Dottorato di Ricerca in Scienze Agrarie, Alimentari, Forestali e Ambientali
Dipartimento di Scienze Agrarie, Alimentari e Forestali
Settore Scientifico Disciplinare “AGR/08 Idraulica Agraria e Sistemazioni Idraulico-Forestali”

INVESTIGATIONS ON INFILTRATION METHODS FOR AN
IMPROVED SOIL HYDRAULIC CHARACTERIZATION

IL DOTTORE

IL COORDINATORE

PAOLA CONCIALDI

PROF. VINCENZO BAGARELLO

IL TUTOR

IL CO TUTOR

PROF. VINCENZO BAGARELLO

PROF. MASSIMO IOVINO

CICLO XXXII
ANNO CONSEGUIMENTO TITOLO 2020

TABLE OF CONTENTS

CHAPTER 1: General introduction…………….……...……………………………...…….1
References…………………………………………………………………….…………..…...6

CHAPTER 2: Laboratory investigation on the Simplified Falling Head technique…..........9
2.1

Introduction……………………….…………………………….……..……….9

2.2

Theory……..…………………………………………………………..……....10

2.3

Applications of the SFH technique……………………………………….........12

2.4

A novel investigation on the SFH technique……………………………….…16

2.5

Perspectives of future research………………………………….……………..17

Appendix A: Laboratory evaluation of falling-head infiltration for saturated soil hydraulic
conductivity determination………………………..………………………………….…...….21
References………………………..…………………………………….………………….….30

CHAPTER 3: Using single-ring infiltration methods to determine the soil hydraulic
properties in a hydrological perspective………………………………………...……...…….35
3.1

Introduction………………………...……………………………………..…..35

3.2

Theory………………………………...………………………..……………..40

3.3

Applications of BEST methods…………………………...………..……..…..45

3.4
Characterization
of
non-rigid
soils
by
single-ring
infiltration
experiments……………………………………………………………………………...……49
Appendix B: Laboratory testing of Beerkan infiltration experiments for assessing the role of
soil sealing on water infiltration………………………..………………………………...…..53
Appendix C: A test of water pouring height and run intermittence effects on single-ring
infiltration rates……………………………………………………………………………….65
Appendix D: Testing an adapted Beerkan infiltration run for a hydrologically relevant soil
hydraulic characterization.……………………………………………………………….…...77
References……..………………………………………………………………………….......86

CHAPTER

4:

Intensive soil characterization with automatic single-ring
infiltrometers……………………………………………………………...……….……...…..95
4.1

Introduction………………………………………..…………………….........95

4.2

An innovative instrumentation package for soil characterization.……………96

Appendix E: An open-source instrumentation package for intensive soil hydraulic
characterization…………………………………………………………………………….....97

References………………………..……………………………………………...…………..110

CHAPTER 5: Additional investigations on soil hydraulic characterization by single-ring
infiltration methods……………………………………………………………………….....112
5.1

Parameterization of an explicit model for single-ring infiltration…….……..112
5.1.1 Introduction………………………………………………………......112
5.1.2 Infiltration model……………………………………..……………...113
5.1.3 Materials and methods…………………………..…………………...114
5.1.4 Results…………………………………………...…………………...116
5.1.5 Conclusions………………………………………………...………...121

5.2

Monitoring saturated hydraulic conductivity of a loam soil by different
application methodologies of a Beerkan infiltration run …………………….121
5.2.1 Introduction………...………………………………………………...121
5.2.2 Materials and methods………………………...……………………..122
5.2.3 Results and discussion………………………...……………………...124
5.2.4 Conclusions……………...…………………………………………...136

References…………………………………………..……………………………………….137

CHAPTER 6: Summary and conclusions………………………………………………....140

CHAPTER 1: General introduction
Water flow in heterogeneous, variably saturated porous media is an important topic in any branch of
hydrology, soil science, and agricultural engineering dealing with both surface and subsurface flow
and chemical transport processes. The unsaturated soil zone plays an important role on extremely
important hydrological processes such as surface runoff formation and aquifer recharge since it
controls the partition of rainfall into infiltration and infiltration excess. Most groundwater pollution
problems are a consequence of the release of contaminants from near surface sources such as landfills,
septic tanks or tailing ponds. The groundwater contaminants reach the aquifer moving through the
unsaturated soil zone that therefore represents the hydrological connection between the surface water
component of the hydrologic cycle and the groundwater component. The characteristics of this zone
also influence design and monitoring of irrigation and drainage systems (Hillel, 1998). The
unsaturated zone may lose water through evaporation, transpiration, and drainage. Environmental
problems caused by intense degradation and desertification of the land, that have an obvious
importance for the society, require accurate investigations on soil physical and hydraulic properties
of the unsaturated soil zone (Romano, 2000).
In particular, understanding and characterizing the hydrological cycle and transfer of contaminants
transported by water relies on determining the soil hydraulic characteristic curves, that is, the water
retention and the hydraulic conductivity curves. The water retention curve describes the relation
between the volumetric soil water content, θ (L3L-3), and the soil water pressure head, h (L). The
hydraulic conductivity function describes the relation between the soil hydraulic conductivity, K (L
T-1), and either θ or h. Soil hydraulic conductivity was originally introduced by Darcy (1856) for
saturated soils and it was then extended to unsaturated soils by Buckingham (1907) and Richards
(1931). The soil hydraulic conductivity depends on the soil pores characteristics, the moving fluid
and the fluid content in the soil. The soil hydraulic conductivity at saturation is referred to as the
saturated soil hydraulic conductivity, Ks (L T-1). When expressed as a function of the volumetric soil
water content, the hydraulic conductivity function is strongly nonlinear. Generally speaking, as soil
dries, K rapidly decreases by several orders of magnitude.
Soil hydrodynamic parameters and, among these, saturated soil hydraulic conductivity are very
complicated to be determined accurately since soil pores, and particularly the largest ones, are
extremely unstable and fragile (Jarvis et al., 2013). Consequently, any attempt to determine these
parameters implies a high risk to modify the soil pore arrangement. This circumstance has to be
considered as unfavorable since it implies for example that the conductivity of the absolutely intact
porous medium cannot be determined without any uncertainty. On the other hand, it has also to be
taken into account that determining Ks has in general a given hydrological purpose and the
hydrological processes stress the soil when they occur. Consequently, the soil does not behave in
practice as a rigid and immutable porous medium.
Many experimental investigations have been devoted over the last decades to the development of
measurement or estimation methodologies of soil hydraulic characteristics. Roughly speaking, two
categories of methods can be distinguished for the determination of the unknown soil hydraulic
properties: i) direct or indirect measurement techniques, and ii) predictive methods (Di Prima, 2016).
The first category of techniques has been developed mainly for measurement of the soil hydraulic
properties at a local scale and is difficult to apply over large areas. The second category allows to
estimate soil hydraulic properties through the use of pedotransfer functions (PTFs). These are
generally empirical relationships that allow the hydraulic properties of a given soil to be predicted
from easily accessible data, such as textural characteristics (e.g., percentages of sand, silt, and clay),
bulk density and soil organic matter content. The PTFs can either be applied at the local scale using
point properties or at the watershed scale where textural information has been aggregated (soil maps).
Due to their empirical nature, PTFs are typically characterized by large uncertainties and they should
only be applied after checking their usability for the particular scope in the particular environment
(Tomasella et al., 2000).
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Soil hydrodynamic parameters are very difficult to be determined since they depend on the complex
and also rapidly changing pore-size distribution. In particular, many methods have been developed
over time for determination of Ks that is a fundamental soil hydraulic property (Reynolds and Elrick,
1990). However, different methods often yield dissimilar Ks values since this parameter is extremely
sensitive to sample size, flow geometry, sample collection procedures, and various soil physicalhydrological characteristics (Bouma, 1983). In addition, perhaps all Ks methods are neither
appropriate nor accurate for all applications, soil types, or soil conditions (Bouma, 1983). Methods
for measuring Ks should therefore be evaluated carefully before use to ensure that they provide
practicable results (Reynolds et al., 2000). The problem is of enormous complexity taking for example
into account that Reynolds et al. (2000) also concluded that comparing techniques for measuring the
saturated hydraulic conductivity of intact soil is an imprecise and perhaps even dubious enterprise
because there is no independent Ks datum or benchmark upon which evaluations and judgments can
be made. It is nonetheless important to make such comparisons because they provide one of the few
sources of information that practitioners can draw upon to select Ks methods that are appropriate for
their circumstances.
In general, the measurement techniques rely on precise and time-consuming experimental procedures
that can be categorized as being either laboratory- or field-based.
While laboratory methods allow accurate measurement of flow processes, they are performed on
samples taken from the field and, as a result, their representativeness of field conditions can be
questioned. The presence of aggregates, stones, fissures, fractures, tension cracks, and root holes,
commonly encountered in unsaturated soil profiles, is difficult to represent in small-scale laboratory
samples. Field techniques can be more difficult to control in terms of initial and imposed boundary
conditions, but they have the advantage of estimating in situ soil hydraulic properties that are more
representative of the real world, which is of considerable value in the subsequent use of the hydraulic
information. Moreover, working directly in the field is the preferred option to obtain reliable data
since the functional connection of the sampled soil volume with the surrounding porous medium is
maintained in this case (Bouma, 1982). Therefore, it is desirable to aim at field methods that can ease,
to some extent, the time-consuming constraints. Lassabatere et al. (2006) concluded that field based
methods should be considered more advantageous over laboratory based methods insofar as (i) they
are less expensive and time-consuming, (ii) the gain in precision in the laboratory is limited because
soil cores usually provide a poor picture of the real soil, and (iii) laboratory devices are badly adapted
for revealing the hydraulic behavior of watersheds at field scale (Minasny and McBratney, 2002).
Infiltration-based methods are recognized as valuable tools to determine hydrodynamic soil
properties directly in the field (Angulo-Jaramillo et al., 2000, 2016). In particular, single-ring
infiltration methods have a great interest for estimating the hydrodynamic properties of the field
saturated soil. A great contribution to the success of these methods has to be attributed to the Canadian
soil physics scientists D.E. Elrick and W.D. Reynolds since these authors developed the threedimensional (3D) theory of infiltration from within a single-ring inserted to a short depth into the soil
taking into account the three main components of steady flow, i.e. hydrostatic pressure of the ponded
water in the cylinder, capillarity of the unsaturated soil under and adjacent to the cylinder, and gravity
(Reynolds and Elrick, 1990). The so-called single-ring pressure infiltrometer method makes use of a
metal ring that is inserted into the soil to a given, small, depth. A constant hydraulic head, H, is
established within the infiltration ring, and the flow rate into the soil is monitored. Flow goes through
an initial decreasing phase, and then it approaches steady state conditions. Three dimensional, steady,
ponded flow out of the ring is then used to estimate Ks (Reynolds and Elrick, 1990). The method is
attractive for field use because it is simple and reasonably rapid. It is now a routinely used Ks
measurement method (Vauclin et al., 1994; Ciollaro and Lamaddalena, 1998; Bagarello and Iovino,
1999; Bagarello et al., 2000; Reynolds et al., 2000; Bagarello and Sgroi, 2004; Angulo-Jaramillo et
al., 2000, Mertens et al., 2002; Gómez et al., 2005).
The work done by Reynolds and Elrick in the nineties stimulated many other scientists to test and
possibly improve existing infiltration methods for determining soil hydrodynamic properties and also
to develop new methods. Two of these methods are the Simplified Falling Head (SFH) technique by
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Bagarello et al. (2004) and the Beerkan Estimation of Soil Transfer parameters (BEST) procedure of
soil hydraulic characterization by Lassabatere et al. (2006). Both methods are based on robust
physical theories but they differ in many other respects.
The SFH technique is usable to determine the field saturated hydraulic conductivity of an initially
unsaturated soil by a one-dimensional falling head infiltration process. The technique is based on the
Philip (1992) relationship which describes one-dimensional cumulative infiltration for falling head
conditions using the Green and Ampt (1911) approach. The technique consists of applying quickly a
small volume of water on the soil surface confined by a ring inserted at a fixed distance into the soil
and in measuring the time from the application of water to the instant at which
the infiltration surface is no longer covered by water. Estimation of Ks also requires data on the initial
and saturated volumetric soil water content and also an estimate of the relative importance of gravity
and capillary forces on infiltration.
The BEST procedure of soil hydraulic characterization allows simultaneous estimation of the soil
water retention and hydraulic conductivity curves by a limited experimental information that includes
particle-size distribution of the soil, dry soil bulk density, cumulative 3D infiltration, and initial and
final soil water contents. BEST focuses specifically on the van Genuchten (1980) relationship for the
water retention curve and the Brooks and Corey (1964) relationship for hydraulic conductivity. In the
field, water infiltration experiments are carried out by the beerkan method, pioneered by Braud et al.
(2005). A ring with a diameter of several centimeters is inserted a short distance into the soil to pour
water volumes at soil surface while avoiding lateral loss of ponded water. A fixed, small volume of
water is poured into the cylinder at time zero to establish a small ponded head of water and the time
elapsed during infiltration of the known volume of water is measured. When the first volume has
completely infiltrated, a second equal volume of water is added to the cylinder, and the time needed
for it to infiltrate is measured. The procedure is repeated for about 8 to 15 known volumes to allow
flow into the soil to nearly stabilize (Lassabatere et al., 2006), and cumulative infiltration, I (L), is
recorded. The infiltration data are analyzed using the approximations of the quasi-exact implicit
infiltration model by Haverkamp et al. (1994).
A great interest by the scientific community for both the SFH technique and the BEST procedure of
soil hydraulic characterization can be recognized. For example, the Scopus database indicated that
the paper by Bagarello et al. (2004) was cited 92 times while 174 citations were reported for the paper
by Lassabatere et al. (2006). The larger interest for BEST than the SFH technique probably relies on
the fact that the former method provides a complete soil hydraulic characterization while the latter
one is limited to the determination of Ks.
The research on single-ring infiltration into an initially unsaturated soil appears to still attract the
interest by the scientific community and even in the most recent years attempts to further improve
determination of soil hydraulic properties, with particular reference to Ks, by single-ring infiltration
data were made. In particular, Stewart and Abou Najm (2018a) developed a new comprehensive
model for single ring infiltration data by combining the infiltration models by Reynolds and Elrick
(1990) and Wu et al. (1999). These authors then proposed four different approaches for estimating Ks
from both transient and steady-state single-ring infiltration data (Stewart and Abou Najm, 2018b).
The proposed model has still received little attention but it seems to have some practical interest in
that it treats both transient and steady-state infiltration data and can analyze experiments carried out
with different ring sizes and ring insertion depths.
The soil physics research group of the Agricultural, Food and Forest Sciences Department of the
University of Palermo has actively contributed in the past years to the doctoral training of several
PhD students, including Antonio De Santis (2004), Mirko Castellini (2005), Chiara Caponnetto
(2006), Angelo Sgroi (2006), Chiara Antinoro (2008), Sebastiano Sferlazza (2011), Simone Di Prima
(2016) and Vincenzo Alagna (2017), some of which are today researchers working at Universities or
other Research Centers in the field of soil physics. Most if not all of these older colleagues developed
specific topics related with determinations of soil physical and hydraulic properties with both
laboratory and field methodologies.
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Starting from these premises, the research activity for this PhD thesis was consistent with the activity
carried out in the past and it had the general objective to contribute to improving applicability of
single-ring infiltration methods for soil hydraulic characterization. The reasoning at the basis of all
the activity that was carried out was that measurement of soil hydraulic properties has to be useful
for solving a specific problem. Therefore, the method to be applied, its application procedure and the
applied approach to analyze the data should be appropriate in the perspective to solve the problem
under consideration. This is a relevant problem since, for example, some literature appears to suggest
that infiltrometer methods could not yield data usable for explaining rainfall partition into infiltration
and rainfall excess in any circumstance (Ben-Hur et al., 1987; Cerdà, 1996; Cerdà et al. 1997; van De
Giesen et al., 2000; Bagarello et al., 2013).
The investigations of this thesis were mainly focused on the SFH technique and the BEST procedure
of soil hydraulic characterization, given the recognized interest for these two methodologies. The
recently proposed infiltration model by Stewart and Abou Najm (2018a) was also investigated since
it appears to have the potential to simplify application of single-ring infiltration methods. More in
detail, this dissertation is composed by the following six chapters.
Chapter 1 is this introduction.
Chapter 2 is titled “Laboratory investigation on the Simplified Falling Head technique” and it
summarizes the research activity on the SFH technique. The general objective of this investigation
was to check falling head one-dimensional infiltration procedures for Ks determination in controlled
situations, that is in the laboratory and using homogenized soil samples. Chapter 2 contains an
introduction, the theory of the SFH technique, an overview of the use that has been made of the SFH
technique up to now, a brief description of the research activity on the SFH technique developed
during the PhD course and a short discussion on some aspects that could be investigated in some
detail in the future. The paper <Concialdi P., Bagarello V., Alagna V., Iovino M. 2020. Laboratory
evaluation of falling-head infiltration for saturated soil hydraulic conductivity determination. Journal
of Agricultural Engineering, LI:1003, 27-35, doi: 10.4081/jae.2019.1003> that contains all the details
on the investigations that were made specifically, is enclosed as the appendix A to the chapter.
Chapter 3 is titled “Using single-ring infiltration methods to determine the soil hydraulic properties
in a hydrological perspective” and it focuses mainly on the BEST methodology. This chapter is
organized into four sections and three appendices. In particular, after an introduction, the theory of
the BEST methods is presented. An overview of the use that has been made of the BEST methodology
up to now is then provided. The research activity on the BEST methodology developed during the
PhD course is subsequently described. Finally, the appendices B, C and D are the following published
papers during the PhD course: <Di Prima S., Concialdi P., Lassabatere L., Angulo-Jaramillo R.,
Pirastru M., Cerdà A., Keesstra S. 2018a. Laboratory testing of Beerkan infiltration experiments for
assessing the role of soil sealing on water infiltration. Catena, 167: 373-384>; <Alagna V., Bagarello
V., Cecere N., Concialdi P., Iovino M. 2018b. A test of water pouring height and run intermittence
effects on single-ring infiltration rates. Hydrological Processes, 32: 3793-3804>, and <Auteri N.,
Bagarello V., Concialdi P., Iovino M. 2020. Testing an adapted beerkan infiltration run for a
hydrologically relevant soil hydraulic characterization. Journal of Hydrology, 584, 12469714, 9 pp.>.
Chapter 4 is titled “Intensive soil characterization with automatic single-ring infiltrometers” and it
mainly focuses on development of an automatic infiltrometer in view to reduce analysis time and
improve data consistency. This chapter contains an introduction, an overview of the currently
available automated devices and a description of the activity that was carried out during the PhD
course. Finally, the paper <Concialdi, P., Di Prima, S., Bhanderi, H.M., Stewart, R.D., Abou Najm,
M.R., Lal Gaur, M., Angulo-Jaramillo, R., Lassabatere, L., 2020. An open-source instrumentation
package for intensive soil hydraulic characterization. J. Hydrol. 582, 124492.
https://doi.org/10.1016/j.jhydrol.2019.124492> is reported at the end of the chapter. This part of the
thesis represents the result of a six-month period spent at the Laboratoire d'Ecologie des
Hydrosystèmes Naturels et Anthropisés, Lyon, France, under the supervision of Dr. Laurent
Lassabatere.
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Chapter 5 is titled “Additional investigations on soil hydraulic characterization by single-ring
infiltration methods”. This chapter contains the “parameterization of an explicit model for single-ring
infiltration” by Stewart and Abou Najm (2018a) with some theoretical reasoning to show that
parameterization of the model can be simplified in practice. “Monitoring saturated hydraulic
conductivity of a loam soil by different application methodologies of a beerkan infiltration run” was
also included in this chapter.
Finally, Chapter 6 reports the main conclusions of all the research activity that was carried out during
the PhD course.
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CHAPTER 2: Laboratory investigation on the Simplified Falling Head
Technique
2.1. Introduction
The saturated soil hydraulic conductivity, Ks (L T-1), is one of the most important soil properties
controlling water infiltration and surface runoff, leaching of pesticides from agricultural lands and
migration of pollutants from contaminated sites to the groundwater. Saturated conductivity depends
on soil texture and structure and therefore can vary widely in space. Since Ks is determined essentially
at points in the fields, a large number of determinations is required to assess the magnitude and
structure of the variation within the area of interest (Logsdon and Jaynes, 1996). Saturated
conductivity also shows a temporal variability that depends on different interrelated factors, including
soil physical and chemical characteristics affecting aggregate stability, climate, land use, dynamics
of plant canopy and roots, tillage operations, activity of soil organisms (Fuentes et al., 2004).
Therefore, spatially distributed determinations of Ks have to be repeated at different times for
understanding and modelling hydrological phenomena at the field scale.
On the premise that Ks should be determined directly in the field with simple, rapid, cheap and waterparsimonious methods, Bagarello et al. (2004, 2006) developed and tested a technique for field
determination of Ks by a transient, one-dimensional infiltration experiment under falling head
condition. This technique was named Simplified Falling Head (SFH).
The early stages of the proposal of the SFH technique to the scientific community were summarized
in Table 2.1 and they were also described in brief in the following.
The SFH technique consists of measuring the total infiltration time, ta (T), of a given volume of water
instantaneously poured on the soil surface confined by a ring inserted into the initially unsaturated
soil to a given depth. Saturated conductivity is determined from the measured ta value using the Green
and Ampt (1911) representation of a falling head, one-dimensional infiltration process, using the
expression including gravity proposed by Philip (1992). Theory of the SFH technique is described in
more detail in the 2.2 section of this chapter.
Due to the one-dimensional nature of the experiment, the water volume to be applied must be chosen
in such a way that the wetting front does not go beyond the bottom of the inserted ring into the soil
at the time t = ta. Determination of initial and saturated soil water content and estimation of the relative
importance of gravity and capillarity forces during infiltration, through the so-called * (L-1)
parameter (Elrick and Reynolds, 1992), are also necessary to estimate Ks.
The experimental activity initially carried out for testing the SFH technique included the following
stages (Bagarello et al., 2004; Table 2.1): i) comparison in the laboratory with the so-called EarlyTime Constant-Head (ECH) technique (Fallow et al., 1994; Odell et al., 1998) that is another
technique considering the early stage of the infiltration process; and ii) comparison in the field with
the Pressure Infiltrometer (PI) technique (Reynolds and Elrick, 1990). Reasons for choosing this last
technique for the comparison included the fact that the PI is a well-tested Ks measurement method
(Reynolds, 2008; Reynolds et al., 2000) and also that the same surface area can be sampled with the
SFH and PI techniques, which was expected to simplify interpretation of the Ks results.
Additional testing and attempts to develop the SFH technique were made later (Bagarello et al., 2006;
Table 2.1). In particular, a comparison was established in the laboratory with the constant head
permeameter method, largely used and close to a standard Ks measurement method (Klute and
Dirksen, 1986). A two-level (TL) data analysis procedure was developed in an attempt to avoid the
need to estimate the * parameter with a subjective procedure, that is based on visual assessment of
the soil textural and structural characteristics (Elrick and Reynolds, 1992).
After 15 years from the proposal of the technique, it was the time to check the interest it has received
by the scientific community and signs of appreciation for the developed methodology were clearly
perceived by performing a literature review.
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This circumstance reinforced the belief that additional investigations on the factors that influence the
SFH technique were advisable, also in the perspective of an increasingly aware use of the technique
in its practical applications.
A laboratory investigation was therefore carried out with different specific objectives including i)
testing water volume effects on Ks determination; ii) comparing Ks determinations for different porous
materials; iii) establishing the impact of an increasing final infiltration rate on Ks calculations; iv)
checking predictability of the depth of the wetting front at the end of the run; and v) developing
alternative methods for estimating *.
This chapter is divided into four sections and an appendix. In particular, the theory of the SFH
technique is presented in the 2.2 section. An overview of the use that has been made of the SFH
technique up to now is provided in the 2.3 section. The research activity on the SFH technique
developed during the PhD course is shortly introduced in the 2.4 section. This activity was
summarized in the article: Concialdi P., Bagarello V., Alagna V., Iovino M. 2020. Laboratory
evaluation of falling-head infiltration for saturated soil hydraulic conductivity determination. Journal
of Agricultural Engineering, LI:1003, 27-35, doi: 10.4081/jae.2019.1003. This article is enclosed as
the Appendix A to this chapter. Finally, some aspects that should be investigated in some detail in
the future are briefly suggested in the 2.5 section.
Table 2.1 Summary of the research activity carried out during development of the Simplified Falling Head (SFH)
technique (Bagarello et al., 2004, 2006)
Field and laboratory investigation by
Laboratory investigation by Bagarello
Bagarello et al., 2004.
et al., 2006.
Soil

Laboratory: silty-clay-loam (undisturbed
soil cores); sand and commercial kaolin
powder (repacked soil columns)

repacked sandy loam and loam columns

Field: loam
Experiment

Results

Laboratory: comparison between the ECH
and SFH techniques

Comparison between the SFH and CHP
technique

Field: comparison between the SFH and PI
techniques

Development of the Two-Level (TL)
analysis procedure for the estimation of α*

Laboratory: similar estimates of Ks with the
applied techniques

Similar estimates of Ks with the applied
techniques

Field: similar estimates of Ks with the
applied techniques

Plausible estimates of α* with the TL
procedure but high failure rates of the
two-level calculations

CHP, Constant Head permeameter; ECH, Early-Time Constant-Head (ECH) technique; Ks, saturated soil hydraulic conductivity;
PI, pressure infiltrometer

2.2. Theory
The SFH technique consists of applying quickly a small volume of water, V (L3), on the soil surface
conﬁned by a ring inserted at a ﬁxed distance, d (L), into the soil and in measuring the time, ta (T),from
the application of water to the instant at which the inﬁltration surface, having a cross-sectional area
equal to A (L2), is no longer covered by water (Figure 2.1).
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Figure 2.1 Steps of the SFH run in the field: a) exposition of the infiltration surface; b) insertion of the cylinder
into the soil; c) check of the contact between the sampled soil volume and the inner walls of the cylinder; d) pouring
of the prescribed water volume; e) intermediate stage of the falling head infiltration process; f) infiltration surface
at the end of the run (image by Angulo-Jaramillo et al., 2016)

The technique is based on the Green and Ampt (1911) approach to describe a falling head, onedimensional infiltration process (Philip, 1992):
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where t (T) is the time, Δθ (L3L-3) is the difference between the ﬁeld-saturated (θfs) and the initial (θi)
volumetric soil water content, H0 (L) is the height of the ponded head at t = 0, and hf (L) is the soil
water pressure head at the wetting front, with hf negative. It may be born in mind that I = H0 - H,
where H (L) corresponds to the head of water into the ring. The hf term can be replaced by the socalled α* (L-1) parameter by using the following relationship (Elrick et al., 2002):
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At t = ta, I(ta) = H0 = V/A = D, D (L) being the depth of water corresponding to V. Therefore, Ks can
be calculated as:
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Solving eq.(4) needs determining Δθ and estimating α*. In particular, this last parameter can be
estimated on the basis of the textural/structural soil characteristics, according to Elrick and Reynolds
(1992) and Reynolds and Lewis (2012) (Table 2.2).
Taking into account that this method requires one-dimensional ﬂow, the wetting front should not
emerge from the bottom of the ring. Therefore, a volume of water, V (L3), less than or equal to the
volume of voids, Vp (L3), within the bulk soil volume conﬁned by the ring, Vc (L3), has to be used:
(5)

V  V p  Vc   d A 

where d (L) is the depth of the wetting front at the end of the run.
Table 2.2 Texture-structure categories for selecting capillarity category and representative α* parameter
(Reynolds and Lewis, 2012; adapted from Elrick and Reynolds, 1992)
Texture-structure category
Soil
Representative
capillarity
α* (m-1)
category
Compacted, structureless, clayey or silty materials such as landfill caps
and liners, lacustrine or marine sediments

Very strong

<1

Porous materials that are both fine textured and massive; includes
unstructured clayey and silty soils, as well as very fine to fine
structureless sandy materials

Strong

4

Most structured and medium textured materials; includes structured
clayey and loamy soils, as well as medium single-grain sands. This
category is generally the most appropriate for agricultural soils

Moderate

12

Coarse and gravelly single-grain sands; may also include some highly
structured soils with large and/or numerous cracks and biopores

Weak

36

Gravels, very coarse sands, etc. containing negligible amounts of
coarse/medium/fine/very fine sand, silt and clay

Negligible

> 100

The soil capillarity categories assume that antecedent pore water pressure head is sufficiently negative to produce nearmaximum soil capillarity for that category

2.3. Applications of the SFH technique
The SFH technique has been used in different countries, soils and environmental contexts. In addition,
it has been applied under different land uses such as cropping systems, orchards, forests and pastures.
The Elsevier’s Scopus abstract and citation database of peer-reviewed literature (www.scopus.com)
lists a total of 89 citations for the Bagarello et al. (2004) paper and 28 citations for the Bagarello et
al. (2006) paper (access April 26, 2020).
A summary of the contexts in which the SFH technique was applied and some detail on the
investigations that were carried out is reported in Table 2.3. For each mentioned paper, the first
column of this table reports the reference. The second column explains the main objective of the
investigation. Finally, the third column lists the main conclusions of that study. In a few cases, it was
not possible to have access to the bibliographic source. These cases were listed in Table 2.4.
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Table 2.3 Investigations making use of the SFH technique
Reference
Aim of SFH technique
Conclusions
application
Bagarello and
Studying temporal
Ks varied appreciably during the studied period. The
Sgroi, 2007
variability (2 years) of Ks
lowest values were found in December and January. The
determined with the SFH
SFH technique yielded similar results to the more
technique and comparison
laborious and time-consuming PI technique
with the PI technique
Azam et al.,
Impact of cropping systems Residue management and tillage direction significantly
2008
on soil structural properties affected root density and soil shrinkage behavior. In the
subsoil, OM, ρb, and shrinkage behavior were not
significantly influenced by any of the cropping systems
studied
Azam et al.,
Assessing and developing
Factors affecting SHQ were pore-size distribution, shape
2009
soil hydraulic quality (SHQ) and grade of water-stable aggregates, shrinking-swelling,
factor for optimum soil
infiltration rate, sand fraction of the Ap horizon. A
water regime
comprehensive SHQ index was developed for both
topsoil and subsoil layers under different cropping
systems
Bagarello et al.,
Characterizing hydraulic
The SFH technique was able to measure a large range of
2010
properties of a clay soil at
Ks values. It appeared suitable to determine the saturated
the plot scale
conductivity of soils with only matrix pores or also
containing macropores
Agnese et al.,
Determination of physical
Forest soils had a higher Ks than pasture soils.
2011
quality indicators of several Conversion of pasture into forest was expected to reduce
forest and pasture soils
the risk of soil erosion. The forest soils had a better soil
physical quality as compared with the pasture soils. The
SFH technique was considered to be usable to detect
land use effects
Bagarello et al.,
Sample size effect on Ks
Larger ring yielded more reliable predictions of Ks. SFH
2012
determined by the SFH
and PI techniques were complementary methods with
technique. Comparison
the SFH technique more appropriate to describe soil in
between SFH and PI
the early phases of an infiltration process and the PI
techniques. Usability of the
technique more appropriate at a later stage.
literature values of the α*
Experimental values of α* were close to the literature
parameter
values
Keller et al.,
Establishing if Ks could be an A model was developed to predict crop yield as a
2012
indicator of yield variability function of Ks
among different crops
Bagarello et al.,
Intensively sampling a clay
The Ks data were considered to be representative of a
2013
soil at the plot scale by the
soil condition at the beginning of a rainfall event that
SFH technique
produces runoff. The transformation of rainfall into
runoff needs soil modification
Biddoccu et al.,
Effects of management
In the brief period (season), tillage reduced runoff
2013
practices on soil surface
production. In the longer period, the soil surface
behavior in rainfall-runoff
developed a crusted layer with lower hydraulic
processes
conductivity
Rex et al., 2013
Development of a
A set of hazard indicators was developed to decrease the
hydrologic hazard
likelihood of soil disturbance from harvesting. The most
assessment procedure in
effective indicators were pine content and understory,
forest environment
soil texture, drainage density and a topographic index
Aiello et al.,
Applicability of BEST
Ks values obtained with the SFH technique were higher
2014
procedure in a citrus
than those determined by BEST
orchard and comparison
with the SFH technique
Bagarello et al.,
Applicability of the BEST
KsSFH was higher than KsBEST
2014a
procedure at the near point
scale and comparison with
the SFH technique
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Bagarello et al.,
2014b

Bagarello et al.,
2014c
Castellini et al.,
2015
Leblanc et al.,
2015

Effect of height of water
application on soil hydraulic
properties obtained by SFH
and BEST techniques
Test the applicability of
BEST in an area of a few
square meters
Impact of biochar addition
on a clay soil
Hydraulic characterization
of bauxite deposits

Alagna et al.,
2016

Hydraulic characterization
of a loam soil by different
infiltration techniques

Biddoccu et al.,
2016

Management effects on
runoff and soil erosion in
sloping vineyards

Cherubin et al.,
2016

Soil physical quality (SPQ)
response to sugarcane
expansion in Brazil

Servadio et al.,
2016
Bagarello et al.,
2017

Adaptation of soil tillage to
climate change
Influence of the shape of the
infiltration source on Ks in a
sandy loam soil
Determining variability of Ks
measured by the SFH
technique in a small Sicilian
basin

Baiamonte et al.,
2017

Capello et al.,
2017

Chyba et al.,
2014 and 2017

Khodaverdiloo
et al., 2017

Kovář et al.,
2017

Testing soil management
effects considering soil
moisture and precipitation
characteristics
Influence of soil compaction
on water infiltration rate

Effects of the ring diameter
on the Ks values obtained
with the SFH technique in
four texturally similar soils
with diﬀerent levels of
salinity and sodium
Comparison of tillage
system effects on water
infiltration in a loamy sand
soil

The height of pouring did not influence the SFH results.
With BEST, soil hydraulic properties were influenced
significantly by the height of water application
BEST experiments perturbed the soil more than the SFH
experiments
Results showed a non-significant impact of biochar
incorporation (from 5 to 30 g kg1 of soil) on Ks values
The combined datasets (remote sensing,
hydrochemistry, and hydrodynamics) allowed studying
the hydrology of Australians bauxite deposits. The
investigation provided a first conceptual hydrogeological
model of the spring system functioning on the hydrology
of the bauxite oases
Among the applied techniques, the SFH technique, the
mini disk infiltrometer and the tension infiltrometer
were considered more appropriate to determine the soil
hydraulic properties before wetting caused by rainfall
events
Highest runoff and soil losses were measured in autumn.
Grass cover was effective in reducing soil losses in
summer. but not in autumn. Adoption of tillage for more
than 8 years caused increasing runoff and soil erosion
SPQ decreased from native vegetation to pasture (P) to
sugarcane (S). Soil compaction limited soil aeration and
water availability under P and S. Soil tillage in S had
short-term positive effects on soil compaction. S soils
were more susceptible to degradation by erosion process
A significant linear relationship between grain yield and
soil penetration resistance was detected
The SFH technique can be applied with different shapes
of the infiltration surface (square, circular) since this
shape did not influence determination of Ks
The SFH technique appeared suitable to characterize the
soil before wetting. A detailed information on the spatial
distribution of the soil textural characteristics
throughout the basin should help to develop an
appropriate sampling plan for Ks
Tillage increased Ks as compared with permanent grass
cover. During most of the events, runoff in the tilled plot
was higher than in the grassed one
Ks measurements were higher in the non-compacted
than the compacted soil. No differences were detected in
soil compaction due to cattle hooves or tractor. The
positive effects of controlled traffic farming were
demonstrated
The ring diameter did not have in general a statistically
detectable impact on the Ks values. A diameter eﬀect on
Ks was only detected for a non-saline, sodic soil, but this
eﬀect was moderate

The lowest Ks values were obtained under oats by
reduced tillage. Conventional tillage was most
threatened by excessive runoff. The investigation
confirmed the risk of erosion without the use of proper
soil conservation techniques
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Šařec and
Novák, 2017

Effects of manure and OM
activators on soil physical
properties

Erban et al.,
2018

Impact of herbicide
glyphosate on compostamended soils

Preti et al., 2018

Modeling of water flow
pathways in agricultural
terraced landscapes

Scarabeli et al.,
2018

Measuring Ks through two
distinct techniques

Bagarello et al.,
2019

Comparison between SFH
and BEST methods in the
Maganoce basin to study the
factors that produce
variability on infiltration in
clay soils
Effects of soil management
and tractor traffic on the
spatial and temporal
variability of soil
compaction and both
hydrological and erosional
processes
Effects of trampling by Yak
and Tibetan sheep.
Response mechanisms of
soil to these effects

Capello et al.,
2019

Chai et al., 2019

Cislaghi et al.,
2019

Comparing different grazing
intensities to identify
sustainable pasture
management

Novak et al.,
2019

Effect of activators of
organic matter on soil
properties
Effects of short and longterm irrigation with
wastewater on the physical,
chemical and hydraulic
properties in sand and
limestone-packed columns
Studying the impact of
controlled traffic farming
with respect to soil physical
properties and crop yield
for Swedish conditions

Ramazanpour
Esfahani et al.,
2020

Etana et al.,
2020

High Ks values were detected in all variants of organic
management. The study was unable to demonstrate in
the short term clear beneficial effects of manure and
activators on soil properties
The persistence of both glyphosate and its metabolite
(AMPA) decreased with soil depth. Compost dose alone
did not cause significant differences among samples.
Behavioral differences between glyphosate and AMPA
were related to Ks and soil moisture
A multidisciplinary approach allowed establishing that
infiltrated water accumulated behind dry-stone walls,
increasing pore water pressure and inducing wall
bulging and instability. Findings provided field evidences
of water circulation and led to the definition of
hydrological functioning of farming terraced systems
A good agreement was found between the applied
techniques, with measured values close to each other.
SFH was the better since it had a variation coefficient 1.4
times lower than the standard technique
The two techniques yielded similar Ks values. Organic
matter content and topography could be used as factors
to be considered for choosing points to be sampled

After just one tractor passage on wet soil after tillage, Ks
decreased from more than 1000 to near 1 mm h−1. The
soil management with permanent grass cover provided
higher Ks and soil water recharge, reducing runoff and
soil losses

The soil bulk density increased with heavy trampling and
Ks decreased. Heavy grazing is dangerous for soil.
Possible solution could be reducing the yak and
increasing the sheep grazing or give a spring break to
meadow
Maintaining moderate grazing favors a high level of
biodiversity, an excellent availability of nutrients, and
constant action to guard against surface soil erosion and
the instability of shallow soil layers
Beneficial effects of the activators were recognized.
Consequently, ρb decreased, porosity increased, and Ks
also increased
Reduction of Ks in sand columns. Ks of limestone columns
decreased in the first two weeks of the experiment and
then it slightly increased until the end of the experiment
due to calcite dissolution by microbial activities

In general, the ρb values measured in the crop zone were
low. Ks was greater in the crop zone than in the trafficked
zone

BEST, Beerkan Estimation of Soil Transfer parameters procedure; D, ring diameter; Ks, saturated soil hydraulic conductivity;
KsBEST, saturated soil hydraulic conductivity determined with the BEST procedure; KsSFH, saturated soil hydraulic conductivity
determined with the SFH technique; OM, organic matter; PI, pressure infiltrometer; R2, coefficient of determination; SFH,
simplified falling-head; ρb, dry soil bulk density
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Table 2.4 Non-accessible sources making reference to the SFH technique
Category
Authors
Title
Book or

Erickson et al., 2013

Optimizing stormwater treatment practices: A
handbook of assessment and maintenance

Verhoef and Egea, 2013

Soil water and its management

Chyba, et al., 2013

Impact of land crossing on soil physical
properties

Hanamura et al., 2007

Handy permeability test method with a singleunit apparatus developed at the solid waste
landfill construction site

Chen et al., 2010

Measurement of soil hydraulic conductivity in
relation with vegetation

Iwanek, 2008

A method for measuring saturated hydraulic
conductivity in anisotropic soils

Liu et al., 2010

Applicability of explicit functions on
cumulative infiltration of Green-Ampt model
under different conditions

Chen and Hsu, 2012a

Study of using multi-step falling-head
infiltration to estimate hydraulic conductivity
at various depths

Book Chapter
Conference
Paper

Article

2.4. A novel investigation on the SFH technique
An objective of the research activity during the PhD course was to improve our knowledge of the
factors that can influence application of the Simplified Falling Head (SFH) technique for saturated
soil hydraulic conductivity, Ks, determination and, more in general, of falling head one dimensional
infiltration methodologies. Therefore, a laboratory experiment was carried out with three different
kinds of porous materials, using in several cases experimental approaches and methodologies that
were already tested by Bagarello et al., 2006.
The general objective of the investigation that was carried out was to check falling head onedimensional infiltration procedures for saturated soil hydraulic conductivity, Ks, determination. The
specific objectives were to: i) test water volume effects on Ks determination for three homogeneous
soils; ii) compare the Ks values for these three media; iii) establish the impact of an increasing final
infiltration rate on Ks calculations; iv) test an experimentally simplified procedure to estimate the *
parameter; and v) establish the reliability of a theoretical prediction of the depth of the wetting front
at the end of the SFH run. In short, it was found that the method used to determine D should not affect
very much Ks determination but larger D values can yield smaller Ks values in fine-textured soils. Air
escapes from the sampled soil volume when almost all water had infiltrated but this circumstance
does not have a great impact on calculation of Ks. A falling-head one-dimensional ponded infiltration
process is not recommended to estimate *. The theoretical depth of the wetting front can
approximately be predicted before the run. Finally, the SFH technique appears a rather robust method
to simply and rapidly determine Ks.
The research activity was summarized in the paper Concialdi P., Bagarello V., Alagna V., Iovino M.
2020. Laboratory evaluation of falling-head infiltration for saturated soil hydraulic conductivity
determination. Journal of Agricultural Engineering, LI:1003, 27-35, doi: 10.4081/jae.2019.1003. This
paper is reported in the Appendix A to the Chapter 2.
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2.5. Perspectives of future research
In light of the experience gained during this doctoral course, some research questions needing
investigation in the future can be suggested. They include i) estimation of the capillarity parameter
by a ponded, falling head infiltration experiment; ii) effect of the packing procedure on saturated
hydraulic conductivity of repacked soil samples measured with the SFH technique; iii) effect of the
reuse of the same soil material on saturated hydraulic conductivity of repacked soil samples measured
with the SFH technique; and iv) testing of the multistep falling head infiltration method. A short
description of these research questions is reported below.
1)Estimation of the capillarity parameter by a ponded, falling head infiltration experiment - It seems
that the one-dimensional falling head ponded infiltration process does not work very well for
estimating *. The investigation made in this thesis (Concialdi et al., 2020) supported this conclusion
that, however, does not seem general since, according to Zeleke and Si (2005), a falling head
infiltration experiment could instead be appropriate to also estimate *, at least under certain
circumstances. This last suggestion justifies further considering and testing other alternative methods
to obtain the capillarity parameter as compared with those tested until now.
The infiltration rate, ir (L/T), can be expressed, using the Green and Ampt (1911) model, by the
following relationship (Philip, 1992):
ir  1  0 

dz
C  D

 K s 1  1  0  
dt
z 


(6)

in which, using the original symbolism, 0 (L3/L3) is the initial uniform volumetric moisture content,
1 (L3/L3) is the mean moisture content of the wetted region, z (L) is the wetting front depth below
the pond floor (soil surface), t (T) is the time, Ks (L/T) is the mean conductivity of the wetted region,
C (L) is the constant wetting front moisture potential, and D (L) is the water depth in the pond at t =
0. Eq.(6) can be written as (Chen and Hsu, 2012b):

ir  K s 1  1  0  

K s C  D
B
 A1  1
z
z

(7)

in which:
A1  K s 1  1   0 

(8a)

B1  K s C  D 

(8b)

According to Chen and Hsu (2012b), A1 and B1 can be estimated by linear regression of ir vs. 1/z.
Consequently, Ks, C and, hence * (Zeleke and Si, 2005), can be deduced as:

Ks 

A1
1  1   0 

C

B1
D
Ks

* 

1
C

(9a)

(9b)

.

(9c)
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Therefore, ir and z have to be determined repeatedly during the falling head infiltration run to
simultaneously determine Ks and *. Using infiltration rates and depth of the wetting front for
characterizing the soil could be a topic to be developed, at least initially in nearly ideal conditions,
that is on homogeneous soil samples in the laboratory.
2)Effect of the packing procedure on saturated hydraulic conductivity of repacked soil samples
measured with the SFH technique - Working in the laboratory on repacked, homogeneous soil
samples needs choosing an individual sample size (height, diameter) and then applying a soil packing
procedure. The few references reported in Table 2.5 demonstrate that packing procedures are not
always reported and also that they are not consistent between investigations.
Table 2.5. Steps of the soil sample preparation for some laboratory investigations
Reference
Main features of the soil sample
Packing procedure
Moutier et al., 1998

120 g of soil packed in a cylinder,
5.4 cm diameter

Not described

Bagarello et al., 2004

5.0 cm diameter × 4.0 or 5.0 high

Step-by-step procedure. At each step, pouring of
1 cm of soil followed by manual compaction

Bagarello et al., 2006
and Concialdi et al.,
2020

9.4 cm diameter × 32 cm or more
high

Column filled with 40 cm of soil. Manual
compaction by dropping the column repeatedly
from a height of 5 cm until compaction ceased

Moody et al., 2009

5.1 cm diameter × 20 cm high and
10 cm diameter × 12 cm high

Soil introduced in 5-10 increments

Assouline and
Narkis, 2011

5.5 cm diameter × 9 cm high

Not described

Armenise et al., 2018

Soil packed to a bulk density of 1.2
g/cm3 in PVC columns, 4.6 cm
diameter × 5.0 cm high

Not described

Di Prima et al., 2018

Boxes of 13.7 × 9.7 cm2 (base) ×
15.0 cm (height)

Not described

Ghosh and Pekkat,
2019

Cylindrical, 20 cm diameter × 30
cm high

Packed in three layers by imparting an equal
number of blows on each layer, depending on the
desired state of compaction

There is a limited literature investigating specifically the effect of the sample preparation procedure
on the determined soil physical properties. However, these investigations agree in suggesting that the
measured soil properties depend appreciably on the applied soil sample preparation procedure
(Oliveira et al., 1996; Lewis and Sjöstrom, 2010). With specific reference to Ks, Teng et al. (2019)
recently concluded that the difference caused by different sample preparation procedures can be as
large as one order of magnitude. Therefore, attempting to standardize procedures for testing Ks
methods in the laboratory needs further investigating the effect of the sample preparation procedure
on determination of Ks.
A methodology to develop this issue has been planned and will be applied in the near future by the
research team of the University of Palermo (Italy). In particular, four different packing procedures
will be applied to prepare a soil sample for the SFH experiment using Plexiglas cylinders of 9.4 cm
in diameter and 15 cm in height. Initially, the amount of air-dried soil needed to completely fill the
cylinder without any compaction will be determined. The following packing procedures will then be
applied by using this amount of air-dried soil for each soil sample: i) the cylinder is filled up to the
upper rim by simply pouring soil. The soil is then compacted manually by dropping the cylinder
repeatedly from a height of approximately 5 cm; ii) the soil mass is subdivided into three equal parts.
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One third of the soil mass is poured in the cylinder and the soil is compacted manually by dropping
the cylinder repeatedly from a height of approximately 5 cm. The second part is then poured and the
same compaction procedure is applied again. Finally, the last part of soil is poured into the cylinder
and compacted; iii) the soil mass is subdivided into three equal parts. One third of the soil mass is
poured in the cylinder and the soil is compacted manually by a wood pestle. The second part is then
poured and the same compaction procedure is applied again. Finally, the last part of soil is poured
and compacted; iv) this procedure is similar to the third procedure. The difference is that soil packing
is carried out in six subsequent steps.
For a given set of four samples, that is one for each applied packing procedure, the gravimetric water
content, wi (g/g), of the air-dried soil used for the experiment will be determined on small soil samples
and this water content will be considered representative of the four samples. Consequently, the dry
soil bulk density, b (g/cm3), of each prepared soil sample will be determined as:

b 

ms 1 
w  mad
  mad  i
Vt Vt 
1  wi


mad
 
 Vt 1  wi 

(10)

where ms (g) is the mass of the dry soil, Vt (cm3) is the bulk volume of the soil sample and mad (g) is
the mass of the air-dried soil.
The four soil samples are required to have the same, or a very similar, dry bulk density. To reach this
objective, a trials and errors approach will be followed. In particular, a sample is prepared with each
procedure, by using the same amount of soil for each sample, and the procedure yielding the lowest
b value is identified. Then, the other three procedures are applied again by adapting compaction
levels to reproduce the same b value. Each soil sample will be prepared with a soil mass that was
never used before. The SFH technique will finally be applied to determine the saturated conductivity
of each soil sample.
3)Effect of the reuse of the same soil material on saturated hydraulic conductivity of repacked soil
samples measured with the SFH technique - Performing laboratory experiments on homogeneous soil
samples does not make replication of the experiment useless since reproducibility of any experiment
has to be demonstrated. The need to replicate the experiment and that to test the effect of different
factors on determination of Ks implies that large amounts of sieved soil should be available in general
for the laboratory investigations. A way to save time is to reuse previously used soil in subsequent
experiments (Concialdi et al., 2020; Moody et al., 2009). However, other authors made a different
choice, that is using for each experiment a soil mass that was never used before (Ghosh and Pekkat,
2019). If Ks is measured with the SFH technique, the history of the soil used in the laboratory should
be no more than a minor factor influencing the experiments since each infiltration run makes use of
small water volumes, which implies that wetting-induced soil alteration should be small and probably
negligible. Moreover, the lower part of the soil sample is never wetted since the experiment is
designed in such a way to impede the wetting front to reach the bottom of the soil column, due to the
need to establish a one-dimensional infiltration process. However, an experimental evidence of the
soundness of this expectation is lacking. Therefore, a point to be developed in the laboratory in the
future could be to establish comparisons between never used before and re-used soil masses for
performing the measurement of Ks with the SFH technique.
4)Testing of the multistep falling head infiltration method - According to Chen and Hsu (2012b), a
multistep falling head infiltration method (MSFIT) can be applied to determine Ks at various depths.
The method is based on an extension of the Philip’s falling head theory to multiple steps. In other
words, the starting point of the methodology by Chen and Hsu (2012b) is the same as that of the SFH
technique by Bagarello et al. (2004). Chen and Hsu (2012b) suggested that the MSFIT method can
be applied both in the laboratory and in the field but this method has not yet received much attention
from the scientific community nor any testing. In principle, using a simple method for determining
the vertical profile of Ks at a sampling location is practically attractive. Therefore, it could be
advisable to examine in detail the theory of the MSFIT method and then to test this method, initially
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in highly controlled conditions. The MSFIT method could be considered a step forward compared
with the SFH technique, usable when the homogeneity hypothesis, which is at the basis of the SFH
technique, is invalid. In any case, the former method requires more experimental information than
the latter one, since water has to be repeatedly applied on the soil surface and the drop in water level
has to be monitored for each water volume.
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CHAPTER 3: Using single-ring infiltration methods to determine the
soil hydraulic properties in a hydrological perspective
3.1. Introduction
Interpreting and simulating surface soil hydrological processes, such as rainfall excess generation, by
physically based models requires determining the soil sorptivity, S (L T-0.5) and the saturated soil
hydraulic conductivity, Ks (L T-1) (e.g., Touma et al., 2007). Soil sorptivity defines the ability of a
soil to transmit water by capillarity and it varies with the initial and final soil water content and, when
present, the depth of the water head at the soil surface. The saturated soil hydraulic conductivity
represents the maximum rate of water flow due solely to gravity in a completely saturated soil. The
S2/Ks ratio allows calculation of the time to ponding during rainfall infiltration (White et al., 1989)
and the scale parameter of the water retention curve, hg (Lassabatere et al., 2006), and hence the
macroscopic capillary length (Souza et al., 2014) that represents the relative magnitude of the
capillarity and gravity forces which prevail during an infiltration process (Angulo-Jaramillo et al.,
2016, 2019).
Many investigations have demonstrated that surface soil characteristics are highly dynamic and they
can vary appreciably, even over short times such as during a rainfall event or between closely spaced
rainstorms (Morin and Benyamini, 1977; Levy et al., 1986; Le Bissonnais and Singer, 1992; Fohrer
et al., 1999; Torri et al., 1999; King and Bjorneberg, 2012). With reference to Ks, differences between
altered and non-altered soil conditions by 47-291 times were reported by Ramos et al. (2000) and by
17-115 times by Assouline and Mualem (2002). The Ks values of different disturbed soils (0.35-6.2
mm/h in Ramos et al., 2000 and 0.42-1.3 mm/h in Assouline and Mualem, 2002) appeared to collapse
towards a rather narrow range of small values, likely compatible with surface runoff formation in
many instances. Instead, soil sorptivity seems to be less sensitive to soil disturbance (Somaratne and
Smettem, 1993). However, the mentioned difference between S and Ks is not general since other
investigations provided a different information. For example, in an investigation by Ndiaye et al.
(2005), the influence of cumulative rainfall since tillage was more noticeable for Ks than S along a
transect but not along another transect established on the same field. According to Assouline and
Mualem (2006), surface soil conditions, and explicitly seal formation or the presence of a crust layer,
need to be taken into account in the perspective to estimate runoff production.
Therefore, determining short term dynamics of soil properties is necessary to properly capture the
general response of a porous medium in the context of the hydrological process of specific interest
and hence to choose input parameters to physically based hydrological models that are appropriate
for a particular application, soil and soil condition (Reynolds et al., 2000; Assouline and Mualem,
2002, 2006; Ndiaye et al., 2005).
Single-ring infiltration experiments appear an attractive alternative to more complex experiments,
such as rainfall simulation, for investigating short term dynamics of soil hydraulic properties.
Infiltrometer experiments are generally simple, parsimonious and rapid and consequently they are
easier to perform in the field as compared with rainfall simulation experiments (Di Prima et al., 2017,
2018a). Moreover, the analysis of the single-ring infiltration data relies on robust physical theories.
The Simplified Falling Head (SFH) technique for determining Ks (Bagarello et al., 2004) and the
Beerkan Estimation of Soil Transfer parameters (BEST) procedure of complete soil hydraulic
characterization (Lassabatere et al., 2006; Yilmaz et al., 2010; Bagarello et al., 2014a) make use of
this kind of experiment, frequently named beerkan infiltration run with reference to BEST, and they
have the requirement of being reasonably rapid and easy to apply. With the SFH technique, a given,
small water volume is applied on the soil surface and the time from the water application to the instant
at which all water has infiltrated is used to determine Ks. With BEST, a given, small volume of water
is poured in the cylinder at the start of the measurement and the elapsed time during the infiltration
is measured. When the amount of water has completely infiltrated, an identical amount of water is
poured into the cylinder, and the time needed for the water to infiltrate is logged. The procedure is
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repeated until the difference in infiltration time between consecutive trials become negligible,
signalling a practically steady state infiltration. Calculation of Ks by the SFH technique implies
performing a falling-head, ponded and transient infiltration experiment. Steady-state condition is
required in all three BEST alghoritms.The interest for the SFH and BEST techniques is evident in the
scientific literature. For example, the SFH technique has been applied to monitor temporal changes
in Ks, intensively characterize a clay soil at the plot scale, establish comparisons between pasture and
forest soils, and detect low yielding zones in agricultural Swedish fields (Bagarello and Sgroi, 2007;
Bagarello et al., 2010, 2012; Agnese et al., 2011; Keller et al., 2012). A more detailed assessment of
the use that has been made of this technique in the past years is provided in the chapter 2, Laboratory
investigation on the Simplified Falling Head technique, of this PhD thesis. BEST has been used to
characterize temporal variability of soil hydraulic properties under high-frequency drip irrigation,
review the soil hydraulic properties of a field sampled in the past, study the effect of sediment
accumulation on the water infiltration capacity of two urban infiltration basins, analyse the spatial
variability of the water retention and soil hydraulic conductivity curves in a small watershed, and
determine the hydraulic properties of soils that are practically difficult to characterize with other
laboratory and field experimental procedures (Mubarak et al., 2009a, 2010; Lassabatere et al., 2010;
Gonzalez-Sosa et al., 2010; Bagarello et al., 2011). More details on the use of BEST methods until
now are provided in the section Applications of BEST methods of this chapter.
Generally, single-ring infiltration runs are carried out by using rather small water volumes, even when
steady-state methods of analysis of the infiltration data have to be employed. This circumstance has
several advantages such as: i) transporting small water volumes in remote areas is easy (Bagarello et
al., 2011); ii) many locations can be sampled with a limited water amount, which is important to
improve confidence in the estimated mean value of a soil property (Kanso et al., 2018; Picciafuoco
et al., 2019); and iii) the assumption of homogeneous soil and uniform initial water content, that is
commonly made by infiltration models, is more realistic (Vandervaere et al., 2000). Moreover, using
small amounts of water and hence performing relatively short duration runs is supported by the
existing literature since attainment of quasi steady-state infiltration rates, that represent the necessary
information for calculating the soil hydrodynamic parameters from the measured infiltration process
in many circumstances, should generally be quite rapid in many field applications of the single-ring
infiltration methods (Bagarello et al., 1999; Reynolds et al., 2000; Lassabatere et al., 2006, 2019;
Stewart and Abou Najm, 2018; Xiao et al., 2019). For example, as a practical guideline, Lassabatere
et al. (2006) suggested that eight to 15 water volumes, each establishing an initial ponded depth of
water on the infiltration surface of nearly 1 cm, should be enough to detect near steady-state
conditions. In many instances, emphasis is also put on the fact that obtaining reliable soil data by an
infiltration method requires avoiding or at least reducing as much as possible any soil alteration due
to the run. Consequently, small insertion depths of the ring are preferred, great care in ring insertion
into the soil is recommended, compaction and shattering prone situations are suggested to be avoided,
and the need to prevent or minimize disturbance of the infiltration surface when water is applied is
emphasized (Reynolds, 2008; Angulo-Jaramillo et al., 2016; Khodaverdiloo et al., 2017; Lassabatere
et al., 2019a).
However, there is some perplexity about the possibility to use ring infiltration methods to generally
obtain usable soil hydraulic properties in hydrologically relevant contexts (e.g., Alagna et al., 2018,
Dohnal et al., 2016, Votrubova et al., 2017). Perhaps, a reason could be a scepticism about the ability
of infiltrometer techniques to capture in detail the dynamics of the soil properties given that,
according to several investigations, these techniques could yield excessively high infiltration rates or
Ks values in the perspective of explaining surface hydrological processes (Ben-Hur et al., 1987;
Cerdà, 1996, 1997; van De Giesen et al., 2000; Bagarello et al., 2013). For example, Ben-Hur et al.
(1987) suggested that predicting rainfall infiltration from double-ring infiltrometer data was not
possible. The reason was that the structure of the bulk soil is the main factor controlling infiltration
under water ponding conditions while the surface seal controls rainfall infiltration.
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The infiltration rates measured by Cerdà (1996, 1999) in some Spanish sites by ring infiltrometers
were 3-8 times greater than those obtained by rainfall simulation due to water depth pressure
established in the rings and crust development under simulated rainfall. Working in Côte d’Ivoire,
van de Giesen et al. (2000) obtained a too high Ks value, actually precluding runoff occurrence
although runoff was measured. These authors explained this inconsistency by noting that, during
tropical storms, massive air inclusion may block some larger pores and, more importantly, crust
formation and associated particle sorting decreases overall permeability. A similar result was obtained
in Sicily by Bagarello et al. (2013) on runoff plots established on a clay soil. The median Ks values
obtained by intensively sampling the soil were not lower than 600 mm h-1 but runoff at the base of
the plot was measured even with rainfall intensities of no more than 100 mm h-1. These authors
suggested that surface Ks decreased during the event due to soil compaction induced by rainfall impact
and wetting induced soil swelling. More recently, Morbidelli et al. (2017) showed that the doublering infiltrometer overestimated the areal value of Ks as compared with controlled rainfall-runoff
experiments. Picciafuoco et al. (2019) concluded that the magnitude of the bias is still an open issue
for any available device because of the difficulties related to the identification of a reference value of
Ks. Therefore, the inability of ponded infiltrometer methods to yield data usable to model rainfallrunoff processes seems a more experimental than theoretical problem.
In fact, two factors have to be considered when soil characterization is aimed at simulating surface
hydrological processes such as rainfall excess generation and runoff production: i) structure
dependent soil properties have a dynamic nature and they can vary appreciably upon wetting due to,
for example, aggregate breakdown by raindrop impact or weakening of interparticle bonds
(Assouline, 2004; Dikinya et al., 2008; King and Bjorneberg, 2012; Chen et al., 2013); and ii)
Hortonian surface runoff occurs as a consequence of prolonged and intense rainfall events (Assouline
and Mualem, 2002, 2006; Wu et al., 2019). Therefore, in reality, a short and non-perturbing
infiltration run could not represent the best choice to describe the hydrodynamic behaviour of a soil
when surface runoff occurs. Instead, long runs and water application procedures that induce some
surface soil alteration could yield more appropriate estimates of soil hydrodynamic properties to
explain and simulate surface hydrological processes such as rainfall excess generation, although this
approach could give rise to other perplexities such as that a longer and/or a soil perturbing experiment
could imply a reduced homogeneity of the sampled soil volume, which instead is an assumption of
the applied models to calculate soil hydraulic properties.
Moving from these premises, on 2014 the soil physics research group of the Agricultural, Food and
Forest Sciences Department of the University of Palermo started a research activity with the general
objective to improve our ability to use single-ring infiltration methods in a hydrological perspective
(Bagarello et al., 2014b; Alagna et al., 2016a; Di Prima et al., 2017).
In a first investigation (Bagarello et al., 2014c), soil was sampled at four Sicilian sites with both the
SFH technique and the BEST procedure and two heights of water application (0.03 and 1.5 m). The
most appropriate BEST algorithm to analyse the data between BEST-slope (Lassabatere et al., 2006)
and BEST-intercept (Yilmaz et al., 2010) was determined and the effect of the height of water pouring
on the measured soil hydraulic properties was evaluated. The two considered BEST algorithms
differed substantially given that 19 and 76 runs out of 80 were successful with BEST-slope and
BEST-intercept, respectively, and only the latter algorithm was usable for low steady state infiltration
rates. Therefore, BEST-intercept represented a practically important improvement as compared with
the original BEST-slope algorithm. However, the characterization performed with BEST-intercept
was expected to be rather approximate because the fitting quality of the infiltration model to the data
was satisfactory only in a few cases. The height of water pouring did not affect significantly and/or
appreciably the saturated soil hydraulic conductivity, Ks, measured with the SFH technique
(differences between means varying with the site by a factor of 1.2-1.9) but it had an appreciable
impact with BEST since low runs yielded higher means than the high ones by a factor of 11.5-35.2,
depending on the sampled soil. The SFH and BEST techniques showed similarities at most of the
sites for a low height of water application (differences by a factor of 1.2-9.3, not exceeding 1.5 at
three sites).
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With a great height of pouring, BEST yielded lower Ks values than the SFH technique by a factor of
12.6-80.8. All detected changes due to an increased height of water pouring were consistent with a
pore size reduction, that was considered plausible since pore clogging and compaction phenomena
were expected consequences of a high run. The different sensitivity of the two techniques to water
application height was attributed to the fact that water was applied once with the SFH technique and
several times with the BEST procedure. Each water application generally contributed to alter the soil
surface, and the total energy of the applied water was an appropriate predictor of the changes in Ks
when soil deterioration was not completed before concluding the infiltration run. This early
investigation yielded several important suggestions. In particular, water height effects detected with
a given technique cannot be considered of general validity, i.e. independent of the Ks measurement
technique, for a particular soil. The choice of the methodology to be applied (SFH, BEST) and the
height of water application (low, high) should vary with the intended use of the Ks data. If the
objective of the field campaign is to obtain data usable to explain surface runoff generation
phenomena during intense rainfall events, the most appropriate choice among the tested ones should
be BEST with a high run, to mimic relatively prolonged rainfall effects on the soil surface. A low run
is more appropriate to determine the saturated conductivity of a soil that is not directly impacted by
rainfall, due for example to the presence of a mulching on the soil surface. In this case, the SFH and
BEST techniques appeared to yield relatively equivalent results in sandy loam and clay soils, which
suggested that the more rapid SFH technique should be applied if only Ks is the variable of interest.
This technique should also be preferred when repeated water application is expected to also promote
some soil disturbance, decreasing Ks, with a low application height.
The premise of the subsequent investigation by Alagna et al. (2016a) was that the soil water content
at the start of the infiltration experiment, the height from which water is poured onto the soil surface
and the duration of the infiltration run are factors possibly influencing determination of soil water
transmission properties by an infiltrometer method. Therefore, a sandy-loam soil was sampled with
the BEST procedure of soil hydraulic characterization and two heights of water pouring (0.03 and 1.5
m) under three different initial soil water content, i (0.12 < i < 0.20 m3 m-3), conditions. According
to the BEST guidelines, relatively short infiltration runs (average run duration < 1.5 hours, depending
on both the date and the height from which water was poured) were carried out. However, three long
infiltration runs (10 hours) were also carried out when i was of 0.075 m3 m-3. The saturated soil
hydraulic conductivity, Ks, and the soil water sorptivity, S, were estimated for each infiltration run
with the BEST-steady algorithm, developed by Bagarello et al. (2014a).
The mean values of Ks varied with the height of pouring of water and i from 13 to 496 mm h-1, and
a low height from which water was poured yielded 13 to 27 times higher Ks means than a high height,
depending on i. High runs also had a homogenizing effect on the measured conductivity. An inverse
relationship between Ks and i was clearer with the low height of water pouring than the high one.
The means of S varied from 35 to 126 mm h-0.5, with the low runs yielding 2.3 to 2.8 times higher
means than the high runs. The effects of the height from which water was poured were particularly
noticeable for Ks probably because this property depends strongly on soil structure that is susceptible
to alteration due to water application. Sorptivity was less affected by the height of pouring of water
since this property depends more than Ks on soil matrix, which does not change with the water
application procedure. The mean saturated hydraulic conductivity obtained with the long runs (15
mm h-1) was close to the means of Ks obtained with the high and shorter runs (13-19 mm h-1,
depending on i). The results of this investigation were considered to be useful to better explain the
infiltration process at the field site. If water application does not perturb appreciably the exposed soil
surface, initially wetter soil conditions lead to less infiltration due to the reduced ability of the soil to
adsorb water but also because Ks decreases as the initial soil water content increases due to
phenomena such as swelling, determining development of a less permeable soil volume.
Disturbing the soil surface by water pouring reduces in general infiltration and it also attenuates the
effect of i on this process. Long duration runs or runs carried out with a high height of pouring of
water appear more appropriate than short duration runs with a low height of pouring of water to obtain
data usable to explain surface runoff generation phenomena during intense rainfall events, especially
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when the soil was relatively dry at the time of sampling. The application procedure of a given
experimental method has to be considered a source of variability of the measured soil properties.
Finally, the height from which water is poured can have a reduced impact on the measured soil
properties in relatively wet soil conditions.
In the investigation by Di Prima et al. (2017), a link between rainfall simulation and ponding
infiltrometer experiments was established for a Spanish sandy-loam soil. The height of water pouring
for the infiltrometer run was chosen establishing a similarity between the gravitational potential
energy of the applied water, Ep, and the simulated rainfall kinetic energy, Ek. To test the soundness
of this procedure, the soil was sampled with the BEST procedure and two heights of water pouring
(0.03 m, i.e. usual procedure, and 0.34 m, yielding Ep = Ek). Then, a comparison between experimental
steady-state infiltration rates, isR, measured with rainfall simulation experiments determining runoff
production and Ks values for the two water pouring heights was carried out in order to distinguish
between theoretically possible (isR ≥ Ks) and impossible (isR < Ks) situations. Physically possible Ks
values were only obtained applying water at a relatively large distance from the soil surface. This
result suggested the consistency between beerkan runs with a high height of water pouring and rainfall
simulator experiments. Soil compaction and mechanical aggregate breakdown were the most
plausible physical mechanisms determining reduction of Ks with height. Visually, the change in soil
structure at surface was evident. In addition, some complementary experiments with the mini disk
infiltrometer demonstrated that this change was responsible for a large decrease in hydraulic
conductivity. This study confirmed that the height from which water is poured onto the soil surface
is a key parameter in infiltrometer experiments and can be adapted to mimic the effect of high
intensity rain on soil hydraulic properties.
At the end of this short overview of the main investigations carried out by the soil physics research
group at the University of Palermo in the 2014 to 2017 years (Bagarello et al., 2014c; Alagna et al.,
2016a; Di Prima et al., 2017), several improvements and developments could be delineated for future
research.
In particular, the most logical continuation should be the assessment of the relationship between the
water pouring height and the measured soil hydraulic conductivity with reference to other soils
differing by their structural stability, that should also be evaluated by independent measurements.
Soils should also differ by their initial soil moisture condition. In an attempt to generalize water height
effects, soils in their natural status, that is not altered by smoothing and levelling actions before
applying the infiltrometer, should also be sampled whenever possible.
The hypothesis that the height from which water is poured onto the soil surface is a parameter useful
in infiltration experiments to mimic the effect of high intensity rain on the soil hydraulic properties
needs specific experimental testing. At this aim, infiltration rates should also be measured during
natural or simulated rainstorms.
Establishing which is the most appropriate BEST algorithm (BEST-slope, BEST-intecept, BESTsteady) to obtain soil data in a condition of possible soil properties alteration is another question to
be solved.
A factor that has to be considered is that infiltration tests are commonly performed with constant
boundary conditions at the soil surface. However, intensities are prone to time variation during a
rainfall event, which implies that mechanisms of soil response to wetting may change during the event
and between events. Therefore, recovery of soil hydraulic properties between two events should also
be taken into account.
Establishing a similarity between the gravitational potential energy of the applied water, Ep, and the
simulated rainfall kinetic energy, Ek, under different conditions appears necessary to better establish
the physical link between the hydrological processes measured with rainfall simulation experiments
and the proposed methodology for characterizing the soil.
The combined effects of the height of pouring of water and the run duration on the measured water
transmission properties should be tested for different initial soil water conditions in other soils in an
attempt to improve our ability to use measured soil properties for both interpreting and simulating
hydrological processes, including runoff generation phenomena (Alagna et al., 2016a).
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Starting from this experience, an intensive research activity was therefore planned and realized both
in the laboratory and the field during this doctoral period, in an attempt to give a contribution towards
an improved ability to obtain hydrologically relevant soil hydraulic properties by single-ring
infiltration experimental methodologies.
In particular, three different investigations were carried out and the results were published in three
papers on international scientific journals.
In short, the first investigation was carried out in the laboratory with the following objectives: i)
measuring the effect of surface sealing on water infiltration of three bare soils with different textures
exposed to the direct impact of raindrops; ii) evaluating the influence of the thickness of the upper
layer of soil on seal formation and related impacts on water infiltration; iii) comparing ponded
infiltrometer runs (beerkan runs) with rainfall simulation experiments in terms of saturated soil
hydraulic conductivity for the case of soil sealing; and iv) establishing which BEST algorithm can
satisfactorily be adopted to properly estimate Ks of the seal. The results of this investigation were
reported in the paper by Di Prima S., Concialdi P., Lassabatere L., Angulo-Jaramillo R., Pirastru M.,
Cerdà A., Keesstra S. 2018a. Laboratory testing of Beerkan infiltration experiments for assessing the
role of soil sealing on water infiltration. Catena, 167: 373-384.
The second investigation had the following objectives: i) checking the effects of the height of water
pouring on the infiltration process in an initially near-saturated porous medium; ii) determining the
impact of a pause in the infiltration run on the measured infiltration rates; and iii) determining the
effect of the established ponded depth of water on the infiltration rates. The results were published in
the paper: Alagna V., Bagarello V., Cecere N., Concialdi P., Iovino M. 2018. A test of water pouring
height and run intermittence effects on single-ring infiltration rates. Hydrological Processes, 32:
3793-3804.
Finally, the objectives of the third investigation were to: i) verify water volume and pouring height
effects on the established infiltration process; ii) establish if deterioration requires less water for a
fine soil than a coarser one; and iii) compare soil hydrodynamic properties estimated with infiltration
runs differing by both the number of poured water volumes and the height of water application. The
results were reported in Auteri N., Bagarello V., Concialdi P., Iovino M. 2020. Testing an adapted
beerkan infiltration run for a hydrologically relevant soil hydraulic characterization. Journal of
Hydrology, 584, 12469714, 9 pp..
This chapter is organized into four sections and three appendices. In particular, after this introduction
(3.1 section), the theory of the BEST methods is presented in the 3.2 section. An overview of the use
that has been made of the BEST technique up to now is provided in the 3.3 section. The research
activity on the BEST technique developed during the PhD course is briefly described in the 3.4
section. Finally, the Appendices B, C and D are the published papers by Di Prima et al. (2018),
Alagna et al. (2018) and Auteri et al. (2020).

3.2. Theory
The BEST methods of soil hydraulic characterization focus specifically on the van Genuchten (1980)
model with the Burdine (1953) condition for the water retention curve and the Brooks and Corey
(1964) relationship for hydraulic conductivity:
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where θ (L3L-3) is the volumetric soil water content, h (L) is the soil water pressure head, K (L T-1) is
the soil hydraulic conductivity, n, m and η are shape parameters, p is a tortuosity parameter, and hg
(L), that is proportional to the pressure head at the inflection point, θs (L3L-3), representing the
saturated soil water content, θr (L3L-3), that is the residual soil water content (assumed to be zero in
BEST) and Ks (L T-1), that is the saturated soil hydraulic conductivity, are scale parameters related to
soil structure.
BEST estimates shape parameters on the basis of particle size analysis and soil porosity
determination:
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where P(D) is the fraction by mass of particles passing a particular diameter, D (L); Dg (L) is a scale
parameter and N and M = 1 - 2/N are shape parameters. Fitting eq.(5) to the measured particle size
distribution (PSD) allows us to calculate the shape index for PSD, pM:
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The m parameter of eq.(1) is calculated by:
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where f (L3L-3) is the soil porosity and s is the fractal dimension of the media, varying from 0.5 to 1.
Minasny and McBratney (2007) proposed an alternative way to estimate the n parameter used in the
BEST procedure from sand, sa (%, USDA classification), and clay, cl (%), percentages:
n  2.18  0.1148.087  44.954S ( x1 )  1.023S ( x2 )  3.896S ( x3 )

(11a)
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where:

x1  24.547  0.238sa  0.082cl

(11b)

x2  3.569  0.081sa

(11c)

x3  0.694  0.024sa  0.048cl

(11d)

S ( x) 

1
1  exp( x)

(11e)

For an infiltration experiment with zero water pressure head on a circular surface of radius, r (L),
above a uniform soil with a uniform initial water content, θi (L3L-3), the three-dimensional cumulative
infiltration, I (L), and the infiltration rate, i (L T-1), can be approached by the following expressions
proposed by Haverkamp et al. (1994):

I (t )  S t  ( AS2  BKs )t
i(t ) 

S
 ( AS 2  BK s )
2 t

(12a)

(12b)

S2
I s (t )  ( AS  K s )t  C
Ks

(12c)

is (t )  AS 2  K s

(12d)

2

where t (T) is the time, S (L T-0.5) is soil sorptivity, Is (L) and is (L T-1) are the asymptotic models for
I and i for large times, and A (L-1), B and C are constants having the following expressions:
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where β and γ are infiltration constants that are commonly set at 0.6 and 0.75, respectively, for θi <
0.25 θs (Haverkamp et al., 1994).
In the BEST procedure, soil sorptivity is expressed as a function of the scale parameters and initial
and final water contents using the approximation by Parlage (1975):
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where Γ is the gamma function. The scale parameter, hg, is derived from the estimated Ks and S values
by the following relation obtained from eq.(14):
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For the determination of Ks and S, three different BEST algorithms were proposed, namely BESTslope, BEST-intercept and BEST-steady.
The original BEST-slope algorithm (Lassabatere et al., 2006) considers Eq.(12a) for modelling the
transient cumulative infiltration data. Expressing the soil hydraulic conductivity as a function of
sorptivity and experimental steady-state infiltration rate, isexp (L T-1). Eq.(12d) leads to:
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which, when substituted into eq.(12a) yields:
exp

I (t )  S t  [ A(1  B)S 2  Bis ]t

(18)

where isexp is estimated as the slope of the regression line fitted to the last data points describing
steady-state conditions on the I vs. t plot. Sorptivity, S, is estimated by fitting eq.(18) to the
experimental data. The fit is performed by minimizing the classical objective function for cumulative
infiltration:
k

f (S , K s , k )   [ I i

exp

 I (ti )]2

(19)

i 1

where k is the number of data points considered for the transient state and Iexp and I are the measured
and the estimated cumulative infiltration using Eq.(18), respectively. Once S is estimated, Ks is
calculated by eq.(17). As the infiltration model is valid only for the transient state, the fit may not be
valid for large values of k. Therefore, BEST fits data for a minimum of five points to a maximum of
Ntot points, representing the whole dataset. For each data subset containing the first k points,
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corresponding to a duration of the experiment equal to tk, S and Ks are estimated and the time, tmax
(T), defined as the maximum time for which the transient expression can be considered valid, is
determined:
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where (S/Ks)2 corresponds to the gravity time defined by Philip (1969). Then, tmax is compared with
the maximum time of the experimental dataset used for the fit, i.e. tk. The values of S and Ks are not
considered valid unless tk ≤ tmax. Among all values of S and Ks that fulfil this condition, the S and Ks
values corresponding to the largest k (kmax) are retained since they are considered more precise.
Yilmaz et al. (2010) introduced a new BEST algorithm, named BEST-intercept. According to these
authors, BEST-slope may lead to erroneous Ks values when is ≈ AS2. In particular, when the estimated
AS2 value exceeds the measured infiltration rate at the end of the experiment, the values obtained for
Ks are negative. In the BEST-intercept algorithm, the constraint between S and Ks is defined by using
the intercept of the asymptotic expansion in eq.(12c):
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Therefore, bsexp is estimated by linear regression analysis of the data describing steady-state
conditions on the I vs. t plot, and the following relationship is applied to estimate Ks:
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Combining eqs.(12a) and (22) yields the following relationship to fit onto the transient phase of the
experimental cumulative infiltration curve:
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Estimation of S follows the same procedure described for BEST-slope. Even in this case, the time
validity of the transient infiltration model has to be checked through the calculation of tmax. The
estimated sorptivity is then used to calculate Ks by eq.(22).
Bagarello et al. (2014a) proposed an alternative algorithm, named BEST-steady, that makes use of
the intercept (bsexp) and the slope (isexp) of the straight line fitted to the data describing the steady-state
condition of the infiltration experiment. Combining eqs.(17) and (22) yields:
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and hence S can be calculated as:
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Then, Ks can be estimated using either eq.(17) or (22) or calculated as:
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BEST-steady does not make any direct use of the data describing the transient state. However,
monitoring this stage is necessary to establish when a steady-state condition begins (estimating isexp)
and how much water infiltrates the soil before reaching this condition (estimating bsexp) (AnguloJaramillo et al., 2016).
The adequacy of the transient infiltration model (eq.12) to fit the experimental data can be quantified
by the relative error, Er, according to the following relationship proposed by Lassabatere et al. (2006):
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According to these authors an Er < 5.5% denotes an acceptable error for transient cumulative
infiltration.

3.3. Applications of BEST methods
The Elsevier’s Scopus abstract and citation database of peer-reviewed literature (www.scopus.com)
lists a total of 172 citations for Lassabatere et al. (2006), 62 citations for Yilmaz et al. (2010) and 37
citations for Bagarello et al. (2014a).
A summary of some applications of BEST methods is provided in Table 3.1. For each mentioned
paper, the first column of this table reports the reference. The second column summarizes the main
objectives of the investigation. The third column reports the land use. The used BEST algorithms are
specified in the fourth column. Finally, the country where the investigation was made is given in the
last column. In short, most of the mentioned investigations were carried out in France, Italy and
Brazil.
Table 3.1 Investigations making use of the BEST procedure of soil hydraulic characterization
Reference
Aim of the investigation
Land-use
BEST
Algorith
ms
Mubarak et
Assessing the temporal variability of the
Maize
Slope
al. (2009b)
hydraulic properties caused by high
frequency irrigation during a maize
cropping season
Scalenghe
Studying pedogenesis processes after
Unconsolidated,
Slope
and Ferraris ecological engineering interventions
finely grained
(2009)
material
Xu et al.
Analyzing the vertical variation in soil
Grassland
Slope
(2009)
hydraulic parameters of differently
textured soils

Country

France

Italy/Fran
ce
Ireland
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Cannavo et
al. (2010)
GonzalezSosa et al.
(2010)

Lassabatere
et al. (2010)
Mubarak et
al. (2010)
Yilmaz et al.
(2010)

Bagarello et
al. (2011)
Nasta et al.
(2012)

Van Meir et
al. (2012)
Xu et al.
(2012)
Alagna et al.
(2013)
Goutaland et
al. (2013)

Yilmaz et al.
(2013)

Aiello et al.
(2014)

Bagarello et
al. (2014b)

Bagarello et
al. (2014c)

Bagarello et
al. (2014d)

Characterizing the heterogeneity of
sediment distribution in a stormwater
retention/infiltration basin
Documenting the spatial variability of soil
hydraulic properties linked to pedology
and land use. Deriving of rules for the
mapping of soil hydraulic properties

Assessing the effect of sediment
settlement on water infiltration at both
the local and basin scales
Studying variability of soil hydraulic
properties with BEST and determining
the sensitivity to the infiltration tests
Characterizing of the properties of
BOF(basic oxygen furnace) slag
using beerkan infiltration
experiments
Hydraulic characterization and physical
quality evaluation of some Burundian
soils
Studying the impact
of p, β, and γ on the results obtained by
the beerkan method
for three experimental soils
Description of an infiltration-drainage test
carried out in Chernobyl Pilot Site
Studying performances of the BEST
method and comparing the BEST and Wu
methods
Developing and testing a simplified
method to determine the hydrodinamic
properties of the surface crust
Characterizing the in situ hydrodynamic
properties of glaciofluvial lithofacies and
understanding flow in the unsaturated
zone
Investigating the hydraulic properties of
basic oxygen furnace slag due to
weathering and the mechanisms
responsible for mineral alteration and
their impact on the microstructure
Applicability of the BEST procedure in a
sandy loam soil. Comparison between
BEST and the Simplified Falling Head
technique by Bagarello et al. (2004)
Comparison between soil hydraulic
parameters determined in the laboratory
and the field
Determining of the effect of the height of
water application on the hydraulic
properties obtained with the SFH
technique and the BEST procedure
Using of the infiltration data to obtain an
approximate determination of fieldsaturated soil hydraulic conductivity

Urban
retention/infiltratio
n basin
Pasture, crop,
orchards, broadleaved and
coniferous forest,
Small wood
sometimes with ivy,
clearing
Infiltration basins

Slope

France

Slope

France

Slope

France

Sorghum, soybean,
sunflower, winter
wheat, maize
Anthropogenic
materials

Slope

France

Slope and
Intercept

France

Annual and
perennial crops

Slope

Burundi

Agricultural soil,
sandy soil, and
gravely deposit

Slope

France
/Ukraine

Little vegetation

Slope

Ukraine

Grassland land
cover

Slope and
Intercept

Ireland

Citrus orchard,
vineyard

Slope

Italy

Stormwater
infiltration basin

Slope

France

Basic oxygen
furnace slag

Intercept

France

Citrus orchard

Slope and
Intercept

Italy

Citrus orchard,
annual crops,
vineyard, orchard,
olive grove
Citrus orchard and
bare soil

Slope

Italy

Slope and
Intercept

Italy

Savanna with acacia
trees, cereals,
leguminosae,
tuberose, banana
and coffee trees

Slope

BurundiItaly
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Braud et al.
(2014)
GetteBouvarot et
al. (2014)

GonzalezMerchan et
al. (2014)
Marichal et
al. (2014)
Montenegro
et al. (2014)
Sales et al.
(2014)
Souza et al.
(2014)
Canone et al.
(2015)
Di Prima
(2015)
Reyes
Gómez et al.
(2015)
Siltecho et
al. (2015)

Alagna et al.
(2016b)

Bièvre et al.
(2016)
Castellini et
al. (2016)

Coutinho et
al. (2016)

Cullotta et
al. (2016)
Di Prima et
al. (2016)

Understanding processes triggering flash
floods
Determining the relative influence of
sediment deposition and biofilm
growth on degradation of the hydraulic
properties of infiltration basins designed
for groundwater recharge
Evaluating the role of spontaneous
vegetation on the clogging evolution of a
urban infiltration basin
Studying effects of landscape changes and
link between macrofauna and ecosystem
services
Studying hydrological processes in the
Mundau, Pajeú and Tapacurá basins in the
State of Pernambuco, Brazil
Identifying the behaviour of the
infiltration capacity of the soil in a
representative basin
Effect of soil surface crusting on the
mechanical and hydrodynamic properties
of a cropped soil
Proposing a method for the calculation of
border-irrigation efficiencies and
evaluating the surface irrigation efficiency
Developing a compact infiltrometer for
automatically collect infiltration data
Influence on hydraulic properties of
different native and exotic plant species
covers
Comparing unsaturated soil hydraulic
properties obtained with different
measurement methods (beerkan, disc
infiltrometer, evaporation, pedotransfer
function) under different land uses
Comparing saturated soil hydraulic
conductivity, Ks, determined by different
infiltrometer techniques

Vineyard, pasture

Slope

France

Excavated
infiltration basins
filled with sand

Slope

France

Layer of sediments
mainly due to solids
brought by
stormwater
Pastures, crops, tree
plantations, forests

Slope

France

Slope

Colombia
and Brazil

Pasture

Slope

Brazil

Sugarcane,
pineapple, and
atlantic forest.
Castor bean

Slope

Brazil

Slope

Brazil

Corn

Slope

Italy

Citrus orchard

Slope

Italy

E. lehmanniana, E.
superba, B. gracilis,
D. californica
Forest, ruzi grass,
and rubber tree

Slope

Mexico

Slope

Thailand

Spontaneous, sparse
herbaceous
vegetation

Slope,
Intercept
and
Steady
Slope

Italy

Oak forest,
mediterranean
maquis and
grassland

Slope and
Intercept

Italy

Pilot permeable
pavement

Slope,
Intercept
and
Steady
Steady

Brazil

Slope,
Intercept
and
Steady

ItalyFrance

Relating variations in landslide velocities
and geophysical properties to
hydrogeological characteristics
Assessing the effect of land use changes
on two hillslopes of a Mediterranean
catchment by indicators of soil physical
quality quantitatively linked to soil
hydraulic properties
Hydraulic characterization and assessing
the hydrological behavior of a permeable
pavement

Landslide

Testing the suitability of the BEST
procedure to reproduce a laboratory
based soil physical quality assessment
Checking the usability of the device to
automatize the beerkan infiltration
experiment and analyzing the infiltration
data to characterize soils

Holms and
pubescent oaks
forest and pasture
Citrus orchard, bare
soil and an
infiltration basin.

France

Italy
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Khaledian et
al. (2016)

Identification of the effects of tillage on
some soil properties

Yang et al.
(2016)
Braud et al.
(2017)
Leite et al.
(2017)
Souza et al.
(2017)

Assessing the effects of Napier grass
management on soil hydrologic functions
Mapping the variation in saturated soil
hydraulic conductivity at regional scale
Comparing soil hydraulic properties and
erosion for four different cover types
Assessing the soil physical quality and the
spatial variability of physical and
hydraulic soil properties
Testing applicability of the BEST
procedure to estimate the water retention
curve in four soils

Castellini et
al. (2018)

Di Prima et
al. (2018b)
Di Prima et
al. (2018c)

LozanoBaez et al.
(2018)
Alagna et al.
(2019)
Bagarello et
al. (2019)

Batista et al.
(2019)

Characterization of lateral preferential
flow at the hillslope scale
Investigating the impacts of conventional
and organic farming management
practices on soil physical quality under
citrus crops
Understanding the effect of forest
restoration on Ks
Testing of the ability of BEST method to
estimate saturated hydraulic conductivity
of crusted and non-crusted soils
Improving knowledge of the factors that
control variability of infiltration-based
determinations of saturated hydraulic
conductivity in clayey soils
Investigating the response of several
physical properties and organic carbon in
a sandy soil before and after grazing

Small kiwi fruit
garden under drip
irrigation
Napier grass

Slope

Iran

Slope

China

Forest and crops

Slope

France

Abandoned pasture,
forests
Fluvisol

Steady

Brazil

Slope

Brazil

Corn, durum wheat,
citrus orchard

Italy

Spontaneous grass

Slope,
Intercept
and
Steady
Steady

Orchards

Steady

Spain

Pasture, restored
forest, and remnant
forest
Mediterranean
vineyard

Steady

Brazil

Slope

Italy

Sowing and
meadow-pasture

Steady

Italy

Rain-fed continuous
grazing system
cultivated with
Brachiaria
decumbens
Grass-covered
embankment,
impervious parking
lot, drainage ditch,
vegetated hollow
core slab
Durum wheat

Steady

Brazil

Slope,
Intercept
and
Steady

France

Slope,
Intercept
and
Steady
Steady

Italy

Italy

Bouarafa et
al. (2019)

Evaluating infiltration capacity and
identifying possible malfunctioning of
four urban stormwater management
structures through the study of their
hydrodynamic parameters

Castellini et
al. (2019a)

Assessing the impact of alternative soil
management strategies on physical and
hydraulic properties of fine textured soils

Castellini et
al. (2019b)
Cheik et al.
(2019a)
Cheik et al.
(2019b)

Spatialization of soil hydraulic properties

Durum wheat

Using X-ray CT to determine how soil
macropores impact water infiltration.
Determining how termite foraging activity
impacts soil aggregation and water
infiltration
Determining whether termite foraging
activity varies with the quality of the litter
in a southern-Indian forest
Developing a Beerkan Multi-Run
(BMR) procedure for the simultaneous
application of a set of 10 beerkan
experiments

Deciduous
forest
Tropical dry-thorn
forest.

Slope

Vietnam

Slope

India

Deciduous forest

Slope

India

Quercus, Fagus

Slope,
Intercept
and
Steady

Netherlan
ds

Cheik et al.
(2019c)
Lassabatere
et al.
(2019b)

Italy
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Lassabatere
et al.
(2019c)

Introducing BEST-2K and testing it with
both numerical and experimental data

Pasture, forest,
orchard

Silva
Ursulino et
al. (2019)
Yilmaz et al.
(2019)

Combining Hydrus-1D with BEST method
to estimate the temporal variability of soil
moisture
Investigating the hydraulic properties of
several technosols

Experimental river
basin

Bagarello et
al. (2020)

Checking short-term (hourly or daily)
changes in soil structure-dependent
hydraulic parameters associated with
subsequent infiltration runs
Testing the hypothesis that the drainagewoodlands are still subsidized by runoff
generated from upslope areas
following large rain events
Investigating the impact of tillage
management on soil physical and
hydraulic properties
Identifing the incidence and extent of
preferential flow combining time-lapse of
Ground-Penetrating Radar (GPR) surveys
with automatized single-ring infiltration
Analyzing of interactions amongst shade
trees, coffee plants, the coffee foliar
disease complex and soil characteristics
Detecting modifications in hydrologic and
hydraulic behavior in surface flow
constructed wetland after 17 years of
constant operation
Comparing unsaturated and saturated soil
hydraulic conductivity determined with
simple and low-cost field infiltration
methods (MDI and beerkan)
Characterization of the hydrodynamic and
hydrodispersive properties of an irrigated
soil

Citrus orchard

Basant et al.
(2020)

Castellini et
al. (2020)
Di Prima et
al. (2020)

DurandBessart et al.
(2020)
Lavrnić et
al. (2020)

LozanoBaez et al.
(2020)
Palácio
Filho et al.
(2020)

Slope,
Intercept
and
Steady
Slope and
Intercept

Italy

Slope,
Intercept
and
Steady
Steady

France

Different species of
woody plant and
grass

Steady

Texas

Olive orchards

Steady

Italy

Stormwater
infiltration basin,

Slope,
Intercept
and
Steady
Slope

France

Slope,
Intercept
and
Steady
Steady

Italy

Slope

Brazil

Technosols

Shade Trees and
coffee plants
Surface flow
constructed wetland

Pasture, 9-year-old
restored forest, and
remnant forest
Atriplex
nummularia Lindl,
secondary
vegetation with
shrubs and grasses,
irrigated banana

Brazil

Italy

Nicaragua

Brazil

3.4. Characterization of non-rigid soils by single-ring infiltration experiments
Soil surface alteration is a major cause of decreased infiltration rates and increased surface runoff
during a rainstorm. The general objective of the PhD research activity was to verify if single-ring
infiltration experiments can be adapted in the perspective to obtain realistic soil data for simulation
of hydrological processes such as rainfall excess generation. At this purpose, it was initially taken
into account that the height of water application could be changed to simulate rainfall effects on soil
surface and hence to explain surface runoff generation phenomena during intense rainfall events. In
the past, BEST methods with different heights of water application appeared as good method to
characterize soils in a hydrological perspective (Bagarello et al., 2014c, 2017; Alagna et al., 2016a;
Di Prima et al., 2017). In particular, performing high runs, that is pouring water on the soil from a
relatively high height with respect to the infiltration surface, determined a reduced ability of the soil
to transmit water, which appears an expected phenomenon when rainfall excess is formed (Assouline
and Mualem, 2002, 2006). Changes in soil surface were consistent with a pore size reduction, pore
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clogging and compaction phenomena. According to the work performed in the past by the soil physics
research group of the University of Palermo, the methodology to perform a single-ring infiltration
experiment could be adapted to the hydrological process to be explained or simulated. In particular,
the height of water application (low, high) should vary with the intended use of the Ks data. If the
objective of the field campaign is to obtain data usable to explain surface runoff generation
phenomena during intense rainfall events, the most appropriate choice should be performing BEST
experiments with a high run because this procedure is expected to yield Ks values similar to those
compatible with the occurrence of measurable runoff (Di Prima et al., 2017). A low run, that is water
applied close to the infiltration surface, is more appropriate to determine the saturated conductivity
of a soil that is not directly impacted by rainfall. The height from which water is poured could be
expected to have more appreciable effects on Ks in initially dry soil conditions although the collected
information was limited to a single soil (Alagna et al., 2016a). In any case, height effects appear also
detectable in initially wet to very wet soil conditions (Bagarello et al., 2017).
A brief overview of the three developed lines of research during this PhD research activity is provided
in the following. The published papers were reported in the Appendices B, C and D.
Soil surface sealing is a major cause of decreased infiltration rates and increased surface runoff during
a rainstorm. The objective by Di Prima et al. (2018a) (Appendix B) was to quantify the effect of
surface sealing on infiltration for three layered soils with different textures for the upper layer and
investigate the capability of BEST procedure to catch the formation of the seal and related
consequences on water infiltration. Rainfall experiments were carried out to induce the formation of
the seal. beerkan infiltration runs were also carried out pouring water at different distances from the
soil surface (BEST-H versus BEST-L runs, with High and Low water pouring heights, respectively)
for the same type of layered soils. The saturated soil hydraulic conductivity, Ks, was determined from
both rainfall simulation and beerkan infiltration experiments. Rainfall simulations carried out on soil
layers having different depths allowed to demonstrate that infiltration processes were mainly driven
by the seal and that Ks estimates were representative of the seal. Soil sealing induced an increase in
soil bulk density by 38.7 to 42.1%, depending on the type of soil. Rainfall-deduced Ks data were used
as target values and compared with those estimated by the beerkan runs. BEST-H runs proved to be
more appropriate than BEST-L runs, those last triggering no seal formation. The predictive potential
of the three BEST algorithms (BEST-slope, BEST-intercept and BEST-steady) to yield a proper Ks
estimate for the seal was also investigated. BEST-slope yielded negative Ks values in 87% of the
cases for BEST-H runs. Positive values were obtained in 100% of the cases with BEST-steady and
BEST-intercept. However, poorer fits were obtained with the latter algorithm. The comparison of the
Ks estimates with those deduced by rainfall simulation experiments allowed to identify the BESTsteady algorithm with BEST-H run as the best combination. More specifically, this algorithm limited
the hydraulic characterization to the stabilized phase, i.e., when the seal was fully developed, avoiding
uncertainties due to the seal formation during the early phase of the infiltration process. The other
two algorithms that account for transient data were perturbed by the effect of the seal progressive
formation and its related impacts on the infiltration. The repeated impact of water drops during a
BEST-H run induced the formation of a seal layer having similar hydraulic properties with those
obtained by the simulated storms. Infiltration was determined by the first few millimeters of the soil
and the BEST-H runs had possibly accounted for the main physical features characterizing the
phenomenon of induced soil sealing. The method proposed in this study could be used to easily
measure the seal's saturated hydraulic conductivity of an initially undisturbed bare soil directly
impacted by water with minimal experimental efforts, using small volumes of water and easily
transportable equipment. In the future, the proposed methodology may be applied for different rainfall
intensities and durations, taking into account that rainfall characteristics are among the major factors
affecting the dynamics of seal formation.
The premises of the investigation by Alagna et al. (2018) (Appendix C) were that i) assessing how
the infiltration process depends on the water impact energy improves interpretation of hydrological
processes, ii) impact energies vary with the height of water pouring, i.e. the distance between the
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water delivery point and the soil surface, and iii) the effects of the height of water pouring on
infiltration in an initially near saturated soil can be tested in the field by two repeated beerkan
infiltration runs separated by a short pause (minutes) and using both low (non-perturbing) and high
(perturbing) heights of water application. The double two-stage beerkan run methodology was applied
in two soils. The infiltration rate at the end of the perturbing stage of the experiment was 0.2-0.3
(sandy-loam soil) and 0.15 (loam soil) times that obtained with the initial, non-perturbing stage
whereas, without any perturbing effect, infiltration rates at the end of the second run were 0.5 times
those at the end of the first run. Therefore, the methodology distinguished between a decrease in
infiltration rate due to water redistribution during the pause and that attributable to soil surface
perturbation. Maintaining a small depth of water (10 mm) on the infiltration surface was not an
alternative to the classical beerkan run for the non-perturbing stage of the experiment since two times
higher infiltration rates were measured with a greater hydrostatic pressure. In conclusion, the
relationship between infiltration into an initially near saturated soil and the energy of the applied
water can be determined directly in the field at any time with a simple and parsimonious experiment.
This circumstance could improve soil hydraulic characterization for interpreting and simulating
hydrological processes. Taking into account that the measured infiltration rates are commonly used
to estimate soil hydrodynamic parameters with a variety of methods, it is plausible to believe that the
investigation by Alagna et al. (2018) could open some interesting perspective with reference to both
interpretation and simulation of hydrological processes. In particular, it demonstrated that a simple
experiment can be carried out directly in the field, i.e. in a real world situation, to establish a link
between the energy of the applied water and the measured infiltration process in an initially nearsaturated soil, i.e. in a condition particularly favorable to rainfall excess, and hence runoff, generation.
Consequently, the collected experimental information could allow us to derive soil hydraulic
properties that reflect the appropriate conditions for simulating a specific hydrological process even
considering that, with the applied double two-stage beerkan run methodology, effects of different
energy levels of the applied water can be tested by simply changing water pouring height. There are
encouraging signs on the possibility to use the methodology to discriminate between soils. Spatial
variability issues should be developed in the future to establish if a relatively small sample size for a
given treatment, as suggested by this investigation, is generally appropriate to get reliable data.
In the investigation by Auteri et al. (2020 (Appendix D), beerkan infiltration runs carried out on a
loam (AR) and a silty-clay (RO) soil were adapted in the perspective to obtain usable soil data to
predict rainfall partition into infiltration and rainfall excess. In particular, the initially nearly dry soil
was sampled with different water volumes (15 or 30) and heights of water application (low, L, 0.03
m, and high, H, 1.5 m), and the BEST-steady algorithm was applied to determine sorptivity, S, and
Ks. The H runs altered the surface soil layer more than the L runs but the response of the two soils to
disturbance was different. For the AR soil, deterioration of the surface layer was almost complete
close to the end of the run while, for the RO soil, it was concluded after applying one third of the
overall used water volume. The least soil perturbing experiment (15L), that was carried out with the
commonly recommended experimental protocol, yielded high S (91-118 mm/h0.5) and Ks (88-294
mm/h) values at the two sites, likely incompatible with formation of any rainfall excess. A soil
perturbing experiment (30H) yielded significantly and substantially smaller S (26-40 mm/h0.5) and Ks
(4-6 mm/h) values, that appeared potentially compatible with formation of rainfall excess. The
gravitational potential energy, Ep, of the water used for the infiltration run explained most of the
variance of both Ks and S. In conclusion, the infiltration run can be adapted in an attempt to induce a
soil disturbance likely similar to that expected for a rainfall producing runoff. In a relatively dry initial
status, complete deterioration can require less water for a silty-clay soil than a loam soil. The saturated
soil hydraulic conductivity is more sensitive than soil sorptivity to the applied experimental
methodology. Finally, the gravitational potential energy of the applied water could be used to
establish a link between the hydrological process that has to be explained and a soil hydraulic
characterization appropriate to reach the desired objective. In a hydrological perspective, it also seems
advisable to improve our knowledge on the short term modifications of Ks and S in an attempt to
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verify if, under what experimental conditions and to what level they stabilize when a disturbing run
is carried out. The lowest possible S and Ks values could be viewed as a sort of hydrologically relevant
index since they describe the most favorable condition to runoff occurrence. According to this
investigation, these developments should not be excessively demanding from an experimental point
of view. An alternative method to characterize a soil in a runoff prone situation is to make the field
campaign with common experimental protocols after a sealed layer has fully developed. Establishing
a comparison between the two options (inducing disturbance, working on naturally altered soil) is
obviously advisable although the latter option places constraints on the time when the experiment can
be performed.
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CHAPTER 4: Intensive soil characterization with automatic single-ring
infiltrometers
4.1. Introduction
Knowledge of the water quantity in the vadose zone is interesting for the optimum management of
water resources and the quality of soil.
Estimating soil hydraulic properties, such as hydraulic conductivity, is important for planning
efficient irrigation and erosion control practices, and for understanding hydrological processes like
rainfall and irrigation partition. Infiltration experiments are widely used for measuring infiltration
rates and for an in situ determination of the soil hydraulic conductivity.
They are commonly performed in the field by visually noting the water level drop in a Mariotte
column or recording the time needed for the water to infiltrate into the soil. However, this technique
requires an operator for the monitoring of the infiltration process that may also last several hours for
achieving steady state conditions, depending on the soil textural and structural characteristics. To
overcome this limitation, many different infiltrometer devices, including tension, single-ring, mini
disk, and double-ring infiltrometers, have been automated using different approaches (Table 4.1).
Table 4.1 Examples of different automated devices developed to characterize soil hydraulic properties
References
Type of device
Storage system
Ankeny et al. (1988)
two pressure transducers (one installed at the
tension infiltrometer
top, and the other at
the bottom of the Mariotte column) and a data
logger
Casey and Derby (2002)
differential transducer connected to a
data logger
Castiglione et al (2005)
the water level in
the reservoir (monitored by the pressure
transducer ) is managed by the data logger that
controls the valves
Moret et al (2004)
the reflection of the TDR(time domain
reflectometry) measurement is automatically
transferred to a computer
Selker et al. (2009)
transducer and microprocessor
Špongrová et al (2009)
differential pressure transducer connected to
data logger through a set of solenoid valves
Constantz and Murphy
single-ring infiltrometer
pressure transducer linked to programmable
(1987)
data logger
Prieksat et al. (1992)
Di Prima (2015; 2016)
data acquisition system based on the open
source Arduino board
Rodríguez-Juárez et al.
(2018)
Cernicchiaro et al. (2019)
Milla and Kish (2006)
The system can be adapted
infrared distance-measuring sensor and
to single- and dual-ring
microcontroller
infiltrometers
Madsen and Chandler
mini disk infiltrometer
pressure transducers connected to compact
(2007).
data loggers
Klipa et al (2015)
the load cell measures depth of water in the
reservoirs and it is connected to a datalogger
Arriaga et al (2010)
double-ring infiltrometer
pressure transducer and datalogger
Fatehnia et al (2016)
Arduino microcontroller, a Hall effect sensors,
and a constant-level float valve
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Automated measurements of Marriotte reservoir water levels were first introduced by Constanz and
Murphy (1987), who used single gage transducers. The quality of the acquisition was then improved
by using two gage (Ankeny et al., in 1988) or differential transducers (Casey and Derby, 2002).
The interest in automating has considerably increased. Indeed, automated infiltrometers may be used
to collect simultaneous measurements at multiple locations for relatively long periods of time, thus
providing accurate data at high spatial and temporal resolutions. Also, the automatic systems not
require a continuous presence of the operator.
Considering all these aspects, in 2020 Concialdi et al. improved the automated single-ring
infiltrometer proposed by Di Prima (2015).
Our objectives were: i) developing an instrumentation package to automatically collect data from
multiple infiltrometers working simultaneously, ii) improving the treatment of the raw data recorded
by the transducers, iii) assessing the use of the infiltrometers in conjunction with different methods
for estimating the soil parameters from infiltrometer data, and iv) evaluating instrument performance
under specific and challenging field conditions, such as highly permeable, slightly sorptive and water
repellent conditions.
This chapter is divided into two sections and an appendix. In particular, the research activity on this
subject, developed during the PhD course is shortly introduced in the 4.2 section and summarized in
the article by Concialdi et al. (2020).

4.2. An innovative instrumentation package for soil characterization
A part of PhD research activity was spent abroad, at the Laboratoire d’Ecologie des Hydrosystèmes
Naturels et Anthropisés (LEHNA), in Lyon (France). During this period a new acquisition system
made of ten automatic infiltrometers linked to two data acquisition systems for automatic recording
of ten simultaneous experiments was developed. Each infiltrometer is composed of a Mariotte
reservoirs equipped with differential transducers to monitor the drop of the water level. The data
acquisition systems consist of low-cost components and an Arduino open-source microcontroller.
The devices were tested both in the laboratory and on four different urban and agricultural soils in
France and India. The design of the devices was improved over a previously presented prototype in
terms of reservoir capacity, diameter of the air entry tube, and number of infiltrometers that can be
simultaneously operated. Also, a new algorithm for the automatic processing of the raw transducer
data was developed, and it can be downloaded from the website bestsoilhydro.net. The use of the
automatic infiltrometers allows the user to obtain more accurate estimates of soil hydraulic
parameters, while also reducing the amount of effort needed to run multiple experiments.
This research activity was summarized in the paper Concialdi et al. (2020). This paper is reported
below in the Appendix E.
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CHAPTER 5: Additional investigations on
characterization by single-ring infiltration methods

soil

hydraulic

This chapter describes the research activity on soil hydraulic characterization by single-ring
infiltration methods that is still in progress. To be clearer, this activity started during the PhD course
but it was not fully concluded with respect to the analysis of the results. However, the work that was
carried out and the results obtained till now were considered to have a certain scientific interest and
therefore they were also included in this thesis.
This chapter is composed by two sections. The first section deals with parameterization of the
comprehensive model for single-ring infiltration recently proposed by Stewart and Abou Najm
(2018a,b). The second section attempts to establish if there is a link between the applied methodology
to perform a single-ring infiltration experiment and the detected temporal variability of the saturated
soil hydraulic conductivity, Ks.
Both investigations were based on field campaigns of soil sampling. The methodological starting
point was the protocol already described in detail by Auteri et al. (2020), that is beerkan infiltration
runs carried out with 30 water volumes (each-one of 57 ml), each establishing an initial ponded depth
of water of nearly 0.01 m on the infiltration surface, and both low (height of water pouring = 0.03 m)
and high (1.5 m) heights of water pouring. In short, this experimental protocol was applied at three
different field sites (Aranceto, AR; Orleans, OR; Roccamena, RO) and at different times in the former
site.
The data collected with the low runs at the three sites were used for the investigation on the infiltration
model proposed by Stewart and Abou Najm (2018a,b). The data repeatedly collected at the AR site
with both low and high runs were used to perform the investigation on temporal variability of Ks. The
data obtained at the OR site with the high runs were not used in this thesis but they were stored to
develop a homogeneous dataset for future use. The data collected with the low and high runs at the
RO site were used in Auteri et al. (2020) paper.

5.1. Parameterization of an explicit model for single-ring infiltration
5.1.1.Introduction
Stewart and Abou Najm (2018a) combined the single-ring infiltration models by Reynolds and Elrick
(1990) and Wu et al. (1999) to develop a new comprehensive model for single-ring infiltration.
According to the authors, this new infiltration model is simple, easy to parameterize and interpret,
applicable to most initial conditions and soil types with minimal error, and capable of describing both
early-time and steady-state infiltration behaviors. In a companion paper, Stewart and Abou Najm
(2018b) used the developed infiltration model to derive four methods for estimating the saturated soil
hydraulic conductivity (Ks) from single-ring infiltration data. Di Prima et al. (2019) later tested the
suggested methods for determining Ks and they concluded that the new infiltration model represents
a valuable tool for analyzing both transient and steady-state infiltration as well as experiments carried
out with different depths of ponded water, ring sizes and ring insertion depths. Therefore, the model
by Stewart and Abou Najm (2018a) deserves additional testing.
A point to be considered is related to the parameterization of the infiltration model. In particular, the
a constant that appears in this model should be equal to 0.9084 according to Wu and Pan (1997) and
to 0.45 according to Stewart and Abou Najm (2018a). Currently, there is not any independent check
of the most appropriate choice that should be made with reference to this constant.
The objective of this investigation was to improve parameterization of the infiltration model by
Stewart and Abou Najm (2018a). A theoretical analysis was initially developed to demonstrate that
the a constant can directly be estimated by a single-ring experiment that includes both the transient
and the steady-state phase of the infiltration process. Single-ring infiltration data collected in the field
were then used to determine a and to check consistency with theoretical expectations.
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5.1.2. Infiltration model
Stewart and Abou Najm (2018a) developed the following explicit expressions of transient and steadystate three-dimensional (3D) cumulative infiltration, I (L), from a surface circular source under a
positive pressure head, by building on the Wu et al. (1999) and Reynolds and Elrick (1990) solutions
for 3D flow from within a ring inserted into the initially unsaturated soil to a short depth:

 s  i hsource   K s

I

b

t  a f Ks t

s  i hsource     f K t
s
4 f b1  a 
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tcrit 

t < tcrit

(1a)
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2
4 b K s f 2 1  a 
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where t (T) is the time, tcrit (T) is the time of transition between early-time and steady-state infiltration
behaviors, s (L3L-3) and i (L3L-3) are the saturated and initial volumetric soil water contents,
respectively, hsource (L) is the established ponded depth of water on the infiltration surface,  (L) is
the capillary length of the soil, Ks (L T-1) is the saturated soil hydraulic conductivity, a and b are
dimensionless constants (with b ≈ 0.55; White and Sully, 1987), and f is a correction factor that
depends on soil initial and boundary conditions and ring geometry:
f 

hsource  
1
d  rd / 2

(2)

where d (L) is the depth of ring insertion and rd (L) is the radius of the ring. The tcrit time in eq.(1c)
is defined as the time when the infiltration rate (dI/dt) is equal between eqs.(1a) and (1b). Eqs.(1) can
be simplified as follows:
I  c1 t  c2t
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where the infiltration coefficients c1 (L T-0.5) and c2 (L T-1) can be determined by fitting eq.(3a) to the
data while the intercept, c3 (L), and the slope, c4 (L T-1), of eq.(3b) are estimated by linear regression
analysis of the I(t) vs. t data points denoting steady-state conditions. The four infiltration coefficients
can be used to estimate  and Ks from a single-ring infiltration experiment (Stewart and Abou Najm,
2018b; Di Prima et al., 2019). Taking into account that the same I value has to be obtained by eqs.(3a)
and (3b) at t = tcrit and considering eq.(3c), the constraint among the four infiltration coefficients can
be written as:
c3 

c12
 t crit c 4  c2 
4c 4  c 2 

(4)
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Some perplexity can emerge with reference to the a constant of eqs.(1). Wu and Pan (1997) fitted a
dimensionless infiltration equation to the numerically simulated single-ring infiltration data for three
representative soils (sand, clay, sandy-clay-loam) and they obtained a = 0.9084. This value was
subsequently used in the infiltration model by Wu et al. (1999). By analogy with Philip (1990),
Stewart and Abou Najm (2018a) suggested that a should instead be equal to 0.45, that is
approximately one half of the value recommended by Wu and Pan (1997). Stewart and Abou Najm
(2018a) supported their suggestion by a sensitivity analysis of the model results. Both
recommendations (Wu and Pan, 1997; Stewart and Abou Najm, 2018a) originated from theoretical
reasoning and simulations for idealized porous media. A common suggestion between the two
research groups was that a, being a constant, should not depend on the soil and its initial water content.
The novel and simple reasoning that is made here is that the mentioned perplexity has no reason to
exist since a can directly be estimated by a single-ring experiment that includes both the transient and
the steady-state phase of the infiltration process. In particular, determination of c2 and c4 yields an
experimental value of this constant by the following relationship:
c2 a f K s

a
c4
f Ks

(5)

Therefore, it is not necessary to fix the a constant in advance for estimating soil hydraulic properties.
Taking into account the constraint between c2 and c4 defined by eq.(5), eqs.(3c) and (4) can be written
as:
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Eqs.(6) and (7) indicate that values of a > 1 should not be expected. Both equations are undefined for
a = 1 and eq.(7) yields a negative c3 coefficient, which is physically implausible, for a > 1.
According to Di Prima et al. (2019), an estimate of tcrit can be obtained with the empirical criterion
by Bagarello et al. (1999). If it is possible to presume that steadiness was reached before the end of
the run, a linear regression analysis is carried out on the last three data pairs (I, t). In this case, tcrit is
the first experimental t value, starting from the beginning of the experiment, for which the following
criterion (Bagarello et al., 1999) applies:

I t   I reg t 
Eˆ 
100  E
I t 

(8)

where Ireg(t) is estimated from the linear regression analysis for the last three data points at steadystate and E (%) defines a threshold for error (E = 2% according to Bagarello et al., 1999). Steadystate conditions exist for t > tcrit (i.e., when Ê < 2). Transient infiltration conditions occur from t = 0
until t = tcrit (i.e., when Ê > 2).

5.1.3. Materials and methods
Three Sicilian soils were chosen for this investigation. Two loam soils (AR and OR sites) were located
at the Department of Agricultural, Food and Forest Sciences of the Palermo University (Italy). A
silty-clay soil (RO site) was located near Roccamena, approximately 70 km south of Palermo. The
AR soil supported a citrus orchard under no tillage. The OR soil was tilled approximately six months
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before performing the infiltration runs and a spontaneous herbaceous vegetation cover was present at
the time of the experiment. The RO soil supported a fruit orchard under no tillage. Soil at the AR site
was sampled on five different dates (November 2017, April, May and September 2018, April 2019)
to encompass a range of environmental conditions. Soil was sampled only once at the other two sites
(OR: January 2018; RO: June 2019). The same experimental protocol was applied for each of the
overall seven sampling campaigns.
A total of 10 infiltration runs were carried out at randomly selected locations during each sampling
campaign. To conduct an infiltration run, a bare area of approximately 150 m2 was selected and the
sampled soil surface was gently leveled and smoothed by manual implements. Small diameter (0.08
m) rings were inserted on the soil surface to a depth of 0.01 m following the beerkan infiltration
procedure (Lassabatere et al., 2006; Di Prima et al., 2019). Ring insertion was conducted manually,
if necessary by gently using a rubber hammer, while ensuring that the upper rim of the ring remained
horizontal during insertion. Then, 30 water volumes, each of 57 mL, were successively poured onto
the confined infiltration surface over a period of ~3 s. A relatively large number of water volumes
was used to attain quasi-steady state conditions. For each water volume, the infiltration time was
measured from water application to disappearance of all water, when the subsequent water volume
was poured on the infiltration surface. Water was applied at a small distance from the infiltration
surface, i.e. approximately at a height, hw, of 0.03 m, with the practitioner’s fingers used to dissipate
the kinetic energy of the falling water and thereby minimize soil disturbance due to water application.
After the infiltration test, two undisturbed soil cores (0.05 m in height by 0.05 m in diameter) were
collected nearby at 0 to 0.05 m and 0.05 to 0.10 m depths. These cores were used to determine the
dry soil bulk density, b, and the antecedent soil water content, i. The data were averaged over the
two depths and paired with the corresponding infiltration run (Table 5.1.1).
Table 5.1.1 Mean and coefficient of variation, CV, of the soil water content, θi, and the dry soil bulk density, ρb, at
the beginning of the infiltration run (sample size, N = 10 for each summarized dataset)
Site
Date
θi (m3/m3)
ρb (g/cm3)
mean

CV (%)

mean

CV (%)

November 2017

0.215

6.5

0.966

6.0

April 2018

0.199

15.3

0.957

11.1

May 2018

0.137

12.0

0.979

7.9

September 2018

0.103

11.8

1.037

6.9

April 2019

0.158

21.8

1.064

5.5

OR

January 2018

0.251

11.4

1.138

12.0

RO

June 2019

0.184

16.1

0.998

7.1

AR

For each infiltration run, I was plotted against t and tcrit was estimated using eq.(8). Eq.(3a) was then
fitted to the transient portion of the run to estimate c1 and c2 by using the cumulative infiltration fitting
method (Vandervaere et al., 2000). Following Lassabatere et al. (2006), the quality of the fit was
evaluated by calculating the relative error, Er (%):
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where Iiexp and Ii are the experimental and modeled cumulative infiltrations, respectively, and k is the
number of experimental data pairs. Linear regression analysis of the I(t) data was used to estimate the
c3 and c4 coefficients of eq.(3b) by only considering the steady-state portion of the run. Finally, a was
calculated by eq.(5). A run was considered successful when all coefficients (c1, c2, c3 and c4) were
positive since, according to eq.(1), they cannot be negative or null.
An attempt was made to verify the possible existence of a link between the shape of the
experimentally determined infiltration curve and the results of the a calculations. At this aim, the
empirical Horton (1940) infiltration model was fitted to the data:

I  ift 

i0  i f
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(10)

where i0 (L T-1) is the initial infiltration rate (t = 0), if (L T-1) is the final infiltration rate and the
constant k (T-1) determines the rate at which i0 approaches if.
This model was chosen since it describes in some detail the infiltration curve, making use of three
parameters, and also because it was found to give a good representation of the experimentally
determined I(t) relationships in other investigations (Shukla et al., 2003).

5.1.4. Results
The average duration of the 70 infiltration tests was of 1.06 h (CV = 109.0%). The mean tcrit value
was equal to 0.61 h (CV = 105.4%) and the critical time increased with the duration of the run (Figure.
1a). Taking into account that a common water volume was used for each infiltration run, this result
supported the reliability of the developed analysis since equilibration times are expected to be longer
when infiltration proceeds more slowly (Reynolds et al., 2002).
The runs were successful (positive infiltration parameters) in 44 out of 70 cases (63% of the total,
with a mean duration of 0.96 h and a mean tcrit of 0.58 h) and unsuccessful in 26 cases (37%, mean
duration = 1.23 h, mean tcrit = 0.67 h). In particular, all experiments carried out at the OR site failed.
Reasons of failure included obtaining c1 = 0 (9 cases), c1 = 0 and c3 < 0 (4 cases), and c2 = 0 (13
cases). The c2 = 0 result was associated with basically high c1 values (> 170 mm/h0.5), that are
indicative of a high sorptivity (Figure. 5.1.1b). On the other hand, c1 = 0 was associated with basically
high c2 values (> 700 mm/h), that indicate high saturated conductivity.
Figure. 5.1.2 shows an example of the cumulative infiltration curve for each reason of failure. In
short, runs failed when i) I was soon nearly linear with t (lack or very short duration of an initial
transient phase, Figure. 5.1.2a) (Angulo-Jaramillo et al., 2019), ii) the infiltration rates increased
with time, as expected in water repellent soil conditions (Figure. 5.1.2b) (Lassabatere et al., 2010;
Alagna et al., 2019), and iii) concavity was or appeared to be particularly pronounced (Di Prima et
al., 2018) (Figure. 5.1.2c).
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Figure 5.1.1 Relationship between the estimated tcrit time and total duration of the field run (a) and scatter plot of
the c1 vs. c2 coefficients (b) (sample size, N = 70)
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Figure 5.1.2 Examples of unsuccessful runs: a) c1 = 0; b) c1 = 0 and c3 < 0; and c) c2 = 0. Blue lines indicate the
fitting of the transient model to the data and red lines indicate the adaption of the steady-state model to the data
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steady-state phase, I = c3 + c4t

For the 44 runs yielding positive a results, the relative error of the transient infiltration model, Er,
was < 6.1% and, on average, it was equal to 2.2%. In addition, Er did not exceed 3.5%, denoting a
good fit of the model to the data (Lassabatere et al., 2006), in the 86.4% of the cases. For these 44
runs, the estimates of I calculated for t = tcrit with the transient (eq.3a) and the steady-state (eq.3b)
models compared favorably one with the other, since the percentage differences between two
corresponding values of I varied from -4.4% to 2.9%, depending on the run (Figure. 5.1.3).
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Figure 5.1.3 Comparison between cumulative infiltration calculated at the transition time I(tcrit) by eq.(3a)
(transient phase) and eq. (3b) (steady-state phase) for the 44 field experiment yielding positive a estimates
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The valid infiltration runs yielded a values varying from 0.239 (Figure. 5.1.4a) to 1.364 (Figure.
5.1.4b). Figures. 5.1.4c and 5.1.4d show runs yielding an a value close to those suggested by Stewart
and Abou Najm (2018a) and Wu and Pan (1997), respectively.
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Figure 5.1.4 Successful runs yielding a) the lowest a value; b) the highest a value; c) an a value close to that
suggested by Stewart and Abou Najm (2018a); and d) an a value close to that suggested by Wu and Pan (1997).
Blue lines indicate the fitting of the transient model to the data and red lines indicate the adaption of the steadystate model to the data

According to the Lilliefors (1967) test at P = 0.05, the hypothesis that the positive a values were
normally distributed was not rejected and, consequently, the results were summarized by the mean
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and the associated CV. The average value of the a constant (a = 0.933) was closer to the suggested
value by Wu and Pan (1997) than that by Stewart and Abou Najm (2018a). The CV of the individual
estimates of a (30.7%) was much lower than the CVs of c2 and c4 (105.2% and 91.8%, respectively).
A rather high percentage of calculated a values were implausible according to eq.(7) since the 45.5%
of the individual values were greater than one. Excluding these values from the analysis yielded a
mean value of a of 0.735 and an associated CV of 32.3% (N = 24).
Therefore, according to this field investigation, a was intermediate between the suggested values in
the literature (a = 0.91 and 0.45). However, the field experiment was successful with respect to the
estimation of a in a limited number of cases, that is for only the 34.3% of the infiltration runs that
were overall carried out.
The Horton model was successfully fitted to the data for 62 out of the 70 infiltration experiments, and
all failures occurred at the AR site. The Er values varied from 0.41 to 5.60% (Figure. 5.1.5) and they
were lowest at the AR site and highest at the OR site (Table 5.1.2). The k constant, expressing the
rate at which i0 approaches if (Tindall et al., 1999), varied between 0.09 and 70 h-1. Regardless of the
considered central tendency index (mean, median), this rate was greater at the OR and RO sites than
at the AR site.
For the 44 infiltration runs yielding an estimate of the a constant, a scattered but rather clear
relationship was detected between a and k/if (R2 = 0.659), representing a normalized k constant
(Figure. 5.1.6), while appreciably lower R2 values (< 0.298) were obtained with other parameters of
the Horton model or with combinations among them (i0, if, k, i0-if, (i0-if)/k). For these runs, the k/if
ratio varied between 0.011 and 0.067 mm-1. For the 26 cases in which estimation of a failed, the
Horton model was not applicable (eight runs) or k/if was either greater than 0.67 mm-1 (14 runs) or
smaller than 0.011 mm-1 (three runs). In a single case, an estimate of a was not obtained even if k/if
was in the range 0.011-0.067 mm-1 (in particular, equal to 0.025 mm-1).
Table 5.1.2 Summary statistics of the initial infiltration rate, i0, final infiltration rate, if, and the constant k of the
Horton infiltration model for each sampled site
Site
Statistic
i0 (mm h-1)
if (mm h-1)
k (h-1)
Er (%)
AR
(N=42)

OR
(N=10)

RO
(N=10)

Min

200.1

9.53

0.093

0.41

Max

4675.1

1370.2

67.1

4.10

Mean

1470.0

320.7

8.05

1.29

Median

1300.0

150.8

3.90

0.99

CV (%)

62.4

89.6

152.0

61.1

Min

1176.7

42.4

6.55

2.88

Max

7985.0

219.6

44.6

5.60

Mean

3595.2

93.5

20.6

4.60

Median

2984.2

64.8

17.6

4.83

CV (%)

64.8

62.1

59.9

22.8

Min

416.1

131.0

3.69

1.55

Max

11243.0

716.1

70.1

4.46

Mean

2734.2

328.6

19.9

2.89

Median

890.3

247.5

6.73

2.45

CV (%)

125.7

55.9

110.7

34.8

N = sample size, Min = minimum value, Max = maximum value, CV = coefficient of variation
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Figure 5.1.5 Best and poorest fitting of the Horton model (continuous line) to the cumulative infiltration, I, vs.
time, t, data (white dots) for each sampled site
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Figure 5.1.6 Relationship between the estimated a parameter and the normalized k constant of the Horton
infiltration model

Therefore, the normalized k constant explained both variability of a and the success or the failure of
the experiment. According to the fitted relationship of Figure. 5.1.6, obtaining a < 1 requires a
normalized k constant of more than 0.02 mm-1.
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5.1.5. Conclusions
In conclusion, a does not need to be fixed a priori but it can be estimated by the infiltration run. The
number of successful runs, that is yielding a physically valid estimate of this constant, seems to be a
reduced percentage of the total runs performed in the field for two reasons: i) an estimate of a cannot
be obtained; or ii) an estimate of a is obtained but it has to be rejected as it is not in accordance with
theory (a > 1).
With reference to the physically plausible estimations of a, this constant settles around 0.735, that is
an approximately intermediate value between the two currently available suggestions (0.91 and 0.45).
The experimental value of a could be used to identify the cases in which the new infiltration model
is applicable (positive values smaller than one). The shape of the infiltration curve controls the
success of the experiment with reference to estimation of a.

5.2: Monitoring saturated hydraulic conductivity of a loam soil by
different application methodologies of a beerkan infiltration run
5.2.1. Introduction
The investigation described in this section represents an extension of the work carried out by Auteri
et al. (2020), already introduced in this PhD thesis. In particular, Auteri et al. (2020) only considered
the April 2019 sampling campaign, but a soil monitoring program with the same experimental
protocol as that applied by Auteri et al. (2020) started on November 2017 on the basis of two different
premises.
The first premise was that the soil hydrodynamic properties, depending on soil structure, can vary
also appreciably with time (e.g, Prieksat et al., 1994) and a temporal variability of the saturated soil
hydraulic conductivity, Ks, determined in the field with single-ring infiltration methods was
previously detected at the same field site sampled in this investigation (Bagarello and Sgroi, 2007;
Alagna et al., 2016).
The other premise was that the low-high methodology developed by Bagarello et al. (2014) was found
to be able to signal the impact of the initial soil water content on the Ks values determined with runs
with different soil perturbing effects (Alagna et al., 2016). In particular, soil alteration due to a high
run was found to be greater when the initial soil water content was low. However, this information
was obtained with reference to only three sampling dates and also with a simpler methodology than
the one subsequently applied in other investigations. In particular, Alagna et al. (2016) only used 15
water volumes for each type of run.
It was therefore thought that it would have made sense exploring the temporal variability of the Ks
values determined with different application methodologies of a beerkan run, also in the perspective
to possibly support the conclusions by Alagna et al. (2016). Consequently, starting on November
2017, campaigns of measurements were realized at different dates. All experiments were carried out
by performing longer runs than those performed by Alagna et al. (2016), that is using more water to
better follow possible soil deterioration processes associated with a perturbing run.
A total of five sampling campaigns were performed in the period November 2017 – April 2019. The
monitoring program is still active but the data collected until now were subjected to a first analysis,
that is the one reported here, also with the objective to verify if methodological changes or adaptions
are advisable in the perspective to develop a dataset that contains the largest possible amount of
information and hence to make interpretation of the results easier and more robust.
The general objective of this investigation was the same as that by Auteri et al. (2020), that is to verify
if performing a beerkan infiltration run with more water than that corresponding to the standard
experimental protocol could be justified in the perspective to obtain realistic soil data for simulation
of hydrological processes. A loam soil was sampled by L and H runs using a relatively large number
of water volumes on different occasions to i) verify water volume and water pouring height effects
on the established infiltration process; ii) explore if soil deterioration changes with the sampling date,
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that is under different antecedent soil water content and perhaps also soil bulk density conditions; iii)
compare the saturated soil hydraulic conductivity values obtained with infiltration runs differing by
both the number of poured water volumes and the height of water application; iv) verify the effect of
the applied experimental methodology on the detected temporal variability of Ks; and v) establish if
the Ks data can be explained by the gravitational potential energy of the water used for the infiltration
experiment.

5.2.2. Materials and methods
Field site
The study was performed at the Agricultural, Food and Forest Sciences Department of the University
of Palermo (Italy), in a citrus orchard under conventional tillage with trees spaced 4 m × 4 m apart
(coordinates 33S 355511E 4218990N). The soil at the field site (Typic Rhodoxeralf) has a relatively
high gravel content and it is mostly sandy-loam or loam down to a depth of at least 0.30 m (Bagarello
and Provenzano, 1996; Bagarello, 1997; Bagarello et al., 2014; Concialdi et al., 2020). This
investigation was performed on an area of approximately 200 m2, in which the soil had mainly a loam
texture, according to the USDA classification system (clay = 15.4%, silt = 36.2%, sand = 48.4%),
and a soil organic carbon content equal to 3.1% (Auteri et al., 2020). The soil structural stability index
calculated according to Pieri (1992) was equal to 10.5%, suggesting a stable structure (Reynolds et
al., 2009). The soil surface was gently leveled and smoothed by manual implements before sampling.
To sample a bare area, the superficial herbaceous vegetation was cut with a knife when it was present,
while the roots remained in situ.
Experimental field methods
Small diameter (D = 0.08 m) rings were inserted on the soil surface to a depth of 0.01 m for the
beerkan infiltration runs (Lassabatere et al., 2006). Ring insertion was conducted manually or by
gently using a rubber hammer and ensuring that the upper rim of the ring remained horizontal during
insertion. The rings were particularly small to more clearly detect possible effects of soil disturbance
due to water application.
On a given sampling date, a total of 20 infiltration runs were carried out at randomly selected
locations. For each run, 30 water volumes, each of 57 mL, were successively poured in approximately
3 s on the confined infiltration surface. For each water volume (1st, 2nd, …, 30th), the infiltration time
was measured from water application to disappearance of all water, when the subsequent water
volume was poured on the infiltration surface. Despite other choices could have been made to
establish when adding a new volume of water (Smith, 1999), waiting for complete disappearance of
water from the infiltration surface was preferred to reduce operator’s subjectivity when the infiltration
surface was disturbed as a consequence of repeated, soil perturbing water applications. Ten runs were
carried out by applying water at a small distance from the infiltration surface, i.e. approximately at a
height, hw, of 0.03 m. Water energy was dissipated on the fingers of the hand in an attempt to minimize
soil disturbance due to water application (low, L, runs). Water was applied from hw = 1.5 m at the
other 10 sampling points (high, H, runs). The soil surface was not shielded in this case to maximize
possible disruptive effects of water impact. To ensure flow verticality and prevent wind effects, the
device developed by Bagarello et al. (2014) and Alagna et al. (2016) was used. Only nine H runs were
performed on September 2018 due to the adverse meteorological conditions during this field
campaign.
At least one L and one H run were carried out on a given day at a distance of no more than 1.5-2.0 m
from each other. In an intermediate position between the two sampling points for infiltration, two
undisturbed soil cores (0.05 m in height by 0.05 m in diameter) were collected at the 0 to 0.05 m and
0.05 to 0.10 m depths, in accordance with other investigations (e.g., Lassabatere et al., 2019). These
cores were used to determine the dry soil bulk density, b, and the antecedent volumetric soil water
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content, i. The soil porosity, f, was calculated from b assuming a soil particle density of 2.65 g/cm3.
According to other investigations, the field saturated soil water content, s, was assumed to coincide
with f (Mubarak et al., 2009; Bagarello et al., 2011; Angulo-Jaramillo et al., 2016, 2019). The data
were averaged over the two depths and they were associated with the couple of L and H runs
performed in the vicinity of the soil sampling location. A nearly uniform vertical profile of i was
assumed because the soil was not irrigated and no rainfall occurred for several weeks before sampling.
The experiment was repeated on five different dates during a 18 months period (November 2017,
April, May and September 2018, April 2019) to encompass how environmental conditions and hence
of antecedent soil water content.
Calculations and data analysis
Infiltration data were plotted on cumulative infiltration, I (L), vs. time, t (T), and infiltration rate, ir
(L/T), vs. I plots to take an initial look at the general response of the two types of experiments (L and
H) for each sampling date. The ir vs. I plot was used since durations changed from run to run, making
presentation of all data on a single ir vs. t plot confuse. For each campaign, the mean infiltration time
of each applied water volume (1st, 2nd, …, 30th) was calculated for both the low, tL (T), and the high,
tH (T), runs. The tH/tL ratio was then plotted against the number of the applied water volumes, nv,
to detect the effect of the height of water pouring on infiltration.
For each run, the BEST-steady algorithm (Bagarello et al., 2014) was applied to calculate saturated
soil hydraulic conductivity, Ks (L/T), from the experimentally determined intercept, bs (L), and slope,
is (L/T), of the straight line fitted to the data describing steady-state conditions on the I vs. t plot.
BEST-steady was preferred over BEST-slope (Lassabatere et al., 2006) and BEST-intercept (Yilmaz
et al., 2010) because it was the only algorithm that, in another investigation, allowed a successful
treatment of runs involving soil alteration and led to Ks values close to those obtained by rainfall
simulation (Di Prima et al., 2018).
Two Ks values were determined for each infiltration run (L and H). In particular, an estimate of this
parameter was obtained by considering a run with 15 water volumes, that represents the standard
number of water volumes for a beerkan experiment and was used in previous investigations on height
effects (Lassabatere et al., 2006; Bagarello et al., 2014; Alagna et al., 2016). Another estimate of Ks
was obtained for a run with 30 water volumes, that is using the complete experimental information.
Consequently, four different experimental methodologies were considered to calculate Ks: 15L (15
water volumes and low, L, height of water pouring), 30L (30 water volumes, L runs), 15H (15 water
volumes and high, H, height of water pouring) and 30H (30 water volumes, H runs). The 15L
methodology represents the standard beerkan infiltration experiment according to Lassabatere et al.
(2006). The 30L methodology was expected to be perhaps more reliable with respect to attainment
of steady-state infiltration rates. The 15H methodology was the most soil perturbing methodology in
previous investigations on height effects (Bagarello et al., 2014; Alagna et al., 2016). The 30H
methodology had the most perturbing character in this investigation.
For each experimental methodology, the gravitational potential energy, Ep (J/m2), of the water used
for the infiltration run was calculated taking into account that both the mass of water and the height
of fall were known (Auteri et al., 2020).
Each dataset was summarized by calculating the mean, M, and the associated coefficient of variation,
CV. The arithmetic mean and the associated CV were calculated for ρb and i. For Ks, the statistical
frequency distribution of the data was preliminarily checked with the Lilliefors (1967) test by
considering both a normal and a ln-normal distribution. Ln-normally distributed data were
summarized by the geometric mean and the associated CV (Lee et al., 1985).
For each sampling date, comparisons were established between different experimental
methodologies. In particular, differences in Ks between the least (15L) and the most (30H) soil
altering experiments were checked. The dependence of these differences on the two experimental
factors that were allowed to vary was then determined by comparing the 15L and 30L (water volume)
and the 30L and 30H (height of pouring) methodologies.
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A comparison was also established for each experimental methodology (15L, 30L, 15H, 30H) among
the different sampling dates.
The infiltration data corresponding to the 15L scenario were also analysed by the so-called method 1
by Wu et al. (1999) and a comparison with the BEST-steady calculations of Ks was carried out. This
comparison was made because method 1 does not require attainment of steady-state conditions
(Stewart and Najm, 2018). Therefore, stabilization of the late phase of the 15L run was considered
plausible if the Ks dataset developed with BEST-steady on the basis of this assumption compared
favorably with the Ks dataset obtained without making any hypothesis on flow steadiness. Only the
15L scenario was considered for this check since the uncertainties about attainment of steady-state
infiltration rates were highest in this case.
The relationship between the mean values of Ks obtained with the four experimental methodologies
and Ep was then tested to verify if the gravitational potential energy of the water used for the
infiltration experiment explained changes in the saturated soil hydraulic conductivity. Exponential,
linear, logarithmic and power relationships were considered and the relationship having the highest
coefficient of determination, R2, was retained for further analysis.
Two-tailed t tests were carried out to compare two datasets while the Tukey Honestly Significant
Difference (THSD) test was used to compare more than two datasets (Daniel, 1996). Ln-transformed
values were considered when the data were found to be ln-normally distributed. A two-tailed t test
was also used to establish the statistical significance of the fitted regression line to the data (Glantz,
2012). All test were carried out at P = 0.05.

5.2.3. Results and discussion
Soil water content and dry soil bulk density
During the study period, the mean soil water content at the beginning of a beerkan infiltration
campaign, i, varied by approximately two times, that is between 0.103 and 0.215 m3/m3 (Table
5.2.1).
The mean i values at each date differed according to the sequence NOV17 = APR18 > APR19 =
MAY18 > SEP18.
In general, the soil was wettest in the autumn season and driest at the end of summer.
Both wet and intermediate soil water conditions were detected in the spring months.
The dry bulk density varied between 0.97 and 1.06 g/cm3 and the mean b value at each date differed
according to the sequence APR19 > SEP18 = MAY18 > NOV17 = APR18 (Table 5.2.1).
Therefore, the bulk density was lower in the early stages (first sampling dates) than in the later stages
of the experiment.
A temporally increasing dry soil bulk density was detected in another zone of the same orchard, with
mainly a sandy-loam soil, by Bagarello and Sgroi (2007).
The low values of b were probably indicative, at least in part, of a large presence of macropores
formed by earthworms that were frequently observed, but they could also be expressive of the fact
that collecting undisturbed soil cores was not always easy due to the widespread presence of gravel
and stones at the field site (Bagarello and David, 2020).
Infiltration experiments
With reference to the classical protocol for a beerkan run, that is a low height of water application,
using 30 volumes of water (cumulative infiltration, I = 340.2 mm) instead of 15 volumes (I = 170.1
mm) determined longer infiltration times by 2.2 to 3.8 times, depending on the sampling date (Table
5.2.2).
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Table 5.2.1 Statistics of the initial volumetric soil water content, θi, dry soil bulk density, ρb, and saturated soil
hydraulic conductivity, Ks, obtained with different experimental methods in the five sampling dates
Variable Statistic
November
April
May 2018 September April
2017
2018
2018
2019
θi
N
10
10
10
10
10
(m3/m3) Min
0.191
0.161
0.099
0.082
0.119
Max
0.236
0.258
0.161
0.118
0.238
Mean
0.215 a
0.199 a
0.137 b
0.103 c
0.158 b
CV (%)
6.5
15.3
12.0
11.8
21.8
ρb
N
10
10
10
10
10
(g/cm3)
Min
0.881
0.804
0.849
0.943
0.970
Max
1.056
1.172
1.116
1.157
1.193
Mean
0.966 a
0.957 a
0.979 ab
1.037 ab
1.064 b
CV (%)
6.0
11.1
7.9
6.9
5.5
Ks,15L
N
10
10
7
7
7
(mm/h) Min
19.0
11.7
169.5
195.0
87.0
Max
545.3
531.4
2182.1
2087.5
1003.2
Mean
94.6 a
105.1 a
601.6 b
553.2 b
293.8 ab
CV (%)
129.3
209.8
133.8
95.6
107.6
Ks,30L
N
10
10
7
7
7
(mm/h) Min
6.4
4.0
65.7
52.6
21.2
Max
60.0
115.4
1637.0
671.1
181.4
Mean
16.4 a
29.9 ac
173.4 b
181.8 b
83.8 bc
CV (%)
95.9
171.0
167.3
117.2
88.9
Ks,15H
N
9
10
8
8
9
(mm/h) Min
10.6
4.4
9.1
26.0
12.1
Max
72.1
270.9
466.7
587.1
112.1
Mean
22.1 a
29.9 a
49.2 a
69.6 a
31.0 a
CV (%)
88.1
181.2
240.2
169.2
95.4
Ks,30H
N
9
10
8
8
9
(mm/h) Min
3.7
3.3
4.7
5.3
2.5
Max
55.8
23.4
65.0
22.3
17.9
Mean
7.7 a
10.9 a
12.4 a
8.8 a
6.3 a
CV (%)
114.9
60.8
105.6
53.2
67.6
Ks,15L: 15 water volumes and low runs; Ks,30L: 30 water volumes and low runs; Ks,15H: 15 water volumes and high runs; Ks,30H: 30
water volumes and high runs. N = sample size; Min = minimum value; Max = maximum value; Mean = arithmetic mean for θi
and ρb and geometric mean for Ks; CV = coefficient of variation. Values in a row followed by the same lowercase letter are not
significantly different according to the Tukey Honestly Significant Difference test at P = 0.05

Table 5.2.2 Statistics of the duration (h) of the infiltration process for each experimental methodology in the five
sampling dates
Methodology Statistic
November
April 2018
May 2018
September
April 2019
2017
2018
L15
N
10
10
10
10
10
Mean
0.345
0.452
0.143
0.166
0.155
CV (%)
84.0
89.9
36.5
48.8
51.8
L30
N
10
10
10
10
10
Mean
1.27
1.37
0.325
0.383
0.368
CV (%)
79.2
97.7
44.7
54.3
59.9
H15
N
10
10
10
9
10
Mean
0.717
0.996
0.484
0.278
0.587
CV (%)
60.5
77.5
66.0
41.7
49.8
H30
N
10
10
10
9
10
Mean
2.54
3.16
1.75
1.62
2.34
CV (%)
55.2
62.6
60.0
49.2
41.7
L15: 15 water volumes and low runs; L30: 30 water volumes and low runs; H15: 15 water volumes and high runs; H30: 30
water volumes and high runs. N = sample size; Mean = arithmetic mean; CV = coefficient of variation
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The smallest d30/d15 (d30 and d15 = duration of the run with 30 and 15 volumes of water,
respectively) values were detected in MAY18, SEP18 and APR19 (2.2 < d30/d15 < 2.4) while the
highest ratios were observed for the NOV17 and APR18 campaigns (2.8 < d30/d15 < 3.8). Obtaining
d30/d15 ratios greater than two was plausible since the initial stage of an infiltration process into an
initially unsaturated soil is typically faster than the later stage (e.g., Elrick and Reynolds, 1992). To
be clearer, a value of d30 exactly twice that of d15 can only occur if the mean infiltration rate does
not change between the early (first 170.1 mm of infiltration) and the later stage (subsequent 170.1
mm) of the run. This equality presupposes that the infiltration process has a steady-state character
from the beginning of the experiment (lack of the initial transient phase with decreasing infiltration
rates) and also that the soil does not experience any deterioration as water application continues.
On NOV17, the mean d30/d15 values were similar between the L and H runs (3.8 and 3.9,
respectively). In all the other cases, d30/d15 was higher for the H runs (> 3.5, depending on the
campaign) than the L runs (< 2.8). The H experiment with 15 water volumes was 1.7-3.8 times (mean
= 2.6) longer than the corresponding L experiment, depending on the sampling date. With 30 volumes,
a H run determined a 2.0-6.3 times (mean = 4.1) longer process than an L run. Therefore, this initial
check suggested that a high height of water pouring slowed down infiltration. This slowdown was
perceivable with a relatively small amount of applied water (15 water volumes) but it was more
noticeable with more water (30 volumes). Taking into account that the H experiments were expected
to have a more soil perturbing character than the L ones, total duration of the run was a synthetic
index of water pouring height effects on the infiltration process.
Total infiltration time was also used by Lassabatere et al. (2019) to summarize the general behavior
of a set of field infiltration data.
Both the cumulative infiltration (I vs. t) and the infiltration rate (ir vs. I) curves signaled that the
infiltration processes were generally consistent with theory (Figure 5.2.1). In particular, the concavity
of the I vs. t curves was generally facing downwards and the infiltration
rates decreased during the run. In some cases, however, the I vs. t relationship was nearly linear,
indicating a nearly steady-state infiltration process from the beginning of the run, or it yielded some
weak sign of a concavity facing upwards, as expected in consequence of some soil hydrophobicity
(Lassabatere et al., 2010, Alagna et al., 2019). Infiltration rates were generally greater for the L runs
than the H runs.
In general, the mean infiltration time of a fixed water volume increased during the run (Figure 5.2.2).
However, with reference to the L runs, two types of response were detected. In particular, Δt appeared
to steadily and appreciably increase with the number of the applied water volumes, nv, for the former
two campaigns while it increased at an appreciably smaller rate on the last three occasions. The H
runs yielded in general greater Δt values than the L runs. On a Δt vs. nv graph, stabilization of the
infiltration process is signaled by nearly horizontal data points. A near stabilization of the infiltration
rates close to the end of the experiment was perceivable for three of the five sampling campaigns with
the L runs (MAY18, SEP18, APR19) and four of the five campaigns with the H runs (APR18,
MAY18, SEP18, ,and, with some uncertainty APR19), although with some uncertainty and/or
approximation due to the data scattering. Signs of stabilization after applying 15 water volumes were
weak or, more frequently, not perceivable. In particular, there was not any sign of a stabilization of
the process for the L runs performed on the first two sampling dates and for all the H runs.
The tH/tL ratio was generally greater than one and it increased, for at least a part of the run, with
the number of applied water volumes (Figure 5.2.3). In particular, tH/tL increased only a little with
nw in the first two sampling campaigns and it stabilized around a value of almost 2.0-2.5 after applying
approximately ten water volumes.
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Figure 5.2.1 Cumulative infiltration, I, vs. time, t, and infiltration rates, ir, vs. I for the five sampling campaigns and
the two heights of water pouring (sample size, N = 10 for each site and type of run; N = 9 for the H runs on SEP18)
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For the MAY18 and APR19 sampling campaigns, tH/tL increased steadily and it only stabilized in
the final part of the run (approximately, last 4 or 5 water volumes) around an appreciably greater
value, that is between 7 and 9. For the SEP18 campaign, tH/tL initially increased slowly with nv.
About halfway through the test, tH/tL started to increase more appreciably and then it stabilized
around a value of approximately 7. A value of tH/tL greater than one indicates deterioration of the
surface soil layer (Bagarello et al., 2014; Alagna et al., 2016; Auteri et al., 2020). According to this
investigation, the same soil reacted differently to the disturbance effects associated with a high height
of pouring. In particular, the experimental methodology and also the operator did not change among
the sampling campaigns but soil disturbance effects were relatively limited on two occasions and
more noticeable in the other three cases.
Attempting to interpret this result, it was preliminarily noted that the lowest tH/tL ratios (Figure
5.2.3) were associated with the slowest L runs (largest t values in Figure 5.2.2).
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Figure 5.2.2 Mean infiltration time, Δt, of each applied water volume for the two types of runs (low, L, and high,
H) at each sampling date (each data point in the graphs is the mean of 9 or 10 individual Δt values)
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Figure 5.2.3 Ratio between the mean infiltration time for a water application height of 1.5 m (ΔtH) and 0.03 m
(ΔtL) during the beerkan runs plotted against the number of the applied volumes of water for the five sampling
campaigns

A possible physical interpretation of this circumstance could be that low infiltration rates are typical
of soils having an overall limited permeability to water. In this case, there are few opportunities for
the H run to determine further slowdowns of the infiltration process. Instead, L runs yielding high
infiltration rates denote a permeable porous medium, with a presumably high presence of large pores,
that are known to be particularly unstable (Jarvis et al., 2013). In this case, the H run has a more
noticeable impact on the established infiltration process since the mechanical solicitation caused by
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the impact of water is more effective in altering the macropores. In other terms, it seems that the
ΔtH/ΔtL ratios of this investigation were mainly controlled by the denominator. These ratios were
relatively small on NOV17 and APR18 because the denominator was high. Instead, they were
relatively high on MAY18, SEP19 and APR19 because the denominator was small.
A single sampling campaign does not yield a long-term valid information for a soil of interest since
the soil response is temporally variable. However, the experimental methodology used in this
investigation appeared appropriate to obtain a complete information on the dynamics of the
disturbance processes in different circumstances since ΔtH/ΔtL nearly stabilized by the end of the run
in all cases.
Plotting the coefficient of variation, CV, of the t values measured, for a given water volume (1st, 2nd,
… 30th), on the five sampling dates against nv revealed a different response of the L and the H runs
(Figure 5.2.4). In particular, the CV values stabilized during the later phase of the infiltration process,
that is after applying approximately 20 water volumes. However, they initially increased with
reference to the L runs. For the H runs, CV first increased (four water volumes) and then decreased.
The stabilized CV values were approximately four times larger for the L runs (nearly 80%) than the
H runs (nearly 20%). A lower CV value was obtained with the H runs than the L runs starting from
the seventh water volume. The increasing relationship between CV and nv for the L runs could be a
consequence of the fact that some t values did not vary much during the experiment (MAY18,
SEP18, APR19) while others increased appreciably with nv (NOV17, APR18). The generally smaller
CV values for the H runs was viewed as denoting a homogenization of the soil response, regardless
of the sampling date. In other terms, the soil subjected to a mechanical solicitation loses part of its
variability and behaves like a basically homogeneous medium.
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Figure 5.2.4 Coefficient of variation, CV, of the infiltration times of a given water volume measured on the five
sampling dates with the L and H runs plotted against the number of the applied water volumes

Saturated soil hydraulic conductivity
According to the Lilliefors (1967) test, the hypothesis of a normal distribution of the untransformed
Ks data was rejected for three of the 20 tested datasets (Table 5.2.3) while it was never rejected with
reference to the ln-transformed data. Moreover, the largest difference between the empirical
cumulative distribution function and the corresponding theoretical function was generally smaller
with reference to these last data. Therefore, Ks was assumed to be ln-normally distributed, and the
data were summarized by calculating the geometric mean and the associated coefficient of variation.
Valid calculations of Ks were obtained for 7 to ten runs for a given sampling date and an experimental
methodology. Invalid calculations occurred as a consequence of a negative estimate of the intercept
of the straight line passing through the last three data points for the nearly linear or slightly concave
upwards cumulative infiltration curves.
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Table 5.2.3 Results of the normality test by Lilliefors (1967) for the saturated soil hydraulic conductivity, Ks,
values obtained with the 15L, 30L, 15H and 30H experimental methodologies
Sampling
L runs
H runs
Dmax
date
Ns Dcrit
Ns Dcrit
15L
30L
15H
30H
N
LN
N
LN
N
LN
N
LN
November
10 0.258 9
0.271 0.220
0.104
0.191
0.166
0.254
0.166
0.338
0.265
2017
NR
NR
NR
NR
NR
NR
R
NR
April 2018
10 0.258 10 0.258 0.131
0.111
0.151
0.174
0.279
0.144
0.157
0.098
NR
NR
NR
NR
R
NR
NR
NR
May 2018
7
0.300 8
0.285 0.152
0.138
0.290
0.187
0.218
0.106
0.199
0.083
NR
NR
NR
NR
NR
NR
NR
NR
September
7
0.300 8
0.285 0.190
0.141
0.101
0.130
0.289
0.160
0.239
0.160
2018
NR
NR
NR
NR
R
NR
NR
NR
April 2019
7
0.300 9
0.271 0.135
0.116
0.089
0.145
0.192
0.111
0.129
0.071
NR
NR
NR
NR
NR
NR
NR
NR
Ns = sample size. Dcrit = critical D value at a significance level of 0.05. N = normality test of the non-transformed variable (Ks).
LN = normality test of ln(Ks). Dmax = maximum absolute difference between the sample cumulative distribution function and
the cumulative normal distribution function with mean and variance equal to the sample mean and variance, respectively. NR
= the normal distribution hypothesis was not rejected. R = the normal distribution hypothesis was rejected. For given sampling
date and experimental methodology, the closer distribution to the normal one between the non-transformed and the lntransformed data is underlined

The individual values of Ks determined in this investigation varied by nearly three orders of
magnitude, that is from 2182 to 2.5 mm/h (Table 5.2.1). The means of Ks varied with the sampling
date and the applied experimental methodology by two orders of magnitude (Table 5.2.1). The
highest mean value, equal to 602 mm/h, was obtained on MAY18 with the 15L experiment. The
lowest value, equal to 6.3 mm/h, was obtained on APR19 with the 30H experiment.
On all sampling dates, the highest and the lowest Ks values were obtained with the experiments that
induced the lowest (15L) and the highest (30H) soil disturbance, respectively (Table 5.2.1), and all
differences between two extreme mean values were statistically significant (Table 5.2.4). Therefore,
the applied experimental methodology always had a statistically detectable impact on determination
of both soil hydrodynamic parameters. The changes of Ks were more noticeable on the last three
sampling dates (MAY18, SEP18 and APR19: decrease by 46.5-62.9 times from the 15L to the 30H
experiment, Table 4) than on the first two sampling dates (NOV17 and APR18: decrease by 9.6-12.3
times). This result confirmed that Ks is a sentinel property since it is highly sensitive to the applied
experimental methodology (Reynolds et al., 2000; Auteri et al., 2020).
Table 5.2.4 Statistical difference between the saturated soil hydraulic conductivity values obtained in the five
sampling dates with different experimental methodologies and ratio between the two mean values (highest Ks
value/lowest Ks value) for given comparison and sampling date
Comparison November
April
May
September
April
2017
2018
2018
2018
2019
Ks,30H vs.
Smaller
Smaller
Smaller
Smaller
Smaller
Ks,15L
12.3
9.64
48.4
62.9
46.5
Ks,30L vs. Ks,15L

Smaller
5.77

Smaller
3.51

Smaller
3.47

Smaller
3.04

Smaller
3.51

Ks,30H vs.
Ks,30L

Not different
(2.13)

Smaller
2.74

Smaller
13.9

Smaller
20.7

Smaller
13.3

Ks,15L: 15 water volumes and low runs; Ks,30L: 30 water volumes and low runs; Ks,15H: 15 water volumes and high runs; Ks,30H: 30
water volumes and high runs. Non-paired, two-tailed t test for the Ks,30H vs. Ks,15L and Ks,30H vs. Ks,30L comparisons. Paired, twotailed t test for the Ks,30L vs. Ks,15L (P = 0.05 in both cases). All comparisons were carried out on the ln-transformed Ks data. The
ratio between the highest and the lowest mean Ks values is reported in parenthesis in the case of not statistically significant
differences
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However, sensitivity of the Ks determination to the applied methodology differed between the
sampling dates. In particular, it appeared to be smaller when the soil was initially wet and the saturated
conductivity determined with the standard protocol (Lassabatere et al., 2006) was relatively low
(Table 5.2.1). Given that the soil texture did not vary since the same zone was sampled on each
sampling date, smaller Ks values should denote less macropores in the soil. This circumstance could
then suggest that, on the first two sampling dates, there were less opportunities to modify the soil pore
arrangement as compared with the latter three sampling dates, in which the Ks values determined with
the standard protocol were higher by 2.8 or more times. In other terms, on the two first two sampling
dates was less permeable and hence inherently less modifiable as compared with the last three
sampling dates.
The results of this investigation were consistent with those obtained by Alagna et al. (2016), working
on a sandy-loam zone of the same field and only using 15 water volumes to perform L and H runs. In
particular, these authors noticed that the dry soil was more sensitive to the height from which water
was poured than a wet soil and they also suggested that, in more macroporous conditions (lower i,
higher Ks), there were more opportunities for aggregate breakdown, compaction of the exposed soil
surface and macropore obstruction, that are expected phenomena when the applied water has a
mechanical impact on the soil surface. In addition, a greater stability of an initially wetter soil is
documented in the literature. For example, Truman et al. (1990) concluded that an increase in initial
water conditions increased the resistance of the aggregates to the forces of raindrops, thereby
lessening particle detachment. Fohrer et al. (1999) reported that, under continuous rainfall conditions,
an initially dry soil showed a higher compaction than an initially moist soil.
The saturated conductivity decreased by 3.0 to 5.8 times, depending on the sampling date, for
increasing water volumes (comparison between 15L and 30L methodologies, Table 5.2.4) and by 2.1
to 20.7 times for increasing height of water pouring (30L vs. 30H methodologies). More in particular,
the height of water pouring had a larger influence than the used water volume when the soil was
initially dry and highly permeable.
A run making use of more water (30L instead of 15L) can be expected to yield smaller Ks values for
different reasons. The most obvious is a closer attainment of nearly steady-state conditions with the
longer run (Reynolds and Elrick, 2002). In this investigation, stabilization after applying 15 water
volumes was questionable on the whole in several circumstances (Figure 5.2.2) although each
individual run did not appear visually evidently unsteady (Figure 5.2.1). The 15L methodology was
suggested as a sort of standard method to perform a beerkan infiltration run in the field (Lassabatere
et al., 2006) although other procedures could be applied. For example, water can be added until two
(Mubarak et al., 2009) or three (Mubarak et al., 2010) consecutive infiltration times are identical or
until the differences in infiltration times between consecutive water applications become negligible
(Lassabatere et al., 2019). The practical advantage of the protocol by Lassabatere et al. (2006) is that
the amount of water to be used for an experiment is rather small and it can be fixed in advance, which
greatly simplifies planning of sampling campaigns in general and especially in remote areas. Instead,
perfect identity of two or three consecutive infiltration times does not always assure that steady-state
was reached (Bagarello et al., 1999) and establishing when differences between two infiltration times
are negligible is unavoidably rather subjective.
With reference to the 15L scenario, calculations of Ks were successful with both BEST-steady and
method 1 by Wu et al. (1999) for 34 of the 50 runs. Attempting to perform a reliable comparison
between the two Ks calculation methods, a single dataset including these 34 runs was considered. A
possible alternative choice, that is considering separately each sampling date, was excluded since in
some instances Ks calculations were valid with both methods in only a few cases (in particular, three
runs for the MAY18 sampling campaign), likely making a comparison based on such small datasets
not very informative. Although there were generally similarities between the two developed Ks
datasets (Ks,BS and Ks,WU1), particularly low Ks values were provided by the transient method but not
the steady one in a few instances (Figure 5.2.5). For both datasets, the hypothesis of a normal
distribution was rejected for the untransformed Ks data but not with reference to the ln-transformed
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data (Lilliefors, 1967). Consequently, Ks was assumed to be ln-normally distributed, and the data
were summarized by calculating the geometric mean and the associated CV (Figure 5.2.5).
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Figure 5.2.5 Cumulative empirical frequency distribution of the saturated soil hydraulic conductivity values
obtained with BEST-steady (Ks,BS) and method 1 by Wu et al. (1999) (Ks,WU1) with reference to the 15L infiltration
runs (sample size, N = 34)

The two datasets differed widely with reference to relative variability. Moreover, the two means were
significantly different according to a two-tailed paired t test performed on the ln-transformed Ks
values. In particular, the two means differed by 1.6 times which indicated, within the validity limits
of the established comparison, that on average the steady method overestimated Ks for no more than
a small quantity according to the suggested criterion by Elrick and Reynolds (1992). Therefore, this
comparison gave a partial support to the assumption that near steady-state conditions were
approximately reached, or at least approached, by using 15 water volumes, as expected according to
the rule of thumb by Lassabatere et al. (2006). More precisely, the BEST-steady calculations
overestimated Ks but not appreciably. With BEST-steady, the mean Ks values obtained with the 15L
and 30L methodologies differed by 3.0 to 5.8 times, depending on the sampling date (Table 5.2.1).
Also assuming that the steady state was not obtained and thus decreasing the means of Ks obtained
with the shortest experiment by a factor of 1.6, the means of short run remained higher than those
obtained with the longer run by 1.9 to 3.6 times. This result did not demonstrate unequivocally that
this last decrease was a consequence of soil deterioration due to a prolonged wetting but induced to
believe that this could be a plausible interpretation since the concerns about achievement of steadiness
with the shortest run, possibly influencing the differences between the two compared datasets (15L
and 30L), were removed or, at least, mitigated in the established comparison.
More water implies larger sampled volumes (Elrick and Reynolds, 1992) which could suggest that
the different response of the 15L and 30L runs was a consequence of small scale spatial variability of
soil hydraulic properties (Price and Bauer, 1984; Mallants et al., 1996). However, each individual
30L run yielded a smaller Ks value than the corresponding 15L run and it was unlikely that each
smaller soil bulb was systematically embedded in a less permeable bulb. It is therefore more likely
that increased water volume promoted some soil structural changes (Or, 1996; Bagarello and Sgroi,
2004; Lado et al., 2004; Dikinya et al., 2008). The infiltration run was longer and therefore there was
more time for a weakening of the bonds between soil particles and more chances that detached soil
particles were transported, with a subsequent modification of the soil pore system.
Applying water from a higher height (30H instead of 30L) can be expected to yield smaller infiltration
rates as a consequence of mechanical effects on the soil surface, such as compaction and vertical
displacement of detached soil particles and small aggregates. Vertical heterogeneity of soil hydraulic
properties was not considered to explain the detected differences between the 30L and 30H runs since
the same water volume was used for these runs. Areal heterogeneity was also viewed as an unlikely
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explanation because the sampled area was rather small and the number of replications was relatively
large.
The applied experimental methodology had a clearly perceivable impact on temporal variability of
Ks. In particular, the 15L methodology indicated that the soil had a greater conductivity on MAY18
and SEP18 than on NOV17 and APR18 and also that the saturated conductivity of APR19 was similar
to the other four dates (Table 5.2.1, Figure 5.2.6).
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Figure 5.2.6 Comparison between field campaigns

The result was similar, although not identical, with the 30L methodology. Instead, neither the 15H
nor the 30H methodologies signaled any difference among the five sampling dates. Therefore, the
soil was found to be temporally stable in this case. The summary of the mean Ks values obtained on
the five sampling dates showed a clear general decrease of this hydrodynamic soil property in the
passage from the 15L to the 30H experimental methodology and it also revealed a clear homogenizing
effect of the more soil perturbing experiments (lower CV and lower ratio between the two extreme
mean values of Ks for a given methodology, Table 5.2.5).
Therefore, it appeared that the saturated conductivity of the sampled soil tended to collapse towards
a rather narrow range of small values, likely compatible with surface runoff formation in many
instances, when a soil perturbing run was carried out.
High or very high Ks values are typical of macroporous soils and the macropores that dominate flow
at saturation are known to be fragile (Jarvis et al., 2013) and less stable than matrix pores (Kutílek et
al., 2006). Likely, changing the experimental method to perform an infiltration run in the field implied
passing from a process mainly governed by the unstable structural macroporosity (Watson and
Luxmoore, 1986; Jarvis and Messing, 1995; Jarvis et al., 2013) to a process that was more controlled
by the soil matrix, which did not vary. According to this investigation, a decline of the soil
hydrodynamic properties can have a nearly abrupt character, that is a single infiltration run is enough
to deeply modify the detectable hydrodynamic response of the soil.
The results of this investigation appear attractive in a hydrological perspective. For example,
Hortonian surface runoff is expected to occur as a consequence of prolonged and intense rainfall
events, often inducing development of an altered layer at the soil surface (Assouline and Mualem,
2002, 2006). As shown in this investigation, the soil sampled with classical methodologies only
differing by the run duration (15L and 30L) had a conductivity standing on values of > 100 mm/h,
that denote the impossibility to have runoff in most natural situations. However, a more soil
perturbing infiltration experiment, that likely reproduces better what happens at the soil surface when
heavy rainfall occurs, yielded an information on the same soil hydrodynamic property that, at least
potentially, appeared compatible with rainfall excess formation (Ks equal on average to 9.2 mm/h,
Table 5.2.5).
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Table 5.2.5 Mean and coefficient of variation, CV, of the mean values of the saturated soil hydraulic conductivity,
Ks (mm/h), obtained on the five sampling dates with different experimental methodologies and ratio between the
two extreme mean values of Ks
Statistic
15L
30L
15H 30H
Mean

329.7

97.1

40.4

9.2

CV (%)

72.9

80.1

47.4

26.5

Ratio

6.4

11.1

3.1

2.0

15L: 15 water volumes and low runs; 30L: 30 water volumes and low runs; 15H: 15 water volumes and high runs; 30H: 30
water volumes and high runs

Therefore, it seems that the methodology can be adapted to obtain hydrologically relevant soil data
(Auteri et al., 2020). More clearly, a soil can be characterized under different conditions, ranging
from a nearly undisturbed situation (non-perturbing and, perhaps, short run) to heavily disturbed (long
and perturbing run). In the former case, the temporal variability of Ks cannot be neglected and soil
sampling campaigns have to be replicated over time to fully characterize the porous medium. Instead,
temporal variation of Ks does not represent a matter of great concern when it is determined by a soil
perturbing experiment. In this case, sampling the soil only once could be enough to obtain an
information usable at different times for the field site.
The gravitational potential energy, Ep, of the water used for the infiltration run generally explained a
large proportion of the variance in Ks and the relationship between Ks and Ep was statistically
significant in three of the five sampling dates (Table 5.2.6).
Table 5.2.6 Shape and statistical significance of the relationship between the mean saturated soil hydraulic
conductivity and the gravitational potential energy of the applied water by considering three different scenarios:
i) all experimental methodologies (N = 4; 15L, 30L, 15H, 30H), ii) excluding the 30L methodology (N = 3), and iii)
excluding the 15L methodology (N = 3)
Sampling
All methodologies
Excluding 30L
Excluding 15L
date
Relationship R2
Relationship R2
Relationship R2
November 2017

Power

Logarithmic

0.9998 s

Exponential

Logarithmic

0.9973 s

Exponential

Power

0.5356
ns
0.6931
ns
0.9143 s

April 2018

Exponential

May 2018

Logarithmic

Exponential

Exponential

0.9326 s

Exponential

0.9929
ns
1.0000 s

September
2018
April 2019

Exponential

0.9053 s

Logarithmic

0.9961 s

Exponential

Linear

0.4937
ns
0.7595
ns
0.9998 s
0.9673
ns
0.9854
ns

R2 = coefficient of determination; s = R significantly greater than zero at P = 0.05; ns = R not significantly greater than zero

However, as shown in the example of Figure 5.2.7 for the APR18 sampling campaign and also in
Figure 4 by Auteri et al. (2020), reporting the same result for the APR19 campaign, the points
corresponding to the 15L and 30L methods had similar Ep values (50 and 100 J/m2, respectively) but
also appreciably different means of Ks (Table 5.2.1).
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Figure 5.2.7 Example of the relationships between the mean saturated soil hydraulic conductivity, Ks, and the
gravitational potential energy of the applied water, Ep, for the April 2018 sampling campaign

Excluding the data obtained with the 30L method from the regression analysis determined an increase
of the R2 value for the regression line between the two variables and a very limited scattering of the
data around the fitted line in all cases and also a larger number of times in which the regression was
statistically significant (four cases, Table 5.2.6). Excluding the data obtained with 15L method was
generally advantageous in terms of R2 but not with reference to alignment of the data around the fitted
line and to statistical significance of the regression, that was recognized only once.
Therefore, it was confirmed that the energy of the applied water for a beerkan run can be useful to
predict the Ks changes that could be expected when different methodologies are applied but this
conclusion cannot be considered valid in general. In particular, it seems that there is an
incompatibility between the 15L and 30L methodologies in the perspective to develop a Ks vs. Ep
relationship. On the basis of the results of this investigation, it seems that the best choice could be to
use the Ks value obtained with the 15L methodology as representative of a more or less totally
undisturbed soil condition. The 15H and 30H methodologies are usable to explain how this
undisturbed Ks value varies as a consequence of the mechanical perturbation at the soil surface and
probably accounts of different factors (i.e., soil layering, vertical heterogeneity in initial soil water
content. Perhaps, the 30L methodology does not work well in this context because the Ks decrease as
compared with the 15L methodology does not actually signal effects of water impact on the soil
surface and probably accounts of different factors (i.e., soil layering, vertical heterogeneity in initial
soil water content).
Supporting this approximate reasoning needs additional investigations. In particular, each data point
considered to develop the Ks vs. Ep relationships was deemed to be rather reliable since it was obtained
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as the mean of a relatively large number of replications. However, the check performed in this study
was based on a limited number of data points (three or four), which represents an obvious limit.
Therefore, more experimental scenarios should be considered but, according to this investigation, it
is something worth doing to improve our ability to predict the soil’s response in hydrologically
relevant situations.

5.2.4. Conclusions
This investigation confirmed that the single-ring beerkan infiltration run can be adapted in an attempt
to induce a soil disturbance that is likely similar to the one expected when a rainfall event produces
runoff. In particular, using much water for the experiment and applying water from a relatively high
height on the infiltration surface determined an appreciable decrease of saturated soil hydraulic
conductivity, Ks, as compared with the standard beerkan run. These data seem more hydrologically
relevant than those obtained with standard experimental methodologies since they were obtained in
a soil condition that is closer to that expected when runoff is formed.
Height of water pouring effects were more noticeable when the soil was initially dry and highly
permeable. Probably, this result was a consequence of the fact that, in these conditions, the soil had
a more unstable macroporosity.
The gravitational potential energy, Ep, of the water used for the infiltrometer experiment explained
much of the variance of the Ks values obtained by different experimental methodologies. However,
there was some sign that the four considered experimental methodologies are not simultaneously
usable to develop a single relationship between Ks and Ep. The suggestion was that this kind of
relationship could be expected to work well in the prediction of the mechanical impact effects on the
conductivity of an initially unaltered soil but not when other factors also contribute to induce a
decrease of Ks as compared with the target value.
Assessing of Ks temporal variability should be expected to depend on the applied experimental
methodology. If the objective is to characterize the soil with a non-perturbing experiment, that is
obtaining data for a nearly undisturbed situation, sampling has to be repeated over time to also
describe temporal variability of the investigated soil hydrodynamic property. However, if the same
soil has to be characterized in the perspective to predict runoff formation, a perturbative experiment
performed only once could be enough to obtain an information usable at different times for the field
site.
In conclusion, an infiltrometer experiment can be carried out in such a way to mimic what happens
in real situations when rainfall produces Hortonian runoff. Soil disturbance can be controlled by
changing the water volume used for the run and, especially, the height of water pouring. The field
experiment remains rather simple and, therefore, the attractiveness of infiltrometer methods is not
reduced.
Some advancements in the experimental methodology to be applied in this ongoing monitoring
program could be indicated. In particular, it could be advisable to perform longer runs (e.g., 45 water
volumes or something of similar) to reduce possible uncertainties on attainment of really near steady
infiltration rates. However, this is not the only advancement to be made in this perspective because
more water and longer runs also imply more opportunities for deterioration of soil structure. In other
terms, some doubts on the interpretation of the data could remain. Perhaps, pairing tension
infiltrometer experiments, that are among the less soil perturbing devices currently available, could
be an option to be considered. Still another option could be to analyze the data collected with the
standard protocol (15 water volumes) with analytical methods and procedures that do not require
attainment of steady-state. However, the relative performances of these methods as compared with
the BEST-steady calculations of Ks should initially be established for ideal soil conditions, that is
using analytically or numerically simulated infiltration data, to avoid the risk to misinterpret the
results of a comparison established on field data. More data should also be collected to better establish
what are the factors that control the relationship between Ks and the gravitational potential energy.
This investigation could have modelling interest since such a kind of relationship could easily be
implemented into hydrological models.
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CHAPTER 6: Summary and conclusions
The focus of PhD activity was attempting to give a contribution in the general perspective to improve
our ability to obtain a soil hydraulic characterization by infiltration methods. Several experimental
investigations were carried out both in the laboratory and in the field.
With regard to the SFH technique, the method used to calculate the established depth of water ponding
at the beginning of the infiltration run, D, should not influence very much Ks determination. However,
larger D values can yield smaller Ks values in fine-textured soils. Air can escape from the initially
unsaturated sampled soil volume when almost all water had infiltrated but this circumstance does not
seem to have a great impact on calculation of Ks. A falling-head one-dimensional ponded infiltration
process is not recommended to estimate the so-called * parameter needed for Ks calculation. The
depth of the wetting front at the end of the infiltration process can approximately be predicted before
the run. The general conclusion of this investigation was that the SFH technique appears a rather
robust method to simply and rapidly determine Ks.
The intensive laboratory and field activity developed during the PhD course with specific reference
to the beerkan infiltration runs and the BEST methodologies to analyse the single-ring infiltration
data yielded useful information in the perspective to improve our ability to use single-ring infiltration
methods to determine the soil hydraulic properties for hydrologically relevant purposes.
In particular, on the basis of the experimental evidence obtained in the laboratory, it was initially
concluded that infiltration of simulated rainfall can mainly be driven by the seal and that the so-called
BEST-H (H = high) runs should be more appropriate than the classical run when the objective of the
experiment is to induce some seal formation. In addition, the joint use of single-ring infiltration and
simulated rainfall revealed that the BEST-steady algorithm with BEST-H runs was the best choice to
reproduce the saturated conductivity obtained by rainfall simulation. The reason was that this
algorithm limits the hydraulic characterization to the stabilized phase of infiltration, that is when the
seal is fully developed, avoiding uncertainties due to the seal formation during the early phase of the
infiltration process. The other two algorithms (BEST-slope and BEST-intercept), that account for
transient data, can be perturbed by the effect of the progressive formation of the seal and related
impacts on the infiltration.
The subsequent investigation, developed in the field, demonstrated that the infiltration rate can be
expected to decrease due to both water redistribution during a pause and to soil surface perturbation.
Moreover, maintaining a small depth of water on the infiltration surface is not an alternative to the
classical beerkan experiment. A practically useful conclusion was that a simple experiment can be
carried out directly in the field, i.e. in a real world situation, to establish a link between the energy of
the applied water and the measured infiltration process in an initially near-saturated soil, that is in a
condition particularly favorable to rainfall excess, and hence runoff, generation. Consequently, the
collected experimental information could allow us to derive soil hydraulic properties that reflect the
appropriate conditions for simulating a specific hydrological process.
Another conclusion of this research activity was that the H (high) runs can be expected to generally
alter the soil surface but the response can vary with the soil both in terms of disturbance level and the
time required to obtain a complete soil deterioration for the applied experimental method. The
infiltration run can be adapted with the aim to induce a soil disturbance likely similar to that expected
for a rainfall producing runoff. In a relatively dry initial status, complete deterioration can require
less water for a silty-clay soil than a loam soil. The saturated soil hydraulic conductivity is more
sensitive than soil sorptivity to the applied experimental methodology. The experimental methods
tested in this investigation and in other parts of this thesis could be used to easily measure the seal's
saturated hydraulic conductivity for an initially undisturbed bare soil directly impacted by water with
minimal experimental efforts, using small volumes of water and easily transportable equipment.
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The automatic infiltrometers developed in France allows the user to obtain more accurate estimates
of soil hydraulic parameters, while also reducing the effort needed to run multiple experiments.
The thesis also describes a still in progress research activity on parameterization of a recently
proposed single-ring infiltration model. In particular, the novel finding was that parameterizing this
infiltration model is simpler than expected since the so-calle “a” parameter can be obtained directly
from the infiltration data.
Another investigation that has been developed during the PhD course shows that temporal variability
of Ks should be expected to depend on the applied experimental methodology to perform the field
infiltration experiments. If the objective is to obtain data for a nearly undisturbed situation, sampling
has to be repeated over time to also describe temporal variability of the investigated soil
hydrodynamic property, that could also be noticeable. However, if the same soil has to be
characterized in the perspective to predict runoff formation, a perturbative experiment performed only
once could be enough to obtain an information usable at different times for the field site since
temporal variability of Ks is greatly reduced and probably negligible under this condition.
The gained experience during this intensive PhD activity allows to hazard some suggestions about
other topics that should be investigated in the future.
With reference to the SFH technique, the points deserving further study probably include: i)
estimation of the capillarity parameter by a ponded, falling head infiltration experiment; ii) effect of
the packing procedure on saturated hydraulic conductivity of repacked soil samples; iii) effect of the
reuse of the same soil material on saturated hydraulic conductivity of repacked soil samples; and iv)
testing of the multistep falling head infiltration method. Some of these investigations, and particularly
the second and the third of the above reported list, could have a larger interest, that is not exclusively
limited to the SFH technique.
In the field, the beerkan infiltration method and the BEST methodologies of soil hydraulic
characterization should be applied in different soils and initial soil water content conditions against
simulated rainfall events differing by both rainfall intensity and duration since rainfall characteristics
are among the major factors affecting the dynamics of seal formation. Soil spatial variability issues
should also be developed in the future to establish if soil perturbation due to water impact reduces the
required sample size to obtain a representative hydrodynamic parameter for an area of interest. In a
hydrological perspective, it also seems advisable to improve our knowledge on the short term
modifications of Ks and S in an attempt to verify if, under what experimental conditions and to what
level they stabilize when a disturbing run is carried out. The lowest possible S and Ks values could be
viewed as a sort of hydrologically relevant index since they describe the most favorable condition to
runoff occurrence. The experiments should be made more complex to obtain more detailed data in
the field. In particular, among the questions to be answered, it should be established if analyzing a
short duration run with a steady-state method is a defensible choice not only on the basis of the
literature suggestions but also because other experimental methodologies and other methods of data
analysis yield an experimental support to this choice. On the other hand, performing long duration
runs with large water volume raises other problems because, with more water, the sampled soil
volume is expected to increase with obvious consequences, such as a more difficult interpretation of
the data, due for example to soil layering or non-homogeneous initial distribution of soil water
content. Perhaps, detailed descriptions of the soil profile and soil water content and matric potential
sensors located in the presumably wetted soil volume could help to better establish how a long
duration infiltration process evolves. Perhaps, pairing tension infiltrometer experiments, that are
among the less soil perturbing devices currently available, could be an option to be considered. Still
another option could be to analyze the data collected by a short run, representing a sort of standard
protocol, with analytical methods and procedures that do not require attainment of steady-state.
However, the relative performances of these methods as compared with steady-state calculations of
Ks should initially be established for ideal soil conditions, that is using analytically or numerically
141

simulated infiltration data, to avoid the risk to misinterpret the results. More data should also be
collected to better establish what are the factors that control the relationship between Ks and the
gravitational potential energy. These investigations could have modelling interest since such a kind
of relationship could easily be implemented into hydrological models.
In conclusion, it seems that an infiltrometer experiment can be carried out in such a way to mimic
what happens in real situations when rainfall produces Hortonian runoff. Soil disturbance can be
controlled by changing the water volume used for the run and, especially, the height of water pouring.
The field experiment remains rather simple and consequently the attractiveness of infiltrometer
methods is not reduced by adapting the run to a hydrologically representative situation. However,
some advancements in the experimental methodology to be applied are necessary and they should be
considered in the future.
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