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ABSTRACT 14 
Interpreting and simulating rainfall partition into infiltration and surface runoff has to 15 

consider that surface soil hydraulic properties, including saturated soil hydraulic conductivity 16 

(Ks) and sorptivity (S), could change even at very short temporal scales. Soil deterioration due 17 
to water impact can be tested in the field by the multi-height beerkan (MHB) method, that is, 18 
by pouring water on the infiltration surface from different heights. Soil hydraulic properties 19 
can be estimated coupling the MHB method with the BEST-steady algorithm. The MHB 20 

method with six heights of water pouring (H) in the range 0.03-2 m was applied on a 21 
relatively dry loam soil to investigate height of water pouring effects on i) the established 22 

infiltration process, and ii) Ks, S, the scale parameter of the water retention curve (hg) and the 23 

characteristic microscopic pore radius (m). Higher heights of water pouring generally 24 

induced a slowdown of the infiltration process, smaller S, Ks and m values and higher |hg| 25 

values. The S, Ks, |hg| and m vs. H relationships were statistically significant but the fitted 26 

relationships for S and Ks were stronger than those for |hg| and m, indicating a different 27 
sensitivity of the considered parameters to the height of water pouring. Small or negligible 28 

soil deterioration was observed for both small (H < 0.25 m) and large (H > 1.5 m) heights. 29 

Between these two extremes, the soil deteriorated as H increased, suggesting that the external 30 
solicitations were high enough to overcome the resistance of the porous medium but not so 31 
high to determine a complete soil alteration. The tested methodology appears promising to 32 

determine the effects of water impact on the soil hydrodynamic behavior and it could be 33 
applied to perform a soil hydraulic characterization usable for modelling hydrological 34 
processes. 35 

 36 
Keywords: surface hydrological processes; soil hydraulic properties; soil deterioration; multi-37 

height beerkan method. 38 
 39 

INTRODUCTION 40 
Interpreting and simulating rainfall partition processes into infiltration and surface runoff is an 41 
open topic in hydrological sciences and it is essential to quantify the agro-environmental 42 

impacts on water storage, soil loss and fertility, which are causing growing concerns due to 43 
the ongoing climate changes (Assouline and Mualem, 2002, 2006; Chen et al., 2013).  44 

Surface soil hydraulic properties, including saturated soil hydraulic conductivity (Ks) and 45 
sorptivity (S) that have a direct impact on infiltration (Philip, 1957; Parlange et al., 1982; 46 
Haverkamp et al., 1994), can change even at very short temporal scales, such as during a 47 
rainfall event or between closely spaced rainstorms (Fohrer et al., 1999; Mügler et al., 2019; 48 
Ndiaye et al., 2005). The highly dynamic nature of the upper soil layer makes description of 49 
changes of structure dependent soil hydraulic properties necessary but very complex 50 
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(Somaratne and Smettem, 1993; Ndiaye et al., 2005; Todisco et al., 2023). The reason is that 51 

many factors influence surface soil changes, including the characteristics of the rainfall 52 
events, the soil type and the soil conditions at the time of the event. Moreover, different soil 53 
properties can exhibit different degrees of variation, depending on the particular context. For 54 

example, changes in the soil hydraulic properties following soil tillage were investigated in 55 
rainfall simulation trials of intermittent rain by Todisco et al. (2023). During a sequence of 56 
wetting and drying cycles, S and Ks decreased by 2.9–3.1 and 1.4–2.2 times, respectively, 57 
depending on the plot, with a more evident decline for S than for Ks. In other investigations, 58 
however, the suggestion was that Ks should be considered as a sort of sentinel property, due 59 

its high sensitivity to water impact application procedures (Auteri et al., 2020; Castellini et al., 60 
2021a). Moreover, Bagarello et al. (2023) recently showed that disturbance effects change 61 
with the initial soil moisture and structural conditions, as they were relatively small when the 62 
soil was relatively little sorptive and conductive, but they became noticeable in the opposite 63 
condition. Therefore, it can be expected that initially drier soils can be more sensitive to 64 

rainfall induced soil disturbance than wetter soils (Martínez-Mena et al., 1998; Fohrer et al., 65 

1999).  66 

Development of simple experimental methods to determine directly in the field changes in 67 
soil hydraulic properties in a wide range of hydrologically relevant scenarios could help to 68 
obtain a more realistic soil hydraulic characterization for simulating hydrological processes. 69 
The effects of soil deterioration due to water pouring from different heights can be tested in 70 

the field by an adapted single-ring infiltrometer method introduced by Bagarello et al. 71 
(2014a), and recently called "multi-height beerkan", MHB, method (Castellini et al. 2021a). 72 

Soil hydraulic properties can be determined from MHB experiments by the so-called BEST 73 
(Beerkan Estimation of Soil Transfer parameters)-steady algorithm (Bagarello et al., 2014b). 74 
The classical beerkan experiment (Lassabatere et al., 2006), i.e., an infiltration experiment in 75 

which the disturbance of the surface soil layer is practically negligible, is expressive of the 76 
overall effect on infiltration rate of different factors such as hydraulic potential gradient, 77 

wetting induced swelling, mechanical impact of the poured water, mobilization of soil 78 

particles released by slaking and weakening of the interparticle bonds. Instead, an infiltration 79 

experiment in which water is poured by a non-zero height should be expressive of the effect 80 
of the same factors plus the additional mechanical impact of the applied water on the soil 81 

surface (Auteri et al., 2020). The MHB method was i) successfully validated by comparison 82 

with the classical rainfall simulator method (Di Prima et al., 2017); ii) used with relatively 83 
large infiltration surfaces, presumably yielding more representative data than small surfaces 84 

(Castellini et al., 2021a); iii) applied to estimate the effects of the height of water pouring on 85 
the surface soil physical quality (Castellini et al., 2021b); and iv) used to study the soil 86 
response to continuous (Bagarello et al., 2023) or intermittent (Alagna et al., 2018; Bagarello 87 

et al., 2020) water pouring sequences, Therefore, the usability of the MHB method to obtain 88 
soil data specifically representative of an altered surface soil layer was demonstrated. It is still 89 

unclear if this method, perhaps with some adaption, is also usable to obtain relevant soil data 90 
for simulating hydrological processes.  91 
Previous investigations have used two or three heights of water pouring (e.g., Bagarello et al., 92 

2014a; Auteri et al., 2020; Castellini et al., 2021a). However, considering more heights of 93 
water pouring could yield a more complete information on changes in soil hydraulic 94 
properties as a consequence of water mechanical impact on the infiltration surface. For 95 
example, it could be established if there is a minimum water height below which the soil 96 

resists mechanical impact or, at the other extreme, a maximum water height above which soil 97 
hydraulic properties do not change further. Furthermore, the shape of the relationship between 98 
the soil hydraulic properties and the height of water pouring could be determined with some 99 
confidence. Taking into account that changing the height of water pouring means varying the 100 
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impact energy of the applied water, such relationships could represent at least the starting 101 

point of a more accurate description of soil hydrodynamic response in models that simulate 102 
surface soil hydrological processes. 103 
The main objective of this study was to test the MHB method using six heights of water 104 

pouring. A relatively dry loam soil was sampled to i) verify height of water pouring effects in 105 
the rather wide range of 0.03 m to 2 m on the established infiltration process; and ii) establish 106 
in detail water pouring height effects on saturated soil hydraulic conductivity, soil sorptivity, 107 
scale parameter of the water retention curve and characteristic microscopic pore radius.  108 

 109 
MATERIALS AND METHODS 110 
 111 
Field site 112 
The investigation was carried out in an undisturbed fallow plot of about 200 m

2
, established at 113 

the experimental field of the Council for Agricultural Research and Economics, Research 114 

Center for Agriculture and Environment (CREA-AA) of Bari, Italy (41˚06′37.31″ N, 115 

16˚52′40.12″ E). According to the USDA classification system, the soil was loam, with 43.2% 116 

of sand and 17.2% of clay (Castellini et al., 2021a). The field campaign was performed in 117 
nearly 40 days, during the spring-summer season of 2022. No appreciable rainfall events 118 
occurred during this period.  119 
 120 

Experiment 121 
Single-ring infiltration runs of the beerkan type (Lassabatere et al., 2006) were carried out at 122 

randomly selected locations by pouring water on the soil surface from six different heights, H 123 
(L). In particular, water was applied from approximately 0.03 (H0.03), 0.25 (H0.25), 0.5 124 
(H0.5), 1 (H1), 1.5 (H1.5) and 2 (H2) m (Fig. 1). For each H value, the infiltration run was 125 

replicated ten times, yielding a total of 60 runs. Plexiglas tubes of the same diameter as the 126 
ring and of fixed heights were positioned over the ring during the run to ensure flow 127 

verticality and prevent possible deviations of the poured water due to wind.  128 

At a sampling point, the herbaceous vegetation was removed by scissors leaving the roots in 129 

situ. A metal ring with an inner diameter equal to 15 cm was inserted 1 cm into the soil to 130 
avoid lateral loss of water (Lassabatere et al., 2006). For a given run, 15 water volumes, each 131 

of 200 mL, were poured without interruption on the confined infiltration surface. In particular, 132 

a given volume of water was poured in the ring in approximately 3-5 s at the start of the run 133 
and the elapsed time during its infiltration was measured. When the amount of water had 134 

completely infiltrated, an identical amount of water was poured into the ring, and the time 135 
needed for water to infiltrate was logged. Finally, 15 cumulative infiltration, I (L), vs. time, t 136 
(T), data points were determined to describe a cumulative infiltration curve.  137 

For each run, an undisturbed soil core (10 cm in height by 5 cm in diameter) was collected at 138 
the 0 to 10 cm depth no farther than about 5-10 cm from the wetted zone. These soil cores 139 

were used to determine the dry soil bulk density, b, and the soil water content at the time of 140 

sampling, i. Therefore, a b and a i dataset were developed for each H value. The saturated 141 

soil water content, s, was assumed to coincide with the soil porosity, f, assuming a soil 142 

particle density of 2.65 g/cm
3
 (Mubarak et al., 2009). 143 

 144 

Calculations and data analysis 145 
Initially, the infiltration data were reported on cumulative infiltration, I (L), vs. time, t (T), 146 

and infiltration rate, ir (L/T), vs. I plots to take an initial look at the general response of the 147 
different types of experiments (H0.03, H0.25, H0.5, H1, H1.5 and H2). The ir vs. I plot was 148 
considered since durations changed with the run, making presentation of all data on a single ir 149 

vs. t plot rather confuse.  150 
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For a given height of water pouring, the mean infiltration time, t (T), of each applied water 151 

volume (1
st
, 2

nd
, …, 15

th
) was calculated. The ratio between the mean of t for a given H, 152 

with H > 0.03 m, tH, and the corresponding mean of t for H = 0.03 m, t0.03, was then 153 
plotted against the number of the applied water volumes, nv, to detect the effect of the height 154 

of water pouring on the established infiltration process. The premise was that t0.03 was 155 
expressive of the overall effect on infiltration rate of different factors such as hydraulic 156 
potential gradient, wetting induced swelling, mechanical impact of the poured water, 157 

mobilization of soil particles released by slaking and weakening of the interparticle bonds. 158 

The tH value expressed the effect of the same factors plus the additional water mechanical 159 
impact on the soil surface due to application of water from a higher height. Therefore, a 160 

tH/t0.03 value equal to one denoted that the height of water pouring did not have any effect 161 

on the infiltration process whereas a value greater than one indicated that the height of water 162 

pouring induced a slower infiltration process. For a given t0.03 value, higher tH/t0.03 ratios 163 
signaled larger differences between high (H > 0.03 m) and low (H = 0.03 m) runs. 164 

The BEST-steady algorithm, that uses the intercept, bs (L), and the slope, is (L/T), of the 165 

straight line fitted to the last data points describing steady-state conditions on the I vs. t plot 166 
(Bagarello et al., 2014b), was selected to determine the soil hydrodynamic properties. This 167 
choice was made since, in other investigations, BEST-steady allowed a successful treatment 168 
of runs involving soil alteration and led to saturated soil hydraulic conductivity values close to 169 

those obtained by rainfall simulation (Di Prima et al., 2018). Moreover, this algorithm was 170 
considered more appropriate than other BEST algorithms (BEST-slope by Lassabatere et al., 171 

2006 and BEST-intercept by Yilmaz et al., 2010) to capture the overall effects of possible soil 172 
alteration phenomena occurring during infiltration. Although steady-state conditions have to 173 
be attained to calculate soil hydrodynamic parameters with any BEST algorithm, BEST-174 

steady only requires data for the final stage of the run while BEST-slope and BEST-intercept 175 
combine an information collected at the end of the run (is; all possible alteration has occurred) 176 

with transient infiltration data (alteration is likely occurring). 177 
For this investigation, involving an intentional modification of soil surface conditions, it was 178 

preliminarily tested if 15 water volumes were enough to achieve steady-state conditions 179 
during the established infiltration processes. At this aim, the empirical Horton (1940) 180 
infiltration model was fitted to the data for each field run. This model describes infiltration 181 
using three parameters, that is initial infiltration rate (at time t = 0), i0H (L/T), final infiltration 182 

rate, ifH (L/T), and a decay constant, kH (1/T), denoting the rate at which i0H approaches ifH. A 183 
comparison was then established between ifH and the is values estimated from the last three (I, 184 
t) data points (Castellini et al., 2021a). Obtaining is ≈ ifH was considered to support, or at least 185 
not to evidently refute, the reliability of the estimated is and the associated bs values. Instead, 186 
is > ifH was viewed as a sign of a likely overestimation of steady-state infiltration rate. To 187 

support this reasoning, Fig. 2 shows an example for a Horton infiltration process with known 188 
parameters. Applying the Horton model to a short run did not compromise estimation of the 189 
true final infiltration rate that was instead overestimated by linear regression of the last three 190 
(I, t) data points. 191 
Saturated soil sorptivity, S (mm/h

0.5
), saturated soil hydraulic conductivity, Ks (mm/h), and 192 

the scale parameter of the water retention curve by van Genuchten (1980), hg (mm) 193 
(Lassabatere et al., 2006), were then determined for each run with BEST-steady. The 194 

macroscopic capillary length (White and Sully, 1987) was also determined from bs and  = 195 

s - i according to Di Prima et al. (2020). The characteristic microscopic pore radius, m 196 
(mm), of the soil was then calculated using this characteristic length (White and Sully, 1987). 197 
The distribution of the data obtained with different heights of water pouring was checked with 198 
the Lillefors (1967) test at P = 0.05, considering both a normal (NO) and a ln-normal (LNO) 199 
distribution. Regardless of H, the NO distribution hypothesis was never rejected for S, Ks and 200 
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lhgl. Therefore, the arithmetic mean and the associated coefficient of variation, CV, were used 201 

to summarize these data as well as the b and i data, in accordance with other investigation 202 

(e.g., Mubarak et al., 2009). With reference to m, only the LNO distribution hypothesis was 203 
not rejected for the six developed datasets. In this case, the data were summarized by the 204 
geometric mean and the associated CV (Lee et al., 1985). 205 

A pairwise approach was applied to compare runs differing by the height of water pouring. A 206 
pairwise approach was preferred over a multiple comparison approach because comparing the 207 
results for, e.g., H = 0.03 m and H = 0.5 m was considered not to depend on the data collected 208 
with other heights of water pouring (e.g., H = 2 m). Therefore, F and two-tailed, unpaired t 209 

tests were applied to the untransformed b, i, S, Ks and lhgl data and to the ln-transformed m 210 

data since the infiltration runs were performed at different locations of the field site. 211 
Regression analyses between soil hydrodynamic parameters and H were performed by 212 
considering the exponential, linear, logarithmic and power relationships and retaining the 213 
relationship having the highest coefficient of determination, R

2
, for further analysis. The 214 

choice to consider different relationships was made since the shape of the tested relationships 215 
was not predictable in advance. A two-tailed t test was also used to establish the statistical 216 
significance of a fitted regression line to the data (Glantz, 2012). All statistical tests were 217 

carried out at P = 0.05. 218 

 219 
RESULTS  220 

 221 
Dry soil bulk density and antecedent soil water content 222 
Sites sampled with different H values had mean dry soil bulk density values that varied from 223 
1.22 g/cm

3
 to 1.29 g/cm

3
, that is by 5.7% at the most (Table 1). Differences were significant 224 

for only one of the 15 established comparisons, i.e. with reference to the comparison between 225 

the b values corresponding to H = 0.25 m and H = 2 m. Relative variability of b was small 226 
for each dataset (CV < 7.9%), as expected for this soil property (Warrick, 1998). 227 
The mean antecedent soil water content values varied between 0.155 m

3
/m

3
 and 0.173 m

3
/m

3
, 228 

that is by no more than 11.6%. Significant differences were detected in three cases, that is for 229 

the comparisons between i for H = 0.5 m and i for H = 0.03, 1 and 1.5 m. However, even 230 
these differences were rather small since they did not exceed 0.018 m

3
/m

3
. The highest CV of 231 

i (16.1%) was close to the threshold value (CV = 15%) that discriminates between low and 232 

medium variation of a soil property (Warrick, 1998). Consequently, relative variability of i 233 
was predominantly small. 234 
Therefore, possible differences between the infiltration runs performed with the six heights of 235 
water pouring were not attributable to differences between the antecedent dry soil bulk 236 

density and the soil water content of the sampled points since differences between b and i 237 
values were not statistically significant in most cases and practically small to very small in all 238 
cases.      239 

 240 

Infiltration 241 
Both the cumulative infiltration (I vs. t) and the infiltration rate (ir vs. I) curves (Fig. 3) 242 
signaled that the experimental infiltration processes were generally consistent with theory 243 
since the concavity of the I vs. t curves was faced downwards and the infiltration rates 244 
decreased during the run. In a few cases however, after a quick transient phase, the I vs. t 245 
relationship appeared nearly linear, denoting a particularly rapid stabilization of infiltration 246 

rates. The mean run duration, dtot, increased monotonically with the height of water pouring 247 
from 0.26 h for H = 0.03 m to 1.76 for H = 2 m although it appeared to become nearly stable 248 
for H > 1.5 m (Fig. 3). An infiltration process established with H = 2 m was therefore 6.7 249 
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times slower than the one performed with the classical method, that is by applying water at a 250 

small distance from the infiltration surface. 251 

The relationships between the mean infiltration time, t (h), of a given water volume and the 252 
number of the applied water volumes, nv, revealed differences between the water application 253 

heights (Fig. 4). In particular, t increased with nv in all cases, according to theory (Elrick and 254 
Reynolds, 1992), and also with the height of water pouring starting from the first applied 255 

water volume. However, the increase of t with H was not continuous since very similar 256 
results were obtained for H = 0.03 and 0.25 m on the one hand and for H = 1.5 and 2 m on the 257 
other hand, although this last similarity was rather approximate in the final stage of the 258 
infiltration process. Therefore, using different heights of water pouring in the range of small 259 

H values (< 0.25 m) did not affect appreciably infiltration times, that remained small. 260 
Increasing H determined a slower infiltration process up to a certain point (H = 1.5 m), 261 
beyond which a further increase did not induce an additional slowdown of infiltration. 262 
Regardless of H, the experimental data did not describe a clearly horizontal relationship 263 

between t and nv at the end of the run, at least with reference to H < 1 m. This circumstance 264 
induced not to exclude a certain overestimation of steady-state infiltration rates from the 265 
measured infiltration processes.    266 

For H = 0.25 m, the tH/t0.03 ratio varied between 0.85 and 1.30, depending on the applied 267 
water volume, and it was on average equal to 1.12 (Fig. 5). For the other H values, 1.13 < 268 

tH/t0.03 < 9.30 was obtained. On average, tH/t0.03 increased monotonically with H but it 269 
appeared to become practically stable for the two highest H values since the mean of 270 

tH/t0.03 was equal to 6.16 for H = 1.5 m and to 6.21 for H = 2 m. The tH/t0.03 ratios 271 
increased with the number of the applied water volumes at a different rate, depending on H, 272 
but they approached a nearly stable value by the end of the run. In particular, the means of the 273 

last five tH/t0.03 ratios varied between 1.23 (H = 0.25 m) and 8.04 (H = 2 m) with CVs that 274 
did not exceed the 13%.  275 

Therefore, water impact effects: i) started immediately, that is from the first applied water 276 
volume, for H > 0.5 m; ii) increased with the overall applied water amount during the first 277 

part of the experiment; and iii) were almost complete, or they continued at an appreciably 278 
smaller rate, by the end of the experiment.  279 

In other words, most if not all the possible soil deterioration due to a high height of water 280 

pouring occurred by the end of the run. Otherwise, the tH/tL vs. nv relationship should have 281 
shown a persistent increasing trend also with reference to the applied water volumes in the 282 
final phase of the experiment. 283 

284 
Steady-state infiltration rate 285 
For two of the 60 field runs, the Horton model did not yield an estimate of the infiltration 286 

parameters. Plotting is against ifH did not show any systematic departure from the identity line 287 
(Fig. 6). The linear regression line between these two variables was statistically significant 288 
(coefficient of determination, R

2
 = 0.945; R > 0; P = 0.05) and the 95% confidence intervals 289 

for the intercept and the slope of this linear regression line included zero (from -22.7 to +24.0) 290 

and one (from 0.91 to 1.03), respectively, denoting a statistical similarity of the fitted line 291 
with the identity one.  292 
Therefore, this analysis suggested a similarity between is and ifH and hence it supported the 293 

reliability of the estimated is and the associated bs values used in this investigation. 294 
 295 

Soil hydraulic properties 296 
The mean values of S decreased as H increased from 0.03 to 2 m (Table 2). Numerically, this 297 
decrease was not perfectly monotonic since S for H = 2 m was minimally higher, that is by 298 
4%, than S for H = 1.5 m (Table 2). Two means of S differed at the most by 2.9 times and 299 
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statistically significant differences between the means of S were detected for 11 of the 15 300 

established comparisons. Not significant differences were detected in the range of the smallest 301 
H values (H < 0.25 m) as well as in that of the highest H values (H > 1.5 m). The CV values 302 
of S were higher for H < 0.5 m (CV = 27-38%) as compared with H > 1 m (CV = 12-19%). 303 

Relative variability was generally medium (Warrick, 1998) with the exception of H = 1.5 m 304 
for which variation of S was low.  305 
A similar result was obtained for Ks since this hydrodynamic parameter also decreased almost 306 
monotonically as H increased. Even in this case, the only exception was that Ks for H = 2 m 307 
was a little greater, that is by 22%, than Ks for H = 1.5 m. Two means of Ks differed up to 308 

18.7 times and differences were statistically significant for 11 comparisons. Even in this case, 309 
the smallest H values (< 0.25 m) yielded statistically similar results and a statistical similarity 310 
was also detected for the largest H values (> 1.5 m). The CV values of Ks were higher for H < 311 
0.5 m (CV = 82-83%) as compared with H > 1 m (CV = 23-37%). Relative variability of Ks 312 
decreased from high to medium with higher H values.  313 

The means of lhgl increased with H up to H = 0.5 m and then they appeared nearly stable. In 314 

this case, two means differed by no more than 1.5 times and differences were statistically 315 

significant for only five of the 15 established comparisons. Relative variability of lhgl was 316 

medium regardless of H. Even in this case, the runs performed with the smallest H values 317 
yielded the highest CVs. The decrease of CV with H was continuous up to H = 1.5 m because 318 

relative variability of lhgl increased for H = 2 m.   319 

The means of m decreased with H up to H = 0.5 m and then they apparently stabilized. Two 320 
means differed by 1.7 times at the most and the differences were statistically significant in 321 

only four cases. Relative variability of m was high for H = 0.03 m and medium in the other 322 

cases. Also in this case, the decrease of CV with H was monotonic up to H = 1.5 m since 323 

relative variability of m increased for H = 2 m. 324 

The S, Ks, lhgl and m vs. H relationships were statistically significant (R > 0) and signaled 325 

that S, Ks and m decreased as H increased whereas lhgl increased (Fig. 7). The fitted 326 

relationships for S and Ks (R
2
 = 0.64-0.66) were stronger than those for lhgl and m (R

2
 = 327 

0.18). 328 

Therefore, the height of water pouring influenced determination of S, Ks, lhgl and m but the 329 

height effects differed with the considered parameter. In particular, S and Ks were overall 330 

more sensitive to H than lhgl and m since, in the former case, more statistically significant 331 

differences were detected (Table 2) and the relationship with H was stronger (Fig. 7). The 332 
decrease of S and Ks with H was rather gradual in the range of the tested H values since, in 333 
both cases, the two hydrodynamic parameters exhibited high and similar values for the two 334 

smallest H values (H < 0.25 m), they overall decreased as H increased and finally they nearly 335 

stabilized for the two highest H values (H > 1.5 m). Instead, changes in lhgl and m were 336 

appreciable in the range of the smallest H values (H < 0.5 m in this case) but these two 337 
parameters stabilized soon since changes were not significant in the rather wide 0.5 < H < 2 m 338 
range. Regardless of the considered parameter, using larger H values for the beerkan 339 
experiment implied obtaining less variable estimates of the considered parameters. However, 340 

there were weak and not statistically supported signs of a reversal of this general trend in the 341 
range of the highest H values since the results obtained with H = 2 m were a little higher (S, 342 

Ks, m) or lower (lhgl) and more variable than those obtained with H = 1.5 m.    343 

 344 
DISCUSSION 345 
In this investigation, higher heights of water pouring generally induced a slowdown of the 346 

infiltration process (Fig. 4), smaller S, Ks and m values and higher lhgl values (Table 2). 347 
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Interpreting the H effect as a consequence of spatial variability of soil hydrodynamic 348 

properties (e.g., Logsdon and Jaynes, 1996; Popolizio et al., 2022) did not appear convincing 349 
since, for each height of water pouring, the experiment was replicated 10 times at randomly 350 
selected sampling points within an overall small area (Reynolds et al., 2002). Consequently, it 351 

cannot be suggested with a certain confidence that larger heights of water pouring were used 352 
in sampling points inherently characterized by a reduced ability to transport water.  353 
Not even the results appeared due to soil slaking although this phenomenon, that induces a 354 
sudden soil alteration, can be expected to occur when a nearly dry soil is rapidly wetted (Le 355 
Bissonnais, 1996; Martínez-Mena et al., 1998). The reason was that the rapidity with which 356 

the soil was wetted did not vary with H. In other words, there were not infiltration runs that 357 
were performed with an initially slow wetting of the soil and other runs in which initial 358 
wetting was fast. Instead, soil wetting was rather fast in all cases meaning that slaking, if it 359 
occurred, influenced all infiltration runs performed in this investigation, regardless of H. 360 
Therefore, the detected height effects, that confirmed previous findings (Bagarello et al., 361 

2014a, 2023; Alagna et al., 2018; Auteri et al., 2020; Castellini et al., 2021a), likely occurred 362 

because more energy was dissipated at the infiltration surface with higher heights. The upper 363 

soil layer was altered more appreciably with higher heights of water pouring since dissipating 364 
more energy at the soil surface is expected to induce soil compaction and mechanical 365 
breakdown (Smith et al., 1990; Le Bissonnais, 1996; Auteri et al., 2020). Consequently, 366 
infiltration was hampered (Thompson and Jaynes, 1985; Smith et al., 1990; Assouline and 367 

Mualem, 2002; Todisco et al., 2023). More energy implied forming a soil that was overall less 368 
sorptive and less conductive and also more homogeneous, in accordance with other 369 

investigations (Assouline and Mualem, 2002; Bagarello et al., 2023). 370 
This was the first time that a relatively large number of H values were used in a single 371 
experiment and this choice made it possible to detect a double threshold mechanism. In 372 

particular, height effects can be expected to be small or negligible for both small (H < 0.25 m) 373 
and large (H > 1.5 m) heights of water pouring. In the former case, a plausible reason is that 374 

the soil effectively resisted external solicitations or that, in other terms, these solicitations 375 

were not strong enough to alter the soil. In the latter case, the explanation could be that all the 376 

possible deterioration occurred with a given height of water pouring and additional 377 
solicitations induced with higher H values did not further alter the soil. Between these two 378 

extremes, the soil degraded with larger heights of water pouring since the external 379 

solicitations were high enough to overcome the resistance of the porous medium but not so 380 
high as to determine a complete alteration. 381 

An infiltration process that does not depend, or weakly depends, on H for small heights of 382 
water pouring and then slows down when higher heights are employed for the beerkan run 383 
suggested that there was a threshold height which had to be overcome for deterioration 384 

processes to be activated. Occurrence of soil alteration only from a certain point on is 385 
documented in the literature. For example, Le Bissonnais (1996) stated that mechanical 386 

breakdown of aggregates by raindrop impact usually occurs if the kinetic energy of raindrops 387 
is great enough. According to Salles et al. (2000), a critical kinetic energy must be reached to 388 
initiate soil detachment. An and Liu (2017) reported that collapse of soil aggregates of a given 389 

size range depended on the wetting rate. Armenise et al. (2018) recognized the existence of a 390 
soil-specific raindrop impact threshold that has to be overcome in order to initiate and support 391 
soil detachment.  392 
At the other extreme, an infiltration process that did not depend, or weakly depends, on H for 393 

large heights of water pouring suggested that there was also a threshold height beyond which 394 
deterioration did not develop further. Even the fact that soil alteration does not proceed 395 
indefinitely is documented in the literature. For example, Tackett and Pearson (1965) reported 396 
that maximum compaction was attained after applying a given amount of rainfall whereas 397 
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Roth and Helming (1992) noticed that splash rates as a function of rainfall energy indicated a 398 

distinct maximum before leveling off, while both runoff and soil loss displayed asymptotic 399 
curves. Detection of an upper threshold H value beyond which soil infiltration did not change 400 
further reinforced the suggestion by Auteri et al. (2020) and Bagarello et al. (2023) that the 401 

beerkan experiment could be adapted to capture the soil response in the most favorable 402 
conditions to runoff occurrence. 403 
In any case, it cannot be omitted that, in this experiment, there was some sign that using H = 2 404 
m instead of H = 1.5 m implied more relative variability of the soil parameters, larger S, Ks 405 

and m values and smaller lhgl values. Although these signs were overall weak and not 406 

statistically significant, they could be expressive of the circumstance that, at a certain point, 407 
the exclusively or predominantly destructive effect of the applied water ceased and a greater 408 
solicitation was less effective than a smaller solicitation in reducing infiltration. This 409 
interpretation is not novel since Neave and Rayburg (2007) concluded that seal development 410 
will always represent a balance between processes that promote seals and those that actively 411 

disrupt seals. In other terms, water impact on the soil surface can be both a formative and a 412 

disruptive agent in the process of seal development.  413 

Both S and Ks decreased gradually as H increased and they became nearly stable for H > 1.5 414 

m. Instead, lhgl and m were nearly constant for H > 0.5 m (Table 2). Attempting to 415 

understand what information was contained in these results, it was considered that: i) S and Ks 416 
are linked to each other since soil sorptivity depends, in addition to soil capillarity 417 

representing the driving force, on soil hydraulic conductivity that expresses the dissipation 418 

(Stewart et al., 2013); ii) the higher lhgl the smaller the representative pore diameter. Larger 419 

lhgl values in fine soils as compared with coarse soils can be recognized by comparing 420 

different investigations (Lassabatere et al., 2006; Nasta et al., 2012; Coutinho et al., 2016) and 421 

a tendency of lhgl to increase with more clay was reported by Bagarello et al. (2014a) and 422 

Castellini et al. (2016). The increase of lhgl in more compacted and disturbed soil conditions 423 

was documented, for example, by Mahmoodlu et al. (2016), Bagarello et al. (2020) and Ngo-424 

Cong et al. (2021); iii) the m value represents an effective equivalent mean radius of the 425 
pores that participate in the infiltration process (Reynolds et al., 1995; Iovino et al., 2016). 426 

The larger m the greater the effect of gravity compared to capillarity as the infiltration 427 
driving force (Ndiaye et al., 2005; Souza et al., 2014), and iv) according to Reynolds et al. 428 

(1995), Ks depends on both m and the concentration of m pores, N0 (number of pores/m
2
). 429 

For a given Ks value, a small m value is compensated by a large N0 value and vice versa 430 

(Castellini et al., 2020). Based on all of this, it appears that, for small H values (< 0.5 m), S 431 

and Ks decreased as H increased since the soil became more compact (higher values of lhgl) 432 

and the effective equivalent mean radius of the pores that participate in the infiltration 433 

process, m, became smaller. The decrease of S and Ks that continued to occur as H increased 434 

further was likely due to the circumstance that the concentration of m pores became smaller 435 
with a higher height of water pouring.   436 
  437 

A drawback of the experimental method applied in this investigation was that dry soil bulk 438 

density, used to estimate s, was measured by sampling an undisturbed soil, regardless of the 439 
used height of water pouring. Therefore, all disturbance effects were captured by the 440 

infiltration run but not by b. Dry soil bulk density is expected to influence the saturated soil 441 
hydrodynamic parameters (Assouline, 2006; Ngo-Cong et al., 2021). Therefore, in the future, 442 
the experiment should also include sampling the wetted soil volume after the infiltration run 443 

for determining the actual b value. Even better would be to have independent measurements 444 

of s at both the beginning and the end of the infiltration run. 445 

 446 
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Another point to be discussed is that this investigation did not help to establish if total 447 

gravitational potential energy, Ep, of the applied water volume can be used to predict 448 
variations of soil hydrodynamic properties. Energy depends on both H and the mass of water 449 
used for the run (Auteri et al., 2020), which means that the same Ep value could be obtained 450 

with different water volumes and heights of water pouring. However, only H was allowed to 451 
vary in this investigation. Bagarello et al. (2023) and Agosta et al. (2023) have recently 452 
suggested that the hydrodynamic response of a disturbed soil may depend more on the fact 453 
that the soil was altered by wetting than on the particular mechanism that causes alteration. 454 
Therefore, confidently using Ep for predictive purposes requires preliminarily confirming that 455 

a high run with a small water volume and a low run with a large water volume have a similar 456 
effect on the soil hydrodynamic response. 457 
 458 
Finally, the choice to use six different H values was very appropriate to capture height effects 459 
that were not detected before since previous investigations made use of two or three heights 460 

of water pouring (e.g., Bagarello et al., 2014a; Auteri et al., 2020; Castellini et al., 2021a). 461 

The data obtained in this investigation suggested that, in the future, it could be advisable to 462 

use even more H values. In particular, the range of H should be wider, by adding at least one 463 
or two H values > 2 m, to verify if the weak signs of a reversal of the soil hydrodynamic 464 
response for high H values perceived in this investigation may find a stronger support.      465 
 466 

CONCLUSIONS 467 
Compared to the classical beerkan experiment, the multi-height beerkan (MHB) method, i.e., 468 

a set of infiltration runs in which water is poured by different heights, should allow to capture 469 
the effect of mechanical impact of the applied water on the soil surface, potentially allowing 470 
to obtain a more realistic soil hydraulic characterization for simulating hydrological 471 

processes. 472 
In this investigation, higher heights of water pouring generally induced a slowdown of the 473 

infiltration process, smaller S, Ks and m values and higher |hg| values. The S, Ks, |hg| and m 474 
vs. H relationships were statistically significant but the fitted relationships for S and Ks were 475 

stronger than those for |hg| and m, thus indicating a different sensitivity of the considered 476 

parameters to the height of water pouring.  477 
The relatively large number of H values that was used for the first time in this investigation 478 
made it possible to detect a double threshold mechanism. Small or negligible H effects 479 

observed for small (H < 0.25 m) heights of water pouring suggested that there was a threshold 480 
height which had to be overcome for deterioration processes to be activated. Small or 481 
negligible effects observed for large (H > 1.5 m) heights suggested that there was also a 482 

threshold height beyond which deterioration did not develop further. Between these two 483 
extremes, the soil degraded with larger heights of water pouring since the external 484 
solicitations were high enough to overcome the resistance of the porous medium but not so 485 
high to determine a complete alteration. 486 
Regardless of the water pouring height, the usual beekan runs with fifteen water volumes was 487 

adequate to reach near steady-state water flow conditions. The MHB method with six 488 

different H values was therefore very appropriate to capture the influence of water impact on 489 
the soil surface hydraulic properties that were not detected before using only two or three 490 
heights of water pouring. 491 

Future investigations will be aimed at evaluating i) the role of actual surface bulk density that 492 
was not measured in this study after the infiltration run and, ii) the role of total gravitational 493 
potential energy of the applied water volume in explaining the observed variations of soil 494 
hydrodynamic properties. It could be also advisable to consider higher H values, to verify if 495 
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the weak signs of a reversal of the soil hydrodynamic response observed for H = 2 m in this 496 

investigation may find a stronger support.      497 
 498 
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Table 1. Summary statistics of the dry soil bulk density, b, and the initial volumetric soil 703 

water content, i, values close to the locations sampled with different heights of water 704 
pouring, H   705 

 706 

Variable Statistic H (m) 

0.03 0.25 0.5 1.0 1.5 2.0 

b  

(g/cm
3
) 

Min 1.218 1.087 1.120 1.150 1.101 1.184 

Max 1.414 1.326 1.358 1.429 1.435 1.398 

Mean 1.265 ab 1.218 a 1.227 ab 1.273 ab 1.271 ab 1.288 b 

CV (%) 4.6 5.7 6.7 7.1 7.9 5.8 

i  

(m
3
/m

3
) 

Min 0.140 0.116 0.163 0.134 0.135 0.129 

Max 0.172 0.189 0.188 0.174 0.169 0.211 

Mean 0.159 a 0.157 ab 0.173 b 0.155 a 0.155 a 0.157 ab 

CV (%) 6.9 15.9 5.1 8.3 7.4 16.1 

Min = minimum value; Max = maximum value; CV = coefficient of variation. 707 
For a given parameter, means in a row followed by the same lowercase letter are not 708 
significantly different according to an F test and a two-tailed t test at P = 0.05. Means 709 

followed by different lowercase letters are significantly different. 710 
 711 
 712 

Table 2. Summary statistics of the saturated soil sorptivity, S, saturated soil hydraulic 713 

conductivity, Ks, scale parameter of the water retention curve, lhgl, and characteristic 714 

microscopic pore radius, m, values obtained with different heights of water pouring, H    715 
 716 

Variable Statistic H (m) 

0.03 0.25 0.5 1.0 1.5 2.0 

S  

(mm/h
0.5

) 

Min 62.4 67.4 40.6 35.9 31.2 30.8 

Max 171.1 152.0 129.4 60.0 48.2 51.8 

Mean 116.3 a 106.0 ab 79.0 b 47.2 c 39.5 d 41.0 cd 

CV (%) 32.8 26.6 38.3 17.1 11.9 18.8 

Ks 

(mm/h) 

Min 33.9 36.4 13.3 11.2 7.6 8.0 

Max 679.8 454.3 169.2 32.5 18.0 23.1 

Mean 251.5 a 154.7 ab 62.6 b 20.8 c 13.4 d 16.3 cd 

CV (%) 83.3 82.6 82.4 37.0 23.3 30.6 

lhgl  
(mm) 

Min 12.2 46.0 87.3 90.2 101.3 68.8 

Max 133.9 162.6 197.1 171.1 178.0 191.1 

Mean 90.2 ab 101.3 ac 136.0 d 128.1 cd 133.1 d 125.1 bcd 

CV (%) 43.0 38.1 24.5 21.7 16.3 29.7 

m 

(mm) 

Min 0.041 0.034 0.028 0.032 0.031 0.029 

Max 0.449 0.118 0.062 0.061 0.054 0.080 

Mean 0.071 a 0.058 ab 0.041 c 0.044 abc 0.042 c 0.046 abc 

CV (%) 82.0 44.2 25.3 21.9 15.9 32.8 

Min = minimum value; Max = maximum value; CV = coefficient of variation. 717 
For a given parameter, means in a row followed by the same lowercase letter are not 718 

significantly different according to an F test and a two-tailed t test at P = 0.05. Means 719 
followed by different lowercase letters are significantly different. 720 
 721 
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Fig. 1. View of the experimental site at the time of the experiment (a) and of the infiltration 722 

runs with a height of water pouring of 0.03 m (b), 0.25 m (c), 0.5 m (d), 1 m (e), 1.5 m (f) and 723 
2 m (g) 724 

 725 
 726 

 727 
 728 
Fig. 2. Final infiltration rates estimated by two different methods (Horton, linear regression) 729 

for an infiltration process with known parameters 730 
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Fig. 3. Cumulative infiltration, I, vs. time, t, and infiltration rate, ir, vs. I, curves for each 741 

height of water pouring (a = 0.03 m; b = 0.25 m; c = 0.5 m; d = 1 m; e = 1.5 m; f = 2 m). The 742 
mean infiltration curves (dashed lines) were also reported 743 
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 745 

Fig. 4. Means of the infiltration time, t, of a given water volume for the runs performed with 746 
different heights of water pouring, H 747 
 748 

 749 
   750 
 751 

 752 

Fig. 5. Ratio between the mean infiltration time for a given height of water pouring, H (H > 753 

0.03 m), tH, and the mean infiltration time for H = 0.03 m, t0.03, for a given water volume 754 
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Fig. 6. Comparison between two estimates of the steady-state infiltration rate for the field 765 

runs 766 
 767 
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Fig. 7. Relationships between the a) saturated soil sorptivity, S, b) saturated soil hydraulic conductivity, Ks, c) scale parameter of the water 

retention curve, lhgl, and d) characteristic microscopic pore radius, m, values and the height of water pouring, H 
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