between I/t1/2 and t1/2. Therefore, for a relatively short exper-
iment (with a duration of 20 min) sampled at a practical time
interval (1 min), the curvature of the data can also be expected
to occur in the theoretically most appropriate situation for
applying the infiltration model by Haverkamp et al. (1994)—
that is, when both d and H are null. This investigation did
not prove that a data curvature does not generally occur in
a coarse soil, in which infiltration should perhaps be sampled
at < or <<1-min time intervals to perceive this phenomenon.
From a practical perspective, applying the infiltration model
in a fine-textured soil requires using a small source to enhance
lateral capillarity effects, because in this case the data better
agree with Equation 2. Of course, this suggestion contrasts
with the need to use sources as large as possible to improve
representativeness of an individual data point (Lai & Ren,
2007).

Inserting the ring into the soil and establishing a ponded
depth of water on the infiltration surface affected represen-
tation of the I/t1/2 vs. t1/2 data with a linear relationship
(Table 4). In particular, the increase of d made the data less
linear, whereas a higher H value improved linearity of the
data (Figure 5; Supplemental Figure S2). Ring insertion had
a more appreciable effect as compared with ponding water,
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and both effects were appreciable only in fine-textured soils,
because they appeared negligible in coarse-textured soils. In
particular, ring insertion caused a decrease of R2 that did not
exceed 0.7% (percentage difference between two R2 values)
for the S, LS, and SAL soils but varied between 4.5 and 4.8%
for the L soil, depending on r, and between 25.7 and 63.6% for
SIL soil. The increase of R2 associated with a higher H value
did not exceed 0.2% for the S, LS, SAL, and L soils, and it
varied between 0.4 and 3.9% for the SIL soil.

A higher linearity of the I/t1/2 vs. t1/2 data yields more
confidence about the usability of the two-parameter equation
to describe the infiltration process. Therefore, increasing the
pressure head a little gradient improved applicability of the
infiltration equation. Instead, a process including the transi-
tion from the vertical 1D flow within the ring to 3D flow
below the ring made the model less reliable, even if the ring
was inserted only a little into the soil. These effects did not
practically occur in coarse soils but became more perceivable
and even appreciable in fine soils. A possible explanation is
that as the soil becomes finer, a longer time is required for
water to leave the ring and thus more sampled data points in
the linear regression are affected by the presence of the ring.
Consequently, the percentage of points used in the regression
before water leaves the ring increases.

The theoretical setup (d0H0) generally yielded a more lin-
ear I/t1/2 vs. t1/2 relationship than the practical setup (d1H1)
(Table 4), denoting that the decreased linearity attributable
to ring insertion was not sufficiently compensated by the
increased linearity due to the ponded depth of water (Figure 5;
Supplemental Figure S2). The differences between the theo-
retical and the experimental setups were more perceivable as
the soil was finer. In particular, the R2 values associated with
the d1H1 setup were smaller than those associated with the
d0H0 setup by no more than 0.5% for the S, LS, and SAL
soils, by 3.0–3.7%, depending on r, for the L soil, and by 15.7–
27.9% for the SIL soil. Therefore, the finer the soil, the more
the practical experiment determined a decrease in the quality
of the fitting. In a coarse soil, using d = H = 1 cm instead of
d = H = 0 cm can be expected to have a nearly inapprecia-
ble effect on adaption of the I/t1/2 vs. t1/2 model to the data.
However, in a fine soil, an infiltration process that could theo-
retically (d = H = 0 cm) be described, at least approximately,
by a linear relationship between the two variables (e.g., SIL
soil, r = 5 cm; Figure 5b) loses its linearity on the I/t1/2 vs.
t1/2 plot if the data are collected with a practical experiment.

In this investigation, the possibility to linearize the data
with reference to both the theoretical and experimental setups
was recognized for the S, LS, and SAL soils (Figure 5a; Sup-
plemental Figure S2a,b). For the L soil (Supplemental Figure
S2c), the data corresponding to the theoretical setup appeared
linearizable, whereas those for the experimental setup did not
seem to offer this possibility. For the SIL soil (Figure 5b),
the data cannot be linearized regardless of the considered

setup, with perhaps the only exception of the data obtained for
r = 5 cm, d = 0 cm, and H = 0 cm. With reference to the first
three soils, a comparison was established between the C1 and
C2 values obtained with the theoretical and the experimental
setups. Two corresponding estimates of a parameter (C1 and
C2) differed, in absolute value, by no more than 9.2%. Likely,
this level of difference can be considered small and practi-
cally negligible in most instances, also considering that other
sources of error can be identified when the experimental data
are collected in the field.

Therefore, if the data obtained by a practical experiment
(d = H = 1 cm) can be linearized because a high R2 value is
obtained by linear regression of I/t1/2 vs. t1/2, then the esti-
mates of C1 and C2 should be close to those that would be
obtained with the theoretical experiment (d = H = 0 cm). If
the practical experiment does not yield data describing a good
linear relationship between I/t1/2 and t1/2, there are two pos-
sible explanations: (a) the two-parameter infiltration model
does not work well even with reference to the ideal case of
d = H = 0 cm; or (b) it is precisely the use of d = H = 1 cm
instead of d = H = 0 cm that precludes the possibility to lin-
earize the data. According to this investigation, the former
case is more probable in fine-textured soils, and the latter case
is more probable in more intermediate soils.

5 CONCLUSIONS

Infiltration experiments of the Beerkan type make use of a
ring inserted a short depth into the soil, and they establish a
small ponded depth of water on the infiltration surface for at
least a part of the experiment. The presented numerical inves-
tigation attempted to establish if a Beerkan experiment can be
used with a data analysis method that theoretically assumes a
fully unconfined process under a null ponded depth of water.
Examination was provided for soils ranging from a sandy soil
to a silt loam soil.

In general, a perfect correspondence between the theoret-
ical (d0H0; ring insertion depth, d = ponded depth of water,
H= 0 cm) and the practical (d1H1; d=H= 1 cm) setup should
not be expected. Inserting the ring a little into the soil reduces
the instantaneous infiltration rates, ir, for the entire run and
hence cumulative infiltration, I, at the end of the process while
establishing a small ponded depth of water on the infiltration
surface increases ir and I. Generally, the two effects, even if
they have an opposite sign, do not compensate one with other
without a residual. Differences between the two setups (d0H0
and d1H1) are, in our case, small and perhaps negligible in
many practical circumstances, because they are not expected
to exceed a few percentage units (approximately 10%) for both
ir and I. Moreover, these differences can also be smaller if a
small ring is used for sampling coarse soils and a large ring is
used in fine soils.
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A similarity between the theoretical and the practical exper-
iments with reference to the coefficients of the two-parameter
infiltration model estimated by the cumulative linearization
method can be expected in coarse-textured soils. In fine-
textured soils, linearization of the infiltration data obtained in
practice (d1H1 setup) will be more uncertain, either because
the theoretical model does not work well even in the ideal
condition (d0H0 setup) or because the inherent experimental
uncertainties—in particular, ring insertion—deteriorate the
linearity of the data.

In conclusion, this investigation, which suggests that the
correspondence between the theoretical and the practical
experiment should be acceptable in most of the considered cir-
cumstances, reinforced the practical interest for the Beerkan
run as a practical method to collect infiltration data in the
field that can then be transformed into soil hydrodynamic
parameters by physically based models. Factors that could
appear minor or even marginal in the context of an exper-
imental procedure deserve specific investigations to more
completely establish the limits of validity of a given assump-
tion. Therefore, extending this investigation to a broader range
of initial soil water contents and considering heterogeneous,
nonrigid, and anisotropic soil conditions is advisable to reach
more general conclusions. Considering soil conditions close
to reality is undoubtedly important from a practical point of
view. However, such simulations and their interpretation are
complicated and burdened by a number of conceptual and
modeling uncertainties. Reliable predictions of the behav-
ior of a simplified system can often be useful, even for
more complex cases. Different methods to collect infiltration
data, such as the infiltration time of a given water vol-
ume as an alternative to fixed time intervals, should also be
considered.
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