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Chapter 1– Introduction 

 

The current global economic and environmental context is placing increasing pressure on agri-food 

and forestry systems, requiring scientific research to address challenges that are complex, 

interconnected, and rapidly evolving. Among the most critical issues there are the increase in global 

food demand, driven by population growth and changing consumption patterns, and the wide-ranging 

impacts of climate change on natural resources, ecosystem functioning, and agricultural productivity 

(Schneider et al., 2011). These dynamics do not act independently, but rather interact across spatial 

and temporal scales, amplifying existing vulnerabilities and creating new constraints for land-based 

production systems. 

Responding to these challenges increasingly relies on the integration of technological innovation 

within agricultural and forestry systems, alongside the refinement of traditional cultivation practices. 

Advances in precision agriculture, digital monitoring, and alternative cultivation systems have 

opened new possibilities for improving efficiency and resource use. However, technological progress 

alone is insufficient if not supported by a solid understanding of the biophysical processes governing 

agri-forest systems. Among the multiple variables that regulate these systems, soil stands out as a 

central and irreplaceable interface through which climate variability, land management practices, and 

technological interventions directly influence both productivity and environmental stability 

(Seneviratne et al., 2010).  

Soil plays a central role in mediating water fluxes, nutrient cycling, and biological activity, thereby 

sustaining plant growth and ecosystem services (Bauke et al., 2022). Improving the understanding of 

soil processes and their response to environmental and anthropogenic pressures is therefore a 

fundamental step toward supporting resilient agroecosystems, preserving ecosystem functions, and 

ensuring the long-term sustainability of food production systems (Smith et al., 2016). Soil is a non-

renewable and increasingly threatened resource, whose degradation has reached alarming levels 

worldwide. In fact, according to international assessments by the FAO (2015), the progressive loss of 

arable land due to erosion, soil sealing, and fertility decline represents one of the major environmental 

emergencies at the global scale (Eswaran et al, 2019). These problems are particularly critical in 

regions already characterized by environmental fragility and high anthropogenic pressure.  

The Mediterranean basin is widely recognized as a hotspot of climate change impacts and land 

degradation. Here, water availability represents a major limiting factor for agricultural and forest 
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ecosystems, and this constraint is expected to intensify in the coming decades (Lionello et al., 2014; 

Tramblay et al., 2020).  Although total annual precipitation has remained broadly stable or has slightly 

decreased in recent decades (Caloiero et al., 2019), rainfall is increasingly concentrated in short, high-

intensity events separated by prolonged dry periods (Vallebona et al., 2015). This shift results in 

greater surface runoff and accentuated erosion risk, especially where vegetation cover is scarce or 

soils are compacted and poorly structured 

In Sicily, these issues are further intensified by socio-economic and land-use dynamics. The 

progressive conversion of agricultural land to urban areas, infrastructures, and photovoltaic 

installations has reduced the extent of productive soils, while the widespread abandonment of 

marginal farmland has favoured the development of degraded and poorly vegetated surfaces. These 

dynamics, coupled with recurrent drought, loss of soil organic matter, and the advance of 

desertification processes, are leading to a progressive decline in both soil fertility and ecosystem 

resilience, with cascading effects on biodiversity and local habitats (Giordano et al., 2007). The 

relevance of these challenges is clearly reflected in national and regional policy frameworks. In Italy, 

strategic instruments such as the National Recovery and Resilience Plan (PNRR) and regional 

development programmes, including the PO FESR Sicilia, explicitly identify innovation in 

agriculture, sustainable land and forest governance, and hydrogeological risk mitigation as priority 

objectives. 

By controlling water infiltration, storage, and redistribution, soil governs both water availability for 

vegetation and the partitioning of rainfall between infiltration and surface runoff. As a result, soil 

hydrological and hydraulic properties play a decisive role in agricultural productivity, ecosystem 

stability, and landscape resilience (Vereecken et al., 2022). Gaining a deeper understanding of these 

properties is therefore essential to support both agricultural productivity and environmental 

protection, particularly in Mediterranean environments characterized by strong climatic variability. 

From a management perspective, reliable analysis and evidence-based decision-making are crucial to 

addressing two major and complementary challenges. On one hand, during prolonged dry periods, 

improving water-use efficiency requires optimized irrigation strategies and soils capable of retaining 

and transmitting water effectively within the root zone (Evans et al., 2008). On the other hand, during 

intense rainfall events, reducing runoff and erosion risks depends on the ability to identify soils with 

limited infiltration capacity or water repellency and to implement targeted environmental engineering 

and reforestation measures aimed at restoring soil functionality and landscape stability (Martínez-

Mena et al., 2020). 
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However, soil hydrological properties are dynamic and can change over time as a result of both natural 

processes and human activities (Biddoccu et al., 2017). Natural processes such as the transport and 

deposition of fine particles over more permeable surfaces can modify the soil texture distribution, 

reducing infiltration capacity and altering water retention. At the same time, anthropogenic actions, 

such as the application of organic or mineral amendments, can modify the soil matrix to improve its 

structure, porosity, and overall hydrological response. Conversely, human activities may also 

introduce pollutants or microplastics into soils, with potentially adverse effects on infiltration and 

retention dynamics. Other disturbances, such as wildfires, can also cause significant and often long-

lasting changes in soil hydraulic behaviour. In both agricultural and forest environments, fires can 

lead to surface sealing, loss of organic matter, and the onset of soil water repellency, thereby 

increasing runoff and erosion risks. Despite their central role, soil hydraulic properties are often 

characterized under simplified conditions and remain poorly understood in the presence of the 

multiple disturbances that increasingly affect agricultural and forest soils, particularly in 

Mediterranean environments. This limits the ability to predict soil–water behaviour under real 

management and climatic scenarios, thereby reducing the effectiveness of both agronomic practices 

and environmental mitigation strategies. 

It is precisely this knowledge gap that motivates the research activities carried out during the doctoral 

period. The various forms of disturbance and alteration affecting soils, and consequently their 

hydraulic behaviour, give rise to a wide range of conditions that are highly heterogeneous and strongly 

context-dependent. Addressing this complexity requires moving beyond generalized assumptions and 

focusing on specific, well-defined scenarios that are representative of real agricultural and forest 

systems. Accordingly, the research adopted a strongly site-oriented approach, working predominantly 

with local soils and disturbance processes that are characteristic of Sicilian agri-forest environments. 

For instance, in the case of layered soils resulting from surface compaction or lateral transport and 

deposition of finer materials, hydraulic responses can vary substantially depending on the contrast 

between layers and their thickness. Investigating these dynamics in representative agricultural soils 

allowed a more realistic assessment of how such stratification influences infiltration and near-

saturated flow conditions. 

An even higher level of complexity emerges when external materials are incorporated into the soil 

matrix. Microplastics provide a clear example: plastics and microplastics can reach soils through 

multiple pathways, generating a wide variability in polymer type, shape, and size, which interacts 

with the inherent variability of soil properties. Much of the existing literature has attempted to address 

the question of “the effect of microplastics” in a generalized manner, often by testing a large number 
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of treatments that combine multiple soils, polymers, shapes, and concentrations. In contrast, the 

research presented here deliberately focused on a limited number of representative combinations, 

selecting three soils commonly used for herbaceous crops in Sicily, five microplastic types widely 

employed in mulching films, the main source of microplastics in agricultural soils. and a single, 

realistic concentration. This approach allowed a clearer interpretation of soil–microplastic 

interactions under conditions relevant to Mediterranean agriculture. Similarly, with regard to soil 

amendments, the research addressed a less explored aspect of the literature, namely their influence 

on soil hydrodynamic and hydrostatic properties. While the agronomic benefits of amendments such 

as compost, biochar, and zeolite are well documented in terms of soil chemistry and fertility, their 

effects on water flow and retention, particularly under near-saturated conditions, remain insufficiently 

quantified. The studies therefore examined these effects using Sicilian agricultural soils and scenarios 

typical of Mediterranean systems, including surface disturbances such as rill formation, where 

hydrological processes play a key role in erosion development. 

Taken together, these research choices reflect the need to investigate soil hydraulic behaviour under 

altered but realistic conditions, where natural processes and human interventions intersect. Rather 

than seeking universal responses, the work aims to contribute detailed, context-specific knowledge 

that improves understanding of how soils function when subjected to common agricultural and 

environmental pressures, thereby supporting more informed soil and land management strategies in 

Mediterranean regions 

Equally important is the methodological dimension of soil research. Accurately describing soil 

hydraulic behaviour requires robust experimental approaches and reliable measurement techniques 

capable of capturing spatial and temporal variability. Continuous improvement in sampling strategies, 

measurement procedures, and data analysis methods is therefore essential to properly represent soil 

behaviour across space and time and to ensure the comparability of results among different studies 

and sites. Within this perspective, specific research activities were carried out with the aim of 

improving the optimization and reproducibility of laboratory methodologies, which represent a 

fundamental prerequisite for the correct characterization of soil hydrodynamic responses. Refining 

laboratory procedures contributes not only to reducing experimental uncertainty, but also to 

strengthening the reliability of infiltration measurements and their interpretation. 

Building a solid, data-based framework for soil hydrology thus becomes a key objective. Such a 

framework enables the integration of experimental observations with modelling and mapping tools, 

supporting informed decisions in land use planning, irrigation management, and ecosystem 



 

 

7 

 

restoration. In this way, methodological advances play a crucial role in translating scientific research 

into effective and operational solutions for sustainable soil and water management. 

1.1 Thesis Structure 

 
The thesis is structured into three main sections and an appendix, each addressing a specific stage of 

this research path. The first three sections present work that have been published to international peer-

reviewed journals, while the appendix includes ongoing works that have not yet been completed or 

published. 

• The Infiltration Measurements with the Mini Disk Infiltrometer section focuses on 

evaluating different column packing methods for laboratory analyses, aiming to improve the 

accuracy and repeatability of infiltration measurements under controlled conditions together 

with the development and testing of a 3D-printed Mini Disk Infiltrometer (MDI). 

• The Infiltration Processes in Layered Soils section analyses the effects of soil stratification 

on infiltration dynamics, focusing on how textural discontinuities influence water flow 

through the soil profile. 

• The Hydrological Behaviour of Amended Soils section investigates the hydraulic response 

of soils modified by the presence of anthropogenic materials such as microplastics or 

agronomic amendments including compost, zeolite, and biochar, with the goal of assessing 

how these additions alter soil hydrodynamic properties and water flow processes. 

• The Appendix includes two completed experiments under analysis: the first follows the 

previous laboratory investigation on amended soils, transferring the laboratory experience to 

field conditions, in ordet to evaluate how the effects of compost and zeolite evolve over the 

medium term after exposure to atmospheric agents. The second examines the development of 

soil water repellency after wildfires. Both studies are based on completed experimental 

activities and include preliminary analyses of the collected data. They are presented here 

because they document a significant part of the research conducted during the PhD 

programme, and the completion of data processing and interpretation is expected to lead to 

the preparation of manuscripts for submission to peer-reviewed journals. 

Figure 1 provides a schematic overview of the conceptual framework and structure of the PhD 

research. It summarizes the main research objectives and illustrates how the different thematic areas 

are integrated and logically connected within the overall research pathway. 
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Figure 1. Schematic overview of the thesis structure, illustrating the research objectives and the main thematic 

sections addressing methodological aspects, soil alterations, and the hydraulic behaviour of amended and 

disturbed soils. 
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Chapter 2 – Instruments and Measurement Methods 

 

2.1 Soil Water Retention Curve Measurement methods 

 

The relationship between soil volumetric water content (θ) and matric potential (ψₘ) is a key 

hydraulic property of soils and is typically determined through laboratory measurements. The 

experimental procedure involves subjecting a moist soil sample to a sequence of imposed matric 

potentials and allowing the system to reach equilibrium at each step. Since the θ(h) relationship 

exhibits hysteresis, its shape depends on the direction of the applied pressure head sequence. For most 

practical and agronomic purposes, attention is focused on the drying or drainage branch of the 

retention curve. Consequently, measurements are commonly performed following a monotonically 

decreasing sequence of matric potentials. 

In practical applications, one of the most commonly employed techniques for determining the soil 

water retention curve is the tensiometric method. In this approach, the saturated sample is placed 

inside a funnel (Fig. 1) equipped with a saturated porous ceramic plate at its base, which is connected 

to a water reservoir. The imposed pressure induces water to drain from the soil until hydraulic 

equilibrium is reached, meaning that the matric potential at the base of the sample equals the applied 

pressure head from the reservoir. 

 

Fig. 1 Hanging water column system in Hydrology Laoratory of University of Palermo 

In the hanging water column system (Burke et al., 1986), a funnel equipped with a saturated porous 

ceramic plate is hydraulically connected to a 50 cm³ graduated burette mounted on a vertical meter 

stick, with the zero corresponding to the top surface of the ceramic plate (Fig. 1). The soil sample, 
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previously saturated on the porous plate, is subjected to a monotonically decreasing sequence of 

matric potentials by progressively lowering the burette along the graduated rod and allowing 

equilibrium to be reached at each step. As water drains from the sample, the water level in the burette 

rises, and the burette must be adjusted continuously to maintain the imposed potential. Once 

equilibrium is established at the lowest potential in the sequence, the sample is removed, and its 

volumetric water content is determined by termo-gravimetric analysis. The water contents 

corresponding to the preceding potentials are then calculated retroactively by adding the volumes of 

water drained at each previous step to the final water content. During the experimental activities 

conducted throughout the PhD, this method was systematically employed to determine soil water 

retention up to a matric potential of −0.1 bar (or −1 m), a value typically associated with field capacity. 

For more negative potentials, the pressure plate method was applied (Dane and Hopmans, 2002). In 

this case, moist soil samples were placed inside a pressure chamber, with a saturated porous 

membrane installed at the chamber base (Fig 2). The chamber was then pressurized with pressurised 

air to a selected value above atmospheric pressure, forcing water to flow through the porous plate 

until the sample equilibrated at a matric potential equal in absolute value to the applied pneumatic 

pressure. Using this method, soil water contents were determined for five pressure steps: −0.1 bar 

(final step of the tensiometric sequence), −0.33 bar, −1 bar, −3 bar, and −15 bar, the latter representing 

the wilting point. 

 

Fig. 2 Pressure plate method in Hydrology Laoratory of University of Palermo 

In the range of higher matric potentials (approximately > –1 m), soil water retention is strongly 

influenced by the structural porosity, the pore space between aggregates (Dexter et al., 2008). In this 

case, it is preferable to use undisturbed soil samples that preserve the natural pore network as found 

in situ. For pressure head values lower than approximately –1 m, laboratory-prepared samples can be 

employed. These are typically obtained by packing air-dried and 2-mm sieved soil into small 

cylindrical rings. In this samples, water retention is mainly governed by matrix porosity, which 

includes pores formed within aggregates and between individual soil particles (Dexter et al., 2008). 
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Empirical functions are often adopted to describe the soil water retention curve by fitting 

experimental θ–h data pairs. Among the most widely used models are those proposed by Brooks and 

Corey (1966) and van Genuchten (1980). In particular, the van Genuchten (1980) model is expressed 

as: 

𝑺𝒆 =
𝟏

[𝟏+(𝒂𝒗𝒈|𝒉|𝒏)]𝒎                                                     

where α (L⁻¹), n, and m are empirical fitting parameters, typically with m defined as m = 1 – 1/n or 

m = 1 – 2/n (van Genuchten et al., 1991). Se is the effective saturation, defined as: 

𝑺𝒆 =
𝛉 − 𝛉𝒓

𝛉𝒔 − 𝛉𝒓
 

where θr (v/v) is the residual water content and θs (v/v) is the water content at saturation. According 

to the capillary rise equation, a relationship exists between the matric potential and pore size: a 

decrease in matric potential from ψₘ₁ to ψₘ₂ causes the drainage of water from pores whose radii lie 

between r₁ and r₂. Therefore, the water retention curve also provides indirect information about the 

pore size distribution of the soil sample (Hillel, 1998). 

 

2.2 Hydrodinamic parameters under unsaturated conditions: Mini 

Disk Infiltrometer (MDI) 

 

2.2.1 Physical principles of MDI experimental trials 

 

The Mini Disk Infiltrometer (MDI), manufactured by Meter Group (Pullman, WA, United States), is 

a widely used field and laboratory instrument designed to estimate key hydraulic properties of the 

soil under unsaturated conditions. The instrument consists of a plexiglass  tube divided into two 

chambers: the upper chamber, or Mariotte reservoir, sets the pressure head (typically between h0 =-6 

cm and -0.5 cm), and the lower chamber, or water reservoir, contains approximately 95 ml of water 

that infiltrates the soil through a porous sintered stainless-steel disk (45 mm in diameter and 3 mm 

thick), preventing free drainage into the air (Fig. 3). The MDI is especially valued in hydrological, 

agronomic, and environmental studies due to its portability, ease of use, and ability to generate data 

rapidly in both natural and managed soils. Two key hydraulic parameters can be derived from MDI 

infiltration data under a given imposed pressure head (h), each reflecting a distinct physical 

(1) 

(2) 
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mechanism driving water movement in unsaturated soils: sorptivity (S) and unsaturated hydraulic 

conductivity (K).  

Sorptivity (S) quantifies the soil’s capacity to absorb water. It is driven by capillary forces and is 

predominant in the early stage of infiltration, when the soil is initially dry and water is rapidly drawn 

into the matrix. During this phase, gravitational forces are relatively less important, and the infiltration 

rate is primarily controlled by the microstructure of the soil matrix. Thus, sorptivity provides an 

integrated measure of the soil’s near-surface capillary behaviour and is a key descriptor of initial 

infiltration dynamics.  

Unsaturated hydraulic conductivity K(h), by contrast, describes the soil’s ability to transmit water 

once the initial capillary intake has declined and gravity-driven flow becomes dominant. K represents 

the capacity to sustain water movement through the pore network under an applied hydraulic gradient: 

as the soil becomes wetter, flow occurs through continuous macropores, yielding higher conductivity; 

as it dries, the loss of hydraulic continuity restricts flow to thin films and micropores, causing a sharp 

decrease in K. 

Together, S and K(h) provide complementary insights into the hydrodynamic behaviour of soils under 

a given imposed pressure head (h). For a specific h, they jointly describe the infiltration process: S 

captures the initial, capillary-dominated response that governs the early stage of water entry into the 

soil matrix, while K(h) characterizes the subsequent quasi-steady, gravity-driven phase of flow 

through the pore network. Quantifying both parameters at defined pressure heads allows a more 

comprehensive understanding of soil–water interactions, particularly when assessing the effects of 

amendments or pollutants that modify soil structure, pore connectivity, or surface properties. 

During an MDI test, the operator records the volume of water infiltrated from the reservoir at set time 

intervals. These data are used to construct the cumulative infiltration curve, which expresses the total 

volume of infiltrated water as a function of time.   

The procedure begins with the preparation of the instrument: the MDI is filled with water, ensuring 

the reservoir and the porous disk are free of air bubbles. The pressure head is set using the adjustable 

suction tube, depending on the objective of the test and the soil type. Before starting the measurement, 

the base of the infiltrometer is gently placed in contact with a leveled and smoothed soil surface, 

taking care not to compact the soil or cause leakage around the disk. Once positioned, infiltration 

starts through the steel porous disk at the base of the infiltrometer, allowing water to enter the soil 

under a known and controlled pressure head. At regular time intervals (e.g., every 30 seconds or 1 
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minute), the operator manually records the drop in the water level within the graduated reservoir. 

These volume readings are then converted into cumulative infiltration values over time. The shape of 

the infiltration curve reflects two dominant processes. Initially, a rapid infiltration occurs due to 

capillary uptake, producing a steep slope; later, the infiltration rate diminishes and stabilizes as gravity 

takes over. Analyzing both these phases enables accurate extraction of sorptivity and unsaturated 

hydraulic conductivity from the early and late parts of the curve, respectively. 

 

Fig. 3 Mini Disk Infiltrometer by Meter 

 

 

2.2.2 Methods for the estimation of K(h) and S 

 

Several analytical models have been proposed to estimate soil hydraulic parameters from cumulative 

infiltration data, including those by Warrick (1992), Haverkamp et al. (1994), and Zhang (1997a, b). 

These models commonly rely on a two-term cumulative infiltration equation that can rappresent both 

a 1-dimensional and 3-dimensional process: 

𝑰(𝒕) = 𝑪𝟏𝒕𝟏/𝟐 + 𝑪𝟐𝒕 (3) 
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where I(t) [L] is the cumulative infiltration over time t [T], and C1 [L T−1/2] and C2 [L T−1] are 

empirical parameters; C1 represents the influence of capillary forces, whereas C2 reflects the 

gravitational component of the infiltration process (Zhang, 1997a, b). 

Among these analytical models, the method proposed by Zhang (1997a) has gained widespread 

application due to its simplicity and effectiveness, particularly under dry initial conditions where 

capillary forces dominate the infiltration process. For this reason, it has also been recommended by 

Decagon Devices Inc. (2012) as a standard approach for interpreting infiltration data collected with 

the MDI. 

According to this model, assuming homogeneous and isotropic soil conditions with a uniform initial 

water content profile, the infiltration process beneath the infiltrometer disk can be effectively 

described using the same two-term equation, where the parameters C1 and C2, are directly related to 

two key hydraulic properties: 

𝑪𝟏 = 𝑨𝟏𝑺𝟎    and     𝑪𝟐 = 𝑨𝟐𝑲𝟎 

Here, 𝑺𝟎 [L T−1/2] is the soil sorptivity and 𝑲𝟎 [L T-1] is the unsaturated hydraulic conductivity at the 

imposed pressure head h0 [L]. The dimensionless coefficients A1 and A2 depend on the soil water 

retention characteristics and the geometrical and operational parameters of the infiltrometer. For soils 

characterized by a van Genuchten (1980) type retention function, Zhang (1997a) derived these 

coefficients through numerical simulations of the infiltration process: 

𝑨𝟏 =  
𝟏. 𝟒𝒃𝟎.𝟓(𝜽𝟎 − 𝜽𝒊)

𝟎.𝟐𝟓𝐞𝐱𝐩[𝟑(𝒏 − 𝟏. 𝟗)𝒂𝒗𝑮𝒉𝟎]

(𝒂𝒗𝑮𝒓)𝟎.𝟏𝟓
 

 

𝑨𝟐 =  
𝟏𝟏.𝟔𝟓(𝒏𝟎.𝟏−𝟏)

𝟎.𝟐𝟓
𝐞𝐱𝐩[𝟐.𝟗𝟐(𝒏−𝟏.𝟗)𝒂𝒗𝑮𝒉𝟎]

(𝒂𝒗𝑮𝒓)𝟎.𝟗𝟏     for n ≥ 1.9             

 

 

𝑨𝟐 =  
𝟏𝟏.𝟔𝟓(𝒏𝟎.𝟏−𝟏)

𝟎.𝟐𝟓
𝐞𝐱𝐩[𝟕.𝟓(𝒏−𝟏.𝟗)𝒂𝒗𝑮𝒉𝟎]

(𝒂𝒗𝑮𝒓)𝟎.𝟗𝟏
    for n ≤ 1.9 

where h0 (cm) is the applied pressure head during the infiltration process (h0 is negative for 

unsaturated conditions), n and αvG (cm-1) are the water retention parameters, r (cm) is the radius of 

the infiltrometer, θ0 (cm3 cm-3) is the soil water content at h0, θi (cm3 cm-3) is the initial soil water 

(4) 

(5) 

(6) 

(7) 
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content, and b is a parameter set at 0.55 (Warrick and Broadbridge 1992). The van Genuchten 

parameters, required by the procedure, can be estimated from soil texture or they can be obtained by 

fitting laboratory determined soil water retention data. Using numerically simulated MDI data for 12 

soils with varying textures, Dohnal et al. (2010) found that Zhang’s (1997a) method tends to 

overestimate unsaturated hydraulic conductivity, with absolute relative errors in K0 reaching up to 

70%. The largest discrepancies were observed in soils with n≤1.35. To address this limitation, an 

alternative formulation was proposed to estimate the A2 parameter more accurately for such cases. 

𝑨𝟐 =  
𝟏𝟏.𝟔𝟓(𝒏𝟎.𝟖𝟐−𝟏)

𝟎.𝟐𝟓
𝐞𝐱𝐩[𝟑𝟒.𝟔𝟓(𝒏−𝟏.𝟗)𝒂𝒗𝑮𝒉𝟎]

(𝒂𝒗𝑮𝒓)𝟎.𝟔
   for n ≤ 1.35 

 

2.3 Water repellency measurement: Water Drop Penetration Time 

Method 

 

The Water Drop Penetration Time (WDPT) test (Bisdom &Dekker, 1993; Doerr, 1998; Letey et al., 

2000) is one of the most widely used techniques for assessing Soil Water Repellency (SWR). The test 

quantifies the time required for a water droplet placed on the soil surface to infiltrate, providing an 

indirect but effective measure of hydrophobicity.  The method can be performed both in the field and 

in the laboratory; however, field measurements are generally preferred because they preserve the 

natural structure and composition of the soil, avoiding disturbances that could alter the results (Dekker 

et al., 2009). The procedure is relatively simple and quick: a fixed drop of water is gently placed on 

the soil surface, and the infiltration time is measured using a stopwatch.  

The classification of Soil Water Repellency (SWR) based on the Water Drop Penetration Time 

(WDPT) provides a standardized framework for interpreting the degree and persistence of 

hydrophobic behavior in soils; according to the commonly used classification (Dekker and Ristema, 

1994), soils can be grouped into discrete classes depending on the time required for a water droplet 

to infiltrate the surface. Soils with a WDPT shorter than 5 seconds are considered wettable and do not 

exhibit any significant hydrophobicity. When the WDPT ranges between 5 and 60 seconds, soils are 

described as slightly water-repellent, typically representing conditions of temporary repellency that 

may disappear with increasing soil moisture. Values between 60 and 600 seconds define strong water 

repellency, where infiltration begins to be significantly delayed. WDPT values from 600 to 3600 

seconds correspond to severe water repellency, indicating the presence of persistent hydrophobic 

(8) 
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coatings on soil particles that strongly hinder water entry. Finally, when the WDPT exceeds 3600 

seconds (1 hour), soils are classified as extremely water-repellent. 
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Chapter 3 – Infiltration Measurements with the Mini 

Disk Infiltrometer 

 

3.1 Introduction 

 

Soil–water interactions are governed by multiple, interrelated physical mechanisms strongly 

influenced by both the intrinsic properties of the porous medium and the external conditions during 

experimental activities. Infiltration processes are strongly affected by soil heterogeneity as a result of 

variability in particle size and composition, the presence of rock fragments, the distribution and 

connectivity of macropores, and the spatial arrangement of fine and coarse materials (Sharma et al., 

1980). Beyond structural variability, soils also exhibit considerable heterogeneity in hydraulic 

behaviour. Under dynamic flow conditions, differences in the rigidity of the soil matrix, meaning its 

resistance to deformation, together with the connectivity of the pore network, influence how the 

matrix responds to wetting and thereby affect water flow paths and the soil’s capacity to transmit and 

retain moisture (Assouline et al., 2002). Moreover, differences in soil compaction, the presence of 

organic matter, and stratification or layering within the profile increase the complexity of the system.  

Beyond soil-related factors, additional considerations concern the measurement procedure itself. For 

instance, when focusing on unsaturated infiltration, even under identical soil conditions, different 

instruments (e.g., mini-disk, tension infiltrometers), or experimental setups (e.g., disc size, applied 

pressure head) can yield markedly different results (Fusco et al., 2024). Together, these factors create 

a system in which infiltration is highly sensitive to both intrinsic soil properties and experimental 

conditions, making accurate and reproducible measurement particularly challenging (Ruggenthaler 

et al., 2016); therefore, infiltration measurements require selecting methods that achieve a favourable 

trade-off between realistic conditions and experimental control. 
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Fig. 1: papers with “mini disk” or “mini disc” in title, abstract and keywords in the last 20 years 

Generally, investigations with the MDI can be divided by the nature of the soil sample:  

• Experiments on undisturbed soil aim to characterize the hydrological properties of agricultural 

and forest systems under natural conditions (Basset et al., 2023), maintaining the original pore 

structure and the prevailing boundary conditions, such as the natural soil layering; this 

represents the most direct approach for characterizing the hydrological behaviour of soil under 

natural conditions.  This kind of experiments are conducted both in the field and in the 

laboratory. Applying field experiments, it is possible to obtain direct and realistic information 

on infiltration dynamics, without the risk of altering the pore structure through sampling or 

manipulation. However, these clear strengths are associated with important limitations as 

spatial variability, amplified by rock fragments; moreover, achieving consistent contact 

between the instrument and the soil can be challenging due to uneven surfaces, potentially 

affecting measurement accuracy. Laboratory tests on undisturbed soil cores offer a 

compromise between experimental control and the preservation of natural soil characteristics. 

By transferring intact samples to a controlled environment, researchers can standardize key 
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factors such as temperature, initial water content or water content, and boundary conditions, 

which helps reduce unwanted variability and facilitates reproducible measurements. At the 

same time, these cores retain the intrinsic spatial heterogeneity of the field, including natural 

layering and aggregate distribution; maintaining this variability is crucial, as it allows a 

realistic representation of water flow and retention processes, which are essential for 

interpreting soil hydraulic behaviour. Moreover, even with careful sampling and handling, 

minor disturbances to macropore networks and other structural features are unavoidable 

(Gilbert, 1992). 

 

• Experiments on repacked soil samples have been developed to achieve a greater degree of 

control over initial conditions (Lewis et al. 2010; Bagarello et al. 2022): through sieving and 

repacking, key parameters, as bulk density, initial water content, and compaction, can be 

imposed and systematically varied. This high level of control permits the isolation of singular 

factors and reduces the background variability that often complicates the interpretation of field 

data. Moreover, repacked soil columns or cylinders can be designed to reproduce specific 

configurations, such as layered profiles or the inclusion of contrasting materials (Snehota et 

al. 2015). The main drawback of these experiments, however, is their limited 

representativeness: by reconstructing the pore network, macropore continuity and preferential 

flow pathways are inevitably affected, which limits the applicability of the results to natural 

conditions (Lewis et al. 2010). 

 

In this context, the Mini Disk Infiltrometer (MDI) is one of the most widely adopted instruments for 

quantifying soil hydraulic behaviour, with relevance to infiltration processes under both natural and 

controlled conditions. The MDI is commonly used in the field to measure three-dimensional (3D) 

infiltration processes (Gonzalez-Sosa et al., 2010; Fodor et al., 2011; Alagna et al., 2013), offering an 

experimental setup that replicates the natural movement of water through the soil. Alternatively, the 

MDI can also be used for one-dimensional (1D) infiltration measurements in soil columns (Ghosh & 

Pekkat, 2019; Naik et al., 2019; Bagarello et al., 2022), which allows more controlled experiments 

where single factors can be isolated and their effects on infiltration more easily evaluated.  Its 

extensive use is reflected in the scientific literature, where a search on major databases yields dozens 

of studies employing this device across a wide range of soils and experimental contexts. 
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The table below provides a summary of selected studies published between 2021 and 2025 in 

scientific journals, in which the Mini-Disk Infiltrometer (MDI) was employed to investigate soil 

infiltration processes. 

Tab.1 Summary of recent works involving MDI  

Authors Year Objectives Experiments 

Libutti et al. 2021 
Effects of biochar on soil properties, specifically in 

clay loam soil.  

Repacked soil 

columns 

Naik e Pekkat 2022 

Indirectly determining wetting water retention 

characteristics and saturated hydraulic conductivity 

in soils. 

Repacked soil 

columns 

Cleophas et al. 2022 

Understanding how soil physical properties 

influence infiltration rates in a logged-over tropical 

rainforest in Malaysia 

Undisturbed soil 

(field) 

Murta et al. 2022 

Investigates the infiltration capacity and soil 

penetration resistance of plinthic soil under a 

riparian forest in Central Brazil 

Undisturbed soil 

(field) 

Revell et al. 2022 
How tree planting affects soil infiltration in a clay-

textured area in Warwickshire 

Undisturbed soil 

(field) 

Bondì et al. 2023 
 Investigates the changes in water infiltration rates 

of an extensive Mediterranean green roof over time 

Undisturbed and 

repacked 

substrate (field 

and laboratory) 

Wang et al. 2023 

How different land uses affect soil macropore 

characteristics and hydraulic conductivity in a dry-

hot valley region of Southwest China 

Undisturbed soil 

(laboratory) 

Fattah et al. 2023 

To compare hydraulic conductivity estimates using 

falling head and Mini Disk Infiltrometer methods in 

gypsiferous soil 

Undisturbed soil 

(laboratory) 

Jobbágy et al. 2023 

Investigates soil hydraulic conductivity on a plot in 

Slovakia comparing compacted and uncompacted 

areas 

Undisturbed soil 

(field) 
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All the experimental activities with the MDI reported in Tab.1 are inevitably associated with practical 

challenges, in addition to the intrinsic limitations already discussed. Laboratory measurements on 

repacked soil columns with the MDI are typically undertaken with the expectation that, under 

identical conditions, repeated experiments would yield consistent and reproducible results. In 

practice, however, this idea is rarely achieved. Even in carefully prepared repacked column, 

variability can arise from the specific methods used for sample preparation and compaction (Ghosh 

et al., 2019; Bagarello et al., 2022), as well as from subtle differences introduced by the operator 

during soil column preparation. Moreover, many studies reported in the literature are based on a 

limited number of replicates (Assouline and Narkis, 2011; Kargas et al., 2018; Tanner et al., 2021), 

which further constrains the ability to distinguish between true soil responses and experimental noise. 

On the other hand, in the field, logistical difficulties, such as transporting water to the experimental 

Svetina et al. 2023 

Highlighting the significance of evaluating site-

specific infiltration rates for effective stormwater 

management. 

Undisturbed soil 

(field) 

Defterdarovi´c 

et al. 
2024 

How agricultural management affects soil 

compaction, infiltration, and water dynamics on 

hillslopes in a vineyard 

Undisturbed soil 

(field) 

Peng et al. 2024 

Investigates the impact of long-term cultivation on 

soil properties, focusing on infiltration 

characteristics and pore structure 

Undisturbed soil 

(field) 

Pereira et al. 2024 

 Investigates the physical properties of soil in both 

rows and inter-rows of a syntropic agroforestry 

system, 

Undisturbed soil 

(field) 

Rathnayake et 

al. 
2025 

How shallow-depth hardpans affect soil hydraulic 

properties, revealing significant reductions in 

infiltration rates and hydraulic conductivity. 

Repacked soil 

columns 

Muhammed et 

al. 
2025 

The estimation of hydraulic properties of soilless 

growing media using a Mini Disk Infiltrometer. 

Repacked 

substrate 

columns 

Zhao et al. 2025 

Evaluates three infiltration models—Horton, 

Kostiakov, and Philip—to determine the best fit for 

simulating matrix infiltration processes in biocrusts. 

Undisturbed soil 

(field) 
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site (a problem partially solved with MDI), and the overall duration of measurements represent the 

main practical challenges. A further common issue in both contexts is the need for manual readings 

of the MDI, a task that makes the experimental process time-consuming and less reproducible, 

particularly in the field, where the instrument sits at ground level and measuring requires working in 

an awkward position. 

The contributions presented in this chapter were specifically designed to address these challenges. 

Regarding the first study, it is aimed to investigate the sources of variability in laboratory experiments 

with repacked columns, with particular attention to the impact of manual compaction procedures and 

the operator-driven variability. The second study, carried out during my research stay at the Czech 

Technical University in Prague, focused on developing an innovative 3D-printed MDI prototype 

equipped with an automatic data-acquisition system designed to simplify measurements and enhance 

reproducibility. This experimental tool embodies an effort to combine the portability and practicality 

required for field applications with the precision and standardization typical of laboratory 

experiments, offering new perspectives for the use of the MDI in hydrological research and practical 

settings thanks to its automatic reading system, particularly useful in field experiments, and its general 

lower price respect to the commercial MDI. 
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Infiltrometer Experiments on Repacked Loam Soil Columnsù 
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ABSTRACT 

Performing infiltration experiments on sieved and repacked soil columns seems a generally 

underrated topic from a methodological point of view. This study assessed how the descriptive 

parameters of the infiltration process were influenced by (i) the operator; (ii) the number of replicated 

runs; and (iii) the soil sample preparation method. A total of 135 loam soil columns, each 20 cm high 

were prepared by two operators. Four packing methods, differing by the number of steps required to 

prepare the sample, were applied. One-dimensional infiltration runs were carried out on each soil 

column using a Mini-Disk Infiltrometer set at a pressure head of −3 cm. A statistical, or at least 

practical, similarity of the infiltration parameters obtained by the two operators was detected. Six 

replicated runs were found to be enough to obtain an acceptable description of the entire infiltration 

process. Differences between the packing methods were noticeable since infiltration parameters 

differed by up to 2.7 times, probably because soil compaction energy varied with the applied packing 

method. Two operators can achieve consistent and reproducible results using the same equipment and 

packing method since the number of steps in which the soil column is prepared has an appreciable 

effect on its hydrodynamic response. 

 

INTRODUTION 

Laboratory infiltration experiments on sieved and repacked soil columns are carried out for many 

purposes, including studying soil sealing under controlled rainfall events [1], establishing the effects 

of water quality [2,3] or amendments of various nature [4–7] on the soil hydrodynamic response. 

Performing experiments on sieved and repacked soil columns seems a generally underrated topic [8], 

even if it presents several critical issues [9–11]. Factors to be considered include the following: (i) 
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the operator preparing the soil column and performing the infiltration run; (ii) the number of 

replicated runs; and (iii) the method applied to prepare the soil sample. An experiment can be carried 

out by a single operator or by two or more operators, who may have different abilities in applying 

experimental methods. The operator-to operator variation is a common aspect of all experimental 

methods [12,13]. Such variation affects replicability of the experiment and hence its scientific 

robustness. Variation induced during the sample preparation stage and the subsequent measurement 

phase can stem from several factors, including the level of experience of the operator. In particular, 

more experienced operators can be expected to prepare the sample with higher precision and 

consistency than less experienced operators. However, even duly trained operators can prepare a soil 

sample in a different manner due to their physical prowess or perhaps fatigue. Although the literature 

occasionally mentions operator-induced variability [12,14,15], it does not seem that the impact of this 

type of variability has been extensively tested in relation to measurement of soil hydrodynamic 

properties. Notably, a sample has to be representative of the target population. Larger sample sizes 

are expected to better represent the population, but too large sample sizes lead to a loss of time, human 

resources and money. On the other hand, the risk with too small sample sizes is that they do not 

satisfactorily represent the sampled population [16,17]. Choosing an appropriate sample size requires 

considering the actual data variability [18]. Hydrodynamic properties of field or undisturbed soil 

generally show a noticeable variability, and this circumstance implies that the measurement has to be 

replicated many times [18,19]. Instead, working in the laboratory with sieved and repacked soil can 

be expected to require less replications of the measurement since a more homogeneous porous 

medium is used in this case [20]. To the best of our knowledge, however, large datasets providing 

realistic estimates of the actual data variability have not been developed with reference to 

hydrodynamic properties of repacked soil columns. Therefore, the usability of small sample sizes for 

these types of investigations still needs support. When working with repacked soil samples, it is 

necessary to choose an appropriate packing method. This choice depends on the purpose of the 

investigation, but also on several practical constraints, such as the equipment available to researchers 

and the size of the sample that can be prepared in a laboratory. Several methodologies are, in principle, 

usable, such as vibrating devices [21] or press pistons [22]. In other cases, soil columns are prepared 

by manual methods involving a step-by-step procedure [7,23,24]. At each step, a mass of soil is 

poured into the cylinder, and this mass is then compacted by a pestle or by repeatedly dropping the 

soil column from a certain height. Packing method effects on measurement of soil hydrodynamic 

properties can be significant [25], and hence, they should be taken into account when the experiment 

is planned. The Mini-Disk Infiltrometer, MDI [26], is a compact tension infiltrometer, designed for 
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quick and straightforward measurement of the infiltration process under unsaturated conditions. In 

particular, pressure head values, h0, ranging from −0.5 cm to −7 cm can be established at the 

infiltration surface. Typically, this device is employed in the field for measuring three-dimensional 

(3D) infiltration processes for a specific h0 value [27,28]. However, the MDI is also usable for 

measuring one-dimensional (1D) infiltration on smalldiameter repacked soil columns [3,29]. Many 

investigations, some of which are mentioned in Table 1 as an example, have been carried out in the 

laboratory by applying the MDI on sieved and repacked soil samples. In general, the number of 

operators performing the experiment is not indicated, the number of replicates varies with the 

experiment—settling, however, on rather small values—and soil packing methods change from one 

investigation to another or they are not described. The fact that experimental methods differ with the 

investigation, or they are not described at all, makes the interpretation of the data difficult and hinders 

comparison between different investigations [30]. The general objective of this investigation was to 

test factors influencing 1D infiltration experiments with the MDI on sieved and repacked soil 

columns. The specific objectives were to establish—for loam soil and a given pressure head on the 

soil surface—the dependence of the measured infiltration parameters on (i) the operator performing 

the experiment; (ii) the considered sample size; and (iii) the applied packing method to prepare the 

soil column. 
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Table 1. Examples of experiments performed with the Mini-Disk Infiltrometer (MDI) on repacked soil columns. 
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Materials and Methods 

Soil 

The investigation was carried out on a soil collected in Sicily (Italy), in an orchard of the Department 

of Agricultural, Food and Forest Sciences of the Palermo University (38◦06′24′ ′ N, 13◦21′06′ ′ E). 

The soil (Typic Rhodoxeralf) has a relatively high gravel content, an organic carbon content of 27 

g/kg [39] and it is mostly sandy-loam or loam down to a depth of at least 0.30 m. Average values of 

saturated soil hydraulic conductivity determined in the field using the so-called BEST procedure [40] 

vary during the year between 16 and 194 mm/h [41]. For this investigation, an area where the texture 

was loam (clay = 19.0%, silt = 30.3%, sand = 50.7%; USDA classification system) was sampled [39]. 

The soil, collected from approximately the upper 10 cm of the profile, was transported to the 

laboratory and spread on plastic sheets for natural drying at room temperature. This process lasted 

about 40 days, during which the soil was manually stirred every 2–3 days to facilitate drying. Once 

the soil was air-dry, it was sieved for 5 min through a 2 mm mesh sieve and the fine fraction was 

retained for the experiment. 

Experimental Methods 

Soil columns were prepared in 25 cm long Plexiglas cylinders having an inner diameter, d, of 5.3 cm. 

Two different operators (V and Z) prepared the soil columns and performed the infiltration runs. The 

V operator was a master student whereas the Z operator was a PhD student. Soil columns were 

prepared by pouring the soil into the cylinder and manually pressing the poured soil using a wood 

pestle with a circular disc with a diameter of 5.0 cm at its bottom. The diameter of the disc was a little 

smaller (by 3 mm) than that of the cylinder to make it easier to slide the pestle into the cylinder. After 

concluding pressing, the pestle was rotated clockwise and counter-clockwise around its vertical axis 

for a few times. Different packing methods (P1, P2, P3 and P4) were applied in this investigation to 

prepare soil columns with a final length of 20 cm using 537 g of air-dry soil. For P1, all the air-dry 

soil was poured into the cylinder at once and pressed 200–220 times. For P2, 268.5 g of soil was 

poured and pressed 80–100 times. Then, another 268.5 g of soil was added and compacted another 

80–100 times. For P3, the soil was added in three steps (179 g of air-dry soil at each step), and it was 

pressed 30 times at each step. For P4, the soil was added in four steps (134.25 g of soil at each step) 

and pressed 10–15 times after each soil addition. The fact that an operator manually compacted the 

soil impeded the determination of the dissipated energy for preparing the sample. However, assuming 

that the pressing action did not vary appreciably between two pestle applications, it can be suggested 

that 3.3–5.5 times higher energy was required to prepare the soil column using the P1 method than 
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the P4 method. A direct measurement of the dry bulk density, ρb (g/cm3), of a soil column was not 

available since the soil used to fill the cylinder was air-dry and not oven-dry. Therefore, ρb was 

determined by the following relationship [20]: 

 

  

where ms (g) is the mass of the dry soil, Vt (cm3) is the bulk volume of the soil sample, mad (g) is the 

mass of the air-dry soil and wad (g/g) is the gravimetric soil water content of the air-dry soil that was 

measured each working day. Each operator (V and Z) prepared N = 45 soil columns using the P3 

packing method. A single operator (Z) prepared N = 15 columns with each of the four packing 

methods, namely P1, P2, P3 and P4. On average, ρb was equal to 1.17 g/cm3 (coefficient of variation, 

CV = 0.8%; N = 135), and the volumetric air-dry soil water content, θad, obtained by ρb and wad, was 

equal to 0.051 m3/m3 (CV = 5.4%). Therefore, the soil columns were overall homogeneous with 

reference to both ρb and θad. A Mini-Disk Infiltrometer, MDI, was used to measure 1D infiltration in 

a laboratory where approximately constant temperature and humidity conditions are maintained. For 

each run, the MDI was filled with tap water at room temperature. A pressure head, h0, equal to −3 

cm, was established at the base of the device. This choice was made to avoid flow along pores with 

an equivalent diameter > 1.0 mm [42] and, hence, to only consider flow through the soil matrix. 

Before each test, the soil column was placed on a perforated support that allowed air to easily escape 

from the bottom of the sample. For each run, the infiltrated volumes were measured every 10 s for 

the first minute, 15 s for the subsequent minute, 30 s for another two minutes and then every minute 

until the complete emptying of the MDI reservoir occurred. Cumulative infiltration, I (mm), at a given 

time, t (h), was obtained by dividing the cumulative infiltrated volume by the cross-sectional area of 

the soil column. A risk of obtaining inaccurate data with the MDI, as with all tension infiltrometers, 

is linked to poor hydraulic contact between the rough soil surface and the base of the device [43]. 

This risk was likely minimal in this investigation since using the pestle implied preparing the 

smoothest possible infiltration surface. The depth of the wetting front, dwf (cm), with respect to the 

soil surface, was also measured at the end of the infiltration run. These measurements were performed 

along four verticals established at a radial distance of 90◦ and the four values were averaged to 

characterize the soil sample. 
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Infiltration Parameters 

The mean infiltration rate, irmed (mm/h), was calculated for each run as the ratio between cumulative 

infiltration by the end of the run and its total duration. In addition, the empirical Horton [44] 

infiltration model was fitted to the I vs. t data by minimizing the sum of the squared residuals between 

the measured and the predicted I values [45]: 

 

 

 where i0H (mm/h) is the initial infiltration rate (t = 0), ifH (mm/h) is the final infiltration rate and the 

constant kH (1/h) describes the rate at which i0H approaches ifH. For given i0H and ifH values, the 

smaller the kH, the more gradual the transition from the initial to the final conditions [46]. The quality 

of the fitting was evaluated by calculating the relative error, Er (%), in agreement with Lassabatere 

et al. [45]. The Er values varied from 1.2% to 5.2%, with a mean value of 3.2%. According to 

Lassabatere et al. [45] a relative error that does not exceed 5.5% denotes an acceptable fitting of an 

infiltration model to the data. Therefore, the fitting of the model to the infiltration data was 

satisfactory for all individual runs. The model developed by Horton was chosen since it describes the 

infiltration curve in some detail, that is by three different parameters expressive of the initial and the 

final stages of the process and also of the transition between these two stages. 

Data Analysis 

Five response variables, that is irmed, i0H, ifH, kH and dwf, were considered in this investigation. Initially, 

a comparison was established between the experiments performed by the two operators. Taking into 

account that the operators V and Z yielded similar results, a single dataset of irmed, i0H, ifH, kH and 

dwf, values (N = 90 for each variable) was developed by pooling the data obtained by these two 

operators. The number of samples, Nr, required to estimate the mean of a variable with a given 

tolerance, d, for a given confidence level (95% in this investigation) was then calculated according to 

Warrick [19]: 
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 where z0.5α is the normalized difference from the mean, SD is the standard deviation, CV is the 

coefficient of variation and a is a fraction of the mean, Me, such that d = a × Me. According to Warrick 

[19], the sample coefficient of variation was used in the calculations. Using large sample sizes (i.e., 

N = 90) for estimating CV was considered advantageous in the perspective to obtaining reliable Nr 

values. Using Equation (3) with a (fraction of the mean) values ranging between 0.05 and 0.25 to 

estimate appropriate sample sizes is common in investigations on soil hydrodynamic parameters (e.g., 

[47–50]). Finally, a comparison was performed between the four packing methods. Variability of the 

data was considered low, medium and high for CV ≤ 15%, 15% < CV ≤ 50% and CV > 50%, 

respectively [19]. All comparisons were carried out by using F and t tests at p = 0.05. Percentage 

differences between two means, Δ, were also calculated as 

 

 Results and Discussion 

Operator 

With reference to irmed, the means obtained by the two operators differed by a not statistically 

significant Δ value of 8.8% (Table 2). Considering the fitted parameters of the Horton model, Δ = 

8.1% was obtained for i0H, Δ = 5.5% for ifH and Δ = 1.9% for kH, and no difference between two 

corresponding means was significant. For dwf, Δ was equal to 1.4% and differences were statistically 

significant in this case. Following Warrick [19], variability of irmed, i0H, ifH and kH was medium. A low 

variability was instead detected for dwf. 

 

 

 

 

 

 

 



 

 

38 

 

Table 2. Statistics of the irmed, i0H, ifH, kH and dwf values obtained by the two operators (V and Z) (sample size, N = 45 for 

each operator). 

 

According to Wells et al. [51], differences of 0.4 cm in wetting front depths of approximately 2 to 6 

cm can be considered small and nearly negligible. Adapting the conclusion by Wells et al. [51] to this 

investigation, the difference between the two means of dwf obtained by the V and Z operators (Table 

2) was significant but negligible in practice, since it was <0.2 cm. Therefore, differences between the 

two corresponding means were small and not significant or small and practically negligible. 

Consequently, the results of the experiment did not depend on the operator, or they differed only 

marginally. In other words, two different operators repeating the same experiment with exactly the 

same equipment and applying the same manual packing method yielded results that were consistent 

with each other. 

Sample Size 

Table 3 summarizes the irmed, i0H, ifH, kH and dwf values obtained by pooling the data by the V and Z 

operators (N = 90) and it lists the sample sizes, Nr, required to estimate the mean value of each 

considered parameter within +5%, +10%, +15% and +25% at the 95% confidence level. 
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Table 3. Statistics of the irmed, i0H, ifH, kH and dwf values overall obtained by the V and Z operators (sample size, N = 90) 

and required sample size, Nr, to obtain sample means differing at the most by a fraction, a, from the true mean with a 95% 

confidence level. 

 

  

For a given a value, the required number of replicates was minimal, and also very small (<1 regardless 

of a), for dwf, intermediate for irmed and ifH and largest for i0H and kH. Therefore, a very limited 

experimental information was enough to reliably determine the depth of the wetting front. For a given 

sample size, the mean and the final infiltration rates were generally more reliable than the initial 

infiltration rate and the decay constant. In other words, the infiltration process was one, but it was 

easier to characterize this process in terms of irmed and ifH than i0H and ifH. Taking into account that 

the actual sample size was N = 90, the means of irmed, ifH and dwf reported in Table 3 differed by even 

less than 5% from the true mean with a 95% confidence level. Instead, the estimates of i0H and kH 

differed a little more, that is by 5% to 10%. This investigation contributed to giving an answer to two 

different questions. One question was whether a small number of replicates can be used in practice, 

as is common (Table 1). Another question was if the experiment could be improved to substantially 

reduce uncertainties of the estimated means for all parameters. Working with numerically simulated 

data, Reynolds [52] suggested that an individualestimate of saturated soil hydraulic conductivity is 

accurate if it differs from the true value by no more than 25%. Reynolds [52] suggested such a 

stringent accuracy criterion since, in his analysis, the data were free of the perturbations embedded in 

field and laboratory measurements. If a criterion of this type can be accepted under ideal conditions, 

it can be even more so with reference to experimental data. Therefore, assuming that a difference of 

25% can be considered practically negligible for other soil hydrodynamic parameters and with 

reference to the mean value of a soil hydrodynamic parameter, this investigation supported the 

usability of small sample sizes in experiments on repacked soil columns with the MDI. The reason 

was that Nr = 6 was enough to obtain sample means differing at the most by +25% from the true mean 

with a 95% confidence level for all considered parameters (Table 3). Therefore, the answer to the first 
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question was that small sample sizes can indeed be used. The uncertainties are larger for the 

parameters expressive of the transient stage of the infiltration process but practically acceptable. With 

reference to the second question, the analysis suggested that 150–160 individual determinations of 

i0H and kH should be carried out to obtain an accurate estimate of the mean (i.e., a = 0.05 in Equation 

(3)). This is likely an impractically large number. Therefore, the answer in this case was that there is 

a practical limit to the reliability of a given parameter. The reason is that substantially improving the 

quality of the estimated mean of this parameter would imply an experiment that cannot be carried out 

in practice. 

Packing Method 

Infiltration rates (irmed, i0H and ifH) decreased monotonically from the P4 to the P1 packing methods 

(Table 4). The irmed and ifH values decreased according to the P4 = P3 > P2 > P1 sequence. The largest 

difference, detected between the P1 and P4 methods, was by a factor of 2.7 for irmed and 2.4 for ifH. 

The i0H values differed according to the P4 = P3 > P2 = P1 sequence and the largest difference, also 

detected between the P1 and P4 methods, was by 1.8 times. Variability was medium in ten of the 

twelve cases considered (three parameters × four packing methods) and low in the other two cases. 

The lowest CV values were obtained with the P4 method for irmed and ifH and with the P2 method for 

i0H, yielding, however, a very similar result to that obtained with the P4 method. The means of kH 

decreased according to the P4 = P1 = P3 > P2 sequence since the only significant difference (Δ = 

27.6%) was detected between the P2 and P4 methods. Even in this case, the variability of the data 

was medium regardless of the packing method, and the lowest CV value was obtained with the P4 

method. Finally, dwf decreased according to the P2 > P1 > P3 > P4 sequence. Two means differed by 

2.3% to 15.6%, depending on the established comparison. The variability of the data was low for all 

packing methods, and the highest CV value was obtained for the P4 method. 
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Table 4. Statistics of the irmed, i0H, ifH, kH and dwf values obtained by four different packing methods (P1, P2, P3, P4). 

 

  

Overall, the effect of the used packing method was noticeable for the infiltration rates and the depth 

of the wetting front, and it was relatively small with reference to the decay constant of the infiltration 

model. As reported by Lewis and Sjostrom [10], homogeneous packing requires adding soil in very 

small increments, at least in case of sand [9], but relatively large increments are commonly used 

[53,54]. According to this investigation, the greater the number of layers, the higher the infiltration 

rates. This result likely occurred because, as the number of layers increased, the efforts made to 

compact the soil were overall smaller and more evenly distributed along the soil column. Reducing 

and distributing these efforts along the vertical axis of the column gave rise to the formation of a more 

permeable and homogeneous soil sample than that obtained when these efforts were concentrated on 

a single or a few exposed soil surfaces. In other words, it seems that the infiltration data obtained on 

a soil column prepared with a multi-layering method tends to be expressive of an infiltration process 

that occurs in an overall rather homogeneous soil column. Instead, if the soil is poured into the 

cylinder only once, the upper soil layer is appreciably more compacted than the subsoil, and this 
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circumstance makes the infiltration process slower. In particular, infiltration is mainly controlled by 

the upper soil layer. In this investigation, the applied packing procedure did not appreciably influence 

the decay constant, kH. Therefore, not all parameters that describe the dynamics of the infiltration 

process show the same sensitivity to the applied packing method. In particular, this sensitivity is 

appreciable for the parameters expressive of the rate at which infiltration occurs (irmed, i0H, ifH), but it 

is smaller with reference to the rate at which i0H approaches ifH. Using a relatively large number of 

layers to prepare the soil column appears advantageous for improving reproducibility of the 

infiltration experiment. This suggestion was based on the fact that the CV values for irmed, i0H, ifH and 

kH were lowest, or almost so, with the P4 packing method. However, some word of caution is 

necessary with reference to this finding since CV did not decrease monotonically from the P1 to the 

P4 methods. In other words, other investigations should be performed to verify the suggestion that 

more layers imply less variability in the data. It also seems that the larger the number of layers, the 

smaller the thickness of the wetted soil volume tends to be, although the decrease in dwf from the P1 

to P4 methods was not monotonic either. Perhaps this was a consequence of the fact that, with a multi-

layering packing method, pores were overall larger, as also suggested by the higher infiltration rates. 

Filling these pores required relatively large amounts of water. Consequently, there was not enough 

water to also fill the pores of the deepest zone of the soil column. To improve the interpretation of 

packing effects on infiltration, future investigations could also include an accurate characterization 

of the pore structure in soil samples prepared with different methods. The expectation could be to 

better understand the link between soil hydrodynamic response and pore system characteristics, 

including pore volume, size and tortuosity (e.g., [55,56]). Moreover, simple packing devices, such as 

the one recently developed by Bagarello et al. [57], could be used with a double potential advantage: 

(i) the dissipated energy to compact the soil could be expressed quantitatively, and (ii) exactly the 

same experimental method could be applied in different laboratories. 

Conclusions 

This investigation tested factors influencing 1D infiltration experiments with the MDI on columns of 

a sieved and repacked loam soil. According to this investigation, it appears reasonable to believe that 

two operators who apply the same manual method to prepare a soil column and perform an experiment 

with the Mini-Disk Infiltrometer can collect comparable infiltration data. Obtaining a mean value 

differing from the true mean by no more than a fixed percentage at a given confidence level requires 

less replicates of the run for mean and final infiltration rates than for the parameters describing the 

initial stage of the process. In general, however, a relatively small number of replicated runs is enough 

to obtain an acceptable description of the entire infiltration process. With a manual packing method 
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to prepare a soil column, the number of steps in which soil is added from time to time has an 

appreciable effect on the hydrodynamic response of the tested soil column. Therefore, an experiment 

carried out by one or two operators applying a given packing method could be considered replicable 

in other circumstances. In particular, preparing a soil column in subsequent steps is recommended 

since this choice seems appropriate for reducing variability of the individual measurements of the 

infiltration parameters. This conclusion is valid for this experiment, and therefore it cannot be 

considered general unless, perhaps, with reference to other loam soils and an infiltration process that 

excludes the largest pores, i.e., one that only occurs through the soil matrix. The experiment should 

be repeated with other soils and other established pressure heads at the infiltration surface, with the 

goal of collecting experimental information that can be used to reach general conclusions. The 

methodology applied in this investigation, using simple devices and laboratory methods, could easily 

be extended to other scenarios. 
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ABSTRACT 

Hydraulic conductivity on the surface of the soil is crucial to address many hydrological and 

environmental issues. This study presents the development and validation of a low-cost Autonomous 

Mini Disk Infiltrometer (AMDI), fabricated using fused deposition modeling (FDM) 3D printing.  

AMDI integrates a transparent PET-G Mariotte chamber and a TDT-based TMS-4 sensor to allow 

automated measurement of cumulative infiltration under controlled pressure head levels. Calibration 

was performed using polynomial regression (cubic) to relate the readings of the TDT sensor to 

changes in water volume. Laboratory infiltration experiments on loamy Chernozem soil compared 

AMDI with a commercially available, manually operated minidisk infiltrometer (MDI) at pressure 

head levels of h0 = -6, -3 and -1 cm. The results of ANOVA did not show significant differences 

between AMDI and MDI in higher pressure heads (p < 0.05), with notable discrepancies at -1 cm (p 

> 0.05) likely attributed to differences in the porous sintered stainless-steel disks, despite the 

hydraulic conductivity of the CTU disk being significantly higher than that of the soil. The influence 

of the porous disk was tested using MDI alone, which clearly demonstrated its effect on infiltration. 

This aspect should be further investigated to better define the impact of the disk on infiltration 

measurements. Moreover, despite the inherent porosity of FDM prints, air leakage was minimized 

through optimized printing parameters, allowing for reliable operation without post-processing or 

specialized equipment. The AMDI offers a functional, cost-effective (approximately € 218), and 

customizable alternative to traditional MDIs, with potential for broader adoption, including in citizen 

science applications. Further field testing is needed in diverse soil types and environmental 

conditions. 
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INTRODUCTION 

Infiltration of water into the soil is a key component of hydrological modeling (Chow and Maidment, 

1998). Theoretical developments, from Darcy’s law (1856) to Richards’ (1931) equation, emphasize 

the importance of accurately measuring saturated and unsaturated hydraulic conductivity (K) under 

various soil conditions. Other process-based models used in hydrology to describe infiltration also 

incorporate K (Green and Ampt, 1911; Philip, 1969, 1957). Therefore, determining K is essential for 

accurate hydrological modeling. K vary significantly between soils, and substantial variability may 

also occur within the same soil type due to factors such as soil management practices, crops, edaphon, 

topography, groundwater, freeze-thaw cycles, and meteorological conditions (Angulo-Jaramillo et al., 

2000; Elkateb et al., 2003; Green et al., 2003; Klöffel et al., 2024; Kool et al., 2019; Leuther and 

Schlüter, 2021; Meurer et al., 2020; Rosenbaum et al., 2012; Severino et al., 2003; Teng et al., 2023), 

making infiltration one of the most complex components of the hydrological cycle (Mein et al., 1971).  

Unsaturated hydraulic conductivity can be measured directly in the laboratory or in the field, or it can 

be estimated indirectly using related soil properties through water retention curves (Brooks and 

Corey, 1964; Burdine, 1953; Morel-Seytoux et al., 1996; Mualem, 1976; van Genuchten, 1980; Van 

Genuchten, 1978; Vogel et al., 2000) or pedotransfer functions (Deb and Shukla, 2012; Kubát et al., 

2024; Wosten et al., 1999). Nimmo (2009) reviewed various methods to determine both saturated and 

unsaturated K. Laboratory steady-state methods using constant pressure or flux (through Darcy’s law) 

are best suited for wet soils, while centrifugal methods are effective in drier conditions. Unsteady 

methods, such as instantaneous or evaporation-driven profile approaches, estimate K by monitoring 

changes in soil water content and hydraulic head over time. Field-based indirect methods involve 

fitting infiltration data to simulated water flow models. A widely used field and laboratory method is 

the tension infiltrometer (Ankeny et al., 1991; Jarvis et al., 1987; Nestingen et al., 2018; Perroux and 

White, 1988; Šimůnek and Van Genuchten, 1996; Sněhota and Cislerova, 2002), which estimates K 

from infiltration rates under controlled pressure heads.   

A miniaturized version of the tension infiltrometer, the Mini Disk Infiltrometer (MDI) manufactured 

by Meter Group (Pullman, WA, United States), is commonly used to assess soil hydrodynamic 

properties, particularly hydraulic conductivity near saturation (Meter Group, 2021). The instrument 

consists of a transparent (polycarbonate) tube divided into two chambers: the upper chamber, or 

Mariotte reservoir, sets the pressure head (typically between h0 = -6 cm and -0.5 cm), and the lower 

chamber, or water reservoir, contains approximately 95 ml of water that infiltrates the soil through a 

porous sintered stainless-steel disk (45 mm in diameter and 3 mm thick), preventing free drainage 

into the air. During an MDI test, the operator measures the water volume leaving the reservoir at 
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specific time intervals to construct a cumulative infiltration curve, which allows estimation of the 

unsaturated hydraulic conductivity (K, in mm h⁻¹) corresponding to the applied pressure head. The 

MDI is commonly used in the field to measure three-dimensional (3D) infiltration processes (Alagna 

et al., 2013; Fodor et al., 2011; Gonzalez-Sosa et al., 2010), it is also suitable for one-dimensional 

(1D) infiltration measurements in repackage soil columns (Autovino et al., 2024; Bagarello et al., 

2022; Ghosh and Pekkat, 2019; Naik et al., 2019).  

Despite its advantages, manual use of tension infiltrometers is labor intensive. Automation of 

infiltrometer measurements generally involves monitoring changes in water level. In early work, 

Ankeny et al. (1988) used a pair of pressure transducers to determine the hydrostatic pressure in the 

Mariotte column and thereby the actual water volume. The advent of microcontrollers, such as 

Arduino, has facilitated infiltrometer automation. Di Prima (2015) developed a compact automated 

single-ring infiltrometer using Arduino and a differential pressure transducer, significantly reducing 

costs and enabling faster and more precise data collection. Similarly, Madsen and Chandler (2007) 

automated the mini disk infiltrometer. Recently, Morales-Ortega et al. (2023) utilized a Time-of-

Flight (ToF) sensor in combination with an Arduino microcontroller to automate tension 

infiltrometer. Klípa et al. (2015) automated multiple mini disk infiltrometers by measuring the 

buoyancy force of the water in the Mariotte bottle on a miniature load cell, with the system validated 

in a long-term field study (Zumr et al., 2019). An innovative method for measuring very low 

infiltration rates was presented by Hallett and Gordon (2014), who detected bubble formation by 

measuring changes in electrical resistivity in the bubbling tower of the infiltrometer. In another 

approach Moret-Fernández et al. (2012)  developed a complex setup with a micro flowmeter and 

solenoid valves to automate multipotential tension infiltrometry trials. Moret et al. (2004) advocated 

for the registration using a time domain reflectometry (TDR) probe in the reservoir tube. 

Alternatively, Jara et al. (2012) proposed a method involving sequential imaging of water levels in 

the reservoir using an automatic or smartphone camera, with images analyzed through particle 

tracking image analysis. A similar approach was recently adopted by Latorre et al. (2021), although 

it requires dyeing of the infiltrating water to enhance image contrast.  

Focusing on the development of autonomous MDIs through prototyping and customization, we 

adopted additive manufacturing (AM) techniques as a method suitable for fabrication of complex 

three-dimensional geometries. AM, commonly known as 3D printing, constructs objects by layering 

materials (Ngo et al., 2018), which is expected to revolutionize the manufacturing sector (Mitchell et 

al., 2018; Patwardhan, 2018). Fused deposition modeling (FDM) and stereolithography (SLA) are the 

most widely used 3D printing techniques (Ngo et al., 2018; Patel et al., 2022; Percoco et al., 2012). 
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SLA, one of the earliest methods developed in 1986 by Charles Hull, uses UV light (or an electron 

beam) to initiate a chain reaction on a layer of resin or monomer solution (Melchels et al., 2010). 

SLA prints high-quality parts at fine resolutions as low as 10 μm (Gibson et al., 2015). However, 

SLA is relatively slow and costly, with limited material options and complex curing kinetics (Ngo et 

al., 2018). FDM, on the contrary, is inexpensive, fast, and simple but suffers from weaker mechanical 

properties, visible layer lines, poor surface quality, and limited material choices (Chohan et al., 2017; 

Mohamed et al., 2015). Despite these limitations, FDM is suitable for prototyping due to its 

affordability and simplicity. A common issue in both techniques is porosity, which compromises fluid 

containment, which is critical for MDI function. Achieving watertight, and even more airtight FDM 

prints remains a challenge (Wu et al., 2024). However, successful leak prevention has been achieved 

by adjusting the printing parameters (AL-Hasni and Santori, 2020; Leite et al., 2018; Romanov et al., 

2018), including layer height, extrusion flow, print speed and temperature, shell thickness, and seam 

positioning. Therefore, it is achievable to limit liquid leakage.  

The availability of low-cost, user-friendly instruments can support citizen science initiatives. For 

example, the Parrot Flower Power soil moisture sensor has been used successfully in citizen science 

projects, providing valuable environmental monitoring data (Xaver et al., 2020). Affordable scientific 

instruments can also support research and education in developing countries and disadvantaged 

regions. 

To reduce costs of tension infiltration measurement, lower the labor cost and improve adaptability, 

our objective was to develop and validate an Autonomous Mini Disk Infiltrometer (AMDI) by 

integrating commercially available autonomous low-cost sensor (Time Domain Transition) for 

automation of infiltration measurement process and 3D printing for fabrication. The aim was to 

provide AMDI design in the form of an open-source platform to be further developed in the scientific 

community.  

 

Materials and Methods 

Design of the AMDI 

AMDI consists of an interconnected infiltrometer body with bottom lid, Mariotte bottle, and TDT 

sensor. The 3D printed were designed in Fusion 360 (Autodesk, United Kingdom). To assemble a 

functioning AMDI, the following components are required: five O-rings (one piece 45 × 3.6 mm, one 

piece 5 × 2.0 mm, and three pieces 20 × 3.6 mm), one TMS-4 sensor, sintered stainless steel disk (45 

mm in diameter and 3 mm in thickness), and 3D-printed parts A, B, and C (Figure 1). The fully 
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assembled AMDI is 29.5 cm high and 5 cm in diameter (22.5 cm without the sensor). The Mariotte 

chamber consists of part B1 (the chamber itself) and part B2 (the suction tube). The suction tube is 

fixed and the desired pressure head is adjusted by setting the water level in the Mariotte chamber. The 

chamber has an imprinted scale from 0 to 6 cm, marked in increments of -0.5 cm, and is connected 

to the Mariotte tube using part A2 (a nozzle-shaped connector). Regarding the pressure head, the 

offset of the AMDI; the distance between the Mariotte tube and the sintered disk; is -9 mm. This offset 

must be considered in the calculation of hydraulic conductivity (K), as is also required for the Meter 

MDI. Parts B1 and B2 are printed separately and then glued together using ethyl 2-cyanoacrylate glue 

(Henkel CEE GmbH, Germany) and rest for at least 24 hours. A similar procedure is applied to bond 

parts A1 and A2, as well as part C and the sintered stainless-steel disk (similar to one used in the study 

by Klípa et al., 2015; Zumr et al., 2019), which must also be glued into place. The porous disk was 

manufactured from SIKA-R 80 AX sinter metal filter disk (GKN GmbH, Germany) with a nominal 

pore size of 80 microns. Before inserting the TDT sensor, the O-rings (20 × 3.6 mm) should be placed 

in the openings and a non-silicone lubricant (preferably a lubricant used for plastic sewerage tubes or 

similar) should be applied to minimize the risk of damaging the sensor or AMDI. AMDI. When the 

TDT sensor is placed, the status diode should face the Martiotte chamber. Once the TDT sensor is 

inserted and all components are glued together, the AMDI can be assembled. The Mariotte chamber 

features sliders that match the rails in part A1, keeping the chamber in place and facilitating its 

positioning. Before sliding the Mariotte chamber into place, it should be filled with the desired water 

level (using a syringe), and the connector should be fitted with the O-ring (5 × 2.0 mm). The 

infiltrometer should be filled with 150 ml of water, which represents an increase compared to the 90 

ml capacity of the conventional MDI. Lastly, the lid (part C), equipped with the O-ring (45 × 3.6 

mm), should be screwed into place and tightened to prevent undesirable leakage. All printable parts 

and 3D printer settings are available at the GitHub repository (Kubát and Sněhota, 2025). 

 

 



 

 

54 

 

 

Figure 1: Cross section and visualization of the 3D printed AMDI, parts denoted A, B, and C are 3D 

printed using FDM technology. 

3D Printing 

We utilized fused deposition modeling (FDM) technology for 3D printing (Patel et al., 2022; 

Percoco et al., 2012). All parts of the AMDI were manufactured using polyethylene terephthalate 

glycol (PET-G) filament produced by Prusa a.s. (Czechia). We employed clear filament (color: 

E4E7E5) with a diameter of 1.75 ± 0.02 mm. Since the pressure head is set by adjusting the water 

level in the Mariotte chamber, the transparency of the material is crucial. To prepare the parts for 

printing, we used the open-source software PrusaSlicer version 2.9. The printing was performed 

using three different printers: Prusa MINI+, Prusa i3 MK3S+, and Prusa XL, all produced by Prusa 

a.s. (Czechia), with the same slicer settings applied to all parts across the different printers. To 

simulate a realistic printing scenario, no enclosure was used, with ambient temperatures fluctuating 
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between 22 and 28 °C. Each part was treated with a 400 °C heat gun to remove strings (for 

approximately 30 s), which resulted from the set parameters. 

Given the nature of the measurements for which the device is intended, watertightness and 

airtightness are essential properties. Achieving liquid tightness of the prints is challenging, however, 

it is possible to minimize the leakage rate by adjusting the printer parameters (AL-Hasni and Santori, 

2020; Wu et al., 2024). Therefore, we minimize the porosity (pore connectivity) of the printed objects. 

Since the number of adjustable printer parameters can easily exceed 300, here is only a brief summary 

of key parameters (Table 1). The complete MK3S+ configuration is available in the supplementary 

material (see SP1). In general, we significantly reduced the print speed, increased the temperature 

and extrusion rate, and lowered the cooling. 

Table 1: Key parameters adjusted of the 3D printer to achieve minimal liquid leakage through the printed object. 

Parameter Value 

Layer height 0.1 to 0.15 mm 

Extrusion multiplier 1.1 

Max print speed 15 mm s-1 

Printing temperature 260 °C 

Wall thickness 2.5 mm 

Infill 100% 

Cooler speed 15 to 20% 

Retraction length disabled 

Infill/perimeters overlap 20% 

 

Airtightness of 3D printed parts 

Sufficient air tightness of the mini disk infiltrometer assembly is critical for successful infiltration 

tests. To determine the air leakage of the material in relation to infiltration, we used a procedure 

similar to the Darcy falling head experiment, assuming laminar flow through the material. A simple 

U-shaped glass tube with a valve was used to set the pressure head; the tube was marked with a scale 
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in centimeters and had an inner diameter of 22.7 mm. We 3D-printed an enclosed Mariotte chamber 

with a wall thickness of 2.5 mm and a surface area of 103.6 cm², featuring a single opening. This 

opening was connected to the instrument inlet using silicon tubing. Before measurement, a pressure 

head of -10 cm was applied. After connecting the Mariotte chamber, the valve was opened to link it 

to the U-tube. Because the air leakage was very low, we set up a camera to record a time-lapse at 30-

second intervals until the water level in the tube equilibrates. The change in water level was manually 

recorded from the time-lapse at 10-minute intervals. From these readings, the volume of leaked air 

was calculated, assuming no compression of the air in the tube and isothermal conditions. The mean 

air conductivity (Ka) was then calculated from the incremental time steps using the following 

expression:  

where: 

- Ka,i is the air conductivity for a given time step (mm h-1), 

- ΔVi is the change in volume between time steps (mm3), 

- L is the wall thickness (mm), 

- A is the cross-sectional area of the Mariotte chamber (mm2), 

- Δhi is the pressure head gradient for the given time step (mm), 

- Δti is the duration of the time step (h). 

 

Maximum air leakage was calculated using the Ka obtained, considering the worst-case scenario: a 

simple empty tube with a wall thickness of 2.5 mm and a surface area of 362.09 cm2. The result was 

then interpreted as the minimum water infiltration rate that can still be measured using AMDI at a 

pressure head of -6 cm. Below this infiltration rate threshold, water infiltration would be slower than 

air inflow through the body of the AMDI which would lead to false measurement of K, namely, poorly 

defined pressure head. It is important to note that as long as air bubbles are observed during 

infiltration, the instrument is functioning correctly. 

Water Level Change Sensing 

Following the proposition by Moret et al. (2004) to measure water level changes using Time Domain 

Reflectometry (TDR), we adopted a similar approach but replaced the sensing technology with Time 

 

𝑲𝒂,𝒊 =
𝜟𝑽𝒊 ∙ 𝑳

𝑨 ∙ 𝜟𝒉𝒊 ∙ 𝜟𝒕𝒊
 (1) 
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Domain Transmission (TDT). Similarly to TDR, TDT measures the propagation speed of high-

frequency electromagnetic pulses; however, it does so through transmission along a closed circuit 

rather than reflection of a pulse. Due to their less demanding electronic requirements, TDT sensors 

are significantly more cost-effective than TDR systems. To monitor changes in water level, we 

employ commercially available autonomous soil moisture sensors, TMS-4 'Lollipop' (TOMST sro., 

Czechia). Detailed sensor specifications are described by Wild et al. (2019). In the TMS logger, high-

frequency shaped pulses (approximately 2.5 GHz) are transmitted through a printed circuit 

approximately 30 cm in length. Upon arrival of a pulse at the counting unit, another pulse is emitted, 

a process repeated within a 640-microsecond timeframe. These pulses are quantified as a raw 

moisture signal (ranging from 50 to 200 MHz). The number of pulses counted is inversely 

proportional to the moisture content; as the moisture increases, the number of pulses received 

decreases. After inversion, the counts are scaled to a numeric range of 1–4095 (raw TDT data). The 

recorded values typically range from 100 (ambient air) to 3500 (distilled water). The sensor includes 

integrated flash memory and a built-in battery for long-term operation. Configuration and data 

retrieval were performed using the manufacturer’s Lolly Manager software (version 1.18.6.6), which 

supports conditional data recording mode. In this mode, measurements were taken every second, 

while the data were stored only when a change in the inverted raw count value of the water level was 

detected between two subsequent readings. The resulting data were saved in CSV format. 

AMDI Calibration and Validation 

To establish a relationship between the raw TMS-4 signal and the actual change in water volume 

within the reservoir, we conducted a calibration test for each AMDI unit. The reservoir was first filled 

with water and the instrument was placed on a holder attached to a precision balance. The Mariotte 

chamber was then removed to allow air to enter and initiate water outflow through the sintered disk. 

Weight loss was recorded every 5 seconds as water exited the reservoir. The balance data were later 

matched with the sensor data and a third-degree polynomial (i.e., cubic) regression model was derived 

to describe the relationship between the raw TDT signal and the change in water volume. Through 

trial and error, we identified two key issues: (i) the plastic-covered portion of the sensor continues to 

provide readings, but with a different response ratio due to its varying thickness, and (ii) as the water 

level approaches the temperature sensor, the signal no longer follows a monotonic decline, which 

may compromise measurement reliability. To address these anomalies, we calculated the optimal 

initial water volume so that the water level would cover only the active sensing portion of the sensor 

at the start of the test and reach the temperature sensor only after 90–95 ml of water had infiltrated, 

equivalent to the maximum volume that the Meter MDI reservoir can contain. The calibration models 
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used to process the infiltration data were derived from trials that account for these two issues: Each 

calibration trial used 150 ml of water, and readings from the temperature sensor zone were excluded. 

In the infiltration trials, we utilized two AMDI units to assess potential differences between them and 

further strengthen the reliability of our results. The calibration process produced individual calibration 

equations for each AMDI. Upon comparison, it became evident that the relationship between the raw 

signal and the change in water volume differed significantly for each AMDI (Figure 2). Therefore, it 

is necessary to calibrate each AMDI individually prior to measurement. To evaluate the accuracy of 

the cubic approximation used for calibration, we calculated the root mean square error (RMSE) and 

the normalized RMSE (NRMSE). For AMDI Mark 1, the RMSE was 0.77 and the NRMSE was 

1.12%, while for Mark 2, the RMSE was 0.52 and the NRMSE was 0.64%, indicating a good fit to 

the measured data. 

 

 

 

Figure 2: Cumulative outflow measured, and raw signal fitted with cubic model. The zone without data corresponds to 

the temperature sensor zone. 

The constants and models are reported with high precision because reducing the precision 

could negatively impact the estimation of infiltrated volume. The calibration equation for AMDI 

Mark 1 is as follows: 

 
𝒚 = 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟏𝟑𝟗𝟒𝟎𝟐𝟒𝟏𝟖𝟐𝒙𝟑 − 𝟎. 𝟎𝟎𝟎𝟏𝟏𝟕𝟏𝟔𝟐𝟖𝟓𝟐𝟕𝟓𝒙𝟐

+ 𝟎. 𝟑𝟕𝟏𝟔𝟓𝟐𝟕𝟖𝟗𝟏𝟖𝒙 − 𝟑𝟓𝟕. 𝟑𝟓𝟑𝟏𝟐𝟐𝟎𝟖 
(2) 
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where: 

- y is the water volume (ml) 

- x is the raw TDT signal (count) 

And similarly, the calibration equation for AMDI Mark 2 is: 

Experimental Setup 

To carry out the infiltration trials, we prepared a soil box under controlled laboratory conditions. The 

box was first lined with a 2 cm layer of expanded clay at the bottom, followed by a permeable material 

sheet (geotextile), and then filled with sieved soil (<1 cm). The soil was collected from Ledce 

(50°12'22.4"N, 14°01'01.6"E) and is classified as Chernozem (Batjes, 2016) with a loam texture class 

according to the USDA classification system. The partial contents of clay (13%), silt (49%), and sand 

(38%) were determined using a laser diffractometer, Mastersizer 3000 (Malvern Panalytical, UK), 

with measurement parameters set according to (Bieganowski et al., 2018; Vrána et al., 2024). The soil 

was gently compacted and subjected to a wetting–drainage cycle to promote structural development. 

After drying, the surface crust was broken, the top few centimeters were mixed, and the surface was 

compacted using a pestle. This procedure was designed to replicate field conditions, minimize 

variability within the box, and ensure proper contact between the soil surface and the infiltrometer 

(Bagarello et al., 2022). 

In total, we conducted 27 infiltration trials using three instruments: two AMDI units (referred to as 

Auto1 and Auto2) and one Meter MDI. The trials were carried out at three pressure heads (h0 = -6 

cm, -3 cm and -1 cm), with three replicates for each combination (3 instruments × 3 pressure heads 

× 3 replicates = 27 trials). The experiments were conducted between February and March under 

controlled laboratory conditions. Before each trial, a thin layer of air-dried, sieved soil (<2 mm) was 

applied directly to the surface at the trial location. This layer was then spread and gently compacted 

to ensure optimal contact between the infiltration disk and the soil surface. To avoid any interaction 

between wet zones of adjacent tests, each test cycle was limited to six infiltration trials. After each 

cycle, the upper soil layer was homogenized, reconsolidated, and allowed to dry for 48 to 72 hours to 

ensure uniform initial conditions across all experiments. For the Meter MDI, an operator manually 

recorded infiltration data at regular intervals, whereas the AMDI units used TMS-4 sensors to 

 
𝒚 = 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟏𝟏𝟓𝟖𝟕𝟔𝟓𝟓𝟗𝟑𝟒𝒙𝟑 − 𝟎. 𝟎𝟎𝟎𝟎𝟖𝟒𝟎𝟓𝟔𝟓𝟎𝟔𝟑𝟓𝟗𝒙𝟐

+ 𝟎. 𝟐𝟒𝟑𝟎𝟏𝟑𝟒𝟕𝟑𝟑𝟓𝒙 − 𝟏𝟖𝟗. 𝟏𝟑𝟒𝟒𝟐𝟏𝟔𝟏 
(3) 
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autonomously record signal changes within the reservoir. These signals were subsequently converted 

to water volumes using the calibration equations described earlier (Eq. 2 and Eq. 3). 

Moreover, although the disk should theoretically not affect infiltration as long as water continuity is 

maintained for the set pressure heads and its hydraulic conductivity is significantly higher than that 

of the soil being measured, we also determined the hydraulic conductivity of the disk to ensure the 

rigor of the study. This aspect had not been previously addressed in the study by Klípa et al. (2015). 

To measure the saturated hydraulic conductivity of the sintered disk, we employed a variation of the 

falling head experiment described earlier (Section 2.3). Since the Meter disk and CTU disk have 

identical dimensions, we used the Meter MDI body to conduct infiltration into a free water level. The 

MDI was positioned so that its outflow was directed into a metal cylinder with a sharp edge, which 

was filled with water to maintain continuous contact between the sintered disk and the water surface. 

The MDI was filled with 90 ml of water, and an empty Mariotte chamber was attached. The suction 

tube was sealed with a finger to prevent water flow. When the finger was released, the infiltration 

trial began. This procedure was repeated three times for each type of disk. The saturated hydraulic 

conductivity for each trial was then calculated using the following equation: 

 

 

where: 

- Ks,i is the saturated hydraulic conductivity for given time step (mm h-1) 

- Qi is the outflow forms the MDI (mm3 h-1) 

- L is the wall thickness (mm) 

- A is the cross-sectional area of the Mariotte chamber (mm2) 

- Δhi is the pressure head gradient for the given time step (mm). 

Following the determination of each disk's saturated hydraulic conductivity (Ks), additional trials 

were conducted using only the Meter mini disk infiltrometer (MDI) to further investigate the 

influence of the disk on the infiltration process. A total of six trials were performed, three at an initial 

pressure head (h0) of -3 cm and three at h0 of -1 cm. These trials were carried out on a soil different 

from that used in the infiltration measurements described above. The soil was collected from another 

agricultural site in Nucice (Li et al., 2023; Zumr et al., 2019) and is classified as Cambisol (Batjes, 

2016), with a silty loam texture class according to the USDA classification system. The soil 

 

𝑲𝒔,𝒊 =
𝑸𝒊𝑳

𝑨𝜟𝒉𝒊
 (4) 
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composition included 3% clay, 61% silt, and 36% sand. Sample preparation and infiltration trials 

were carried out as previously described. 

 

Scanning Electron Microscopy of Parts 

To inspect the morphology of the 3D-printed parts and sintered disk, we used a Phenom XL scanning 

electron microscope (SEM) (Thermo Fisher Scientific, United States). Since the analysis required 

small samples, we specifically designed and printed three types of samples; a cube with a hollow 

middle part, a wall, and a closing top layer; using the settings given in Section 2.2. Prior to analysis, 

the samples were dried at 40 °C for 48 hours, which should not alter the properties of PET-G. Then 

they were mounted on 12.5 mm diameter pin stubs using carbon adhesive tape. Loose particles were 

gently removed with compressed air, and the specimens were coated with a thin conductive metal 

layer (Pd:Au = 80:20) using a SC7620 sputter coater (Quorum). SEM imaging was performed under 

high vacuum conditions (1 Pa) a secondary electron detector (SED) at 5 kV. 

 

Data Analysis 

To estimate the unsaturated hydraulic conductivity, K(h), we used model proposed by Zhang (1997) 

which was later modified by Dohnal et al. (2010) and as described in METER Group Mini Disk 

manual adapting their macro and van Genuchten parameters (Meter Group, 2021). To analyze the 

differences between the Zhang model and the measured data, we used the Root Mean Square Error 

(RMSE) and normalized RMSE (NRMSE). After calculating the K values, we divided the data into 

three groups based on pressure heads (-1, -3, and -6 cm) and instrument type (AMDI Mark 1, Mark 

2, and Meter MDI). Each group was tested for normality at confidence level of 0.05 using the Shapiro-

Wilk test, which is suitable for small datasets (Shapiro and Wilk, 1965). Since all groups yielded p-

values greater than 0.05 we applied a one-way analysis of variance (ANOVA) to assess the 

significance of differences. If the ANOVA produced a p-value less than 0.05, a Tukey post-hoc test 

was performed to identify the source of the significant difference. All statistical tests were performed 

using the SciPy library for Python (Virtanen et al., 2020). 

Results 

Properties of 3D printed parts 

Air leakage due to imperfections in 3D printed parts was determined in three repetitions; the water 

levels inside the glass tube equilibrated on average after three hours at a pressure head of -10 cm, as 
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described in Section 2.3. We successfully measured the air conductivity (Ka) of the 3D-printed parts, 

which, for the modified version of the Mariotte chamber, yielded 8.0·10-4 ± 2·10-4 mm h-1. Using this 

Ka value, we estimate the minimum infiltration rate measurable for pressure head between -0.5 and -

6 cm (see Appendix A). For h0 = -6 cm, and considering that the AMDI is almost empty, the minimum 

measurable infiltration rate is 0.42 ± 0.11 mm h-1. Given the assumptions used in the estimation 

method, the minimal measurable infiltration rate can be considered conservative. To closely inspect 

imperfections in 3D prints that can cause air leakage, we used SEM imaging (Figure 3). It should be 

noted that the images show an intentionally selected location on the surface prone to imperfections to 

trace the sources of air leakage. Using the XYZ coordinates, where Z is the vertical axis in Figure 3a 

and b a corner in the XY plane depicts the adhesion in two cases: good corner adhesion (Figure 3a) 

and poor adhesion (Figure 3b). The corner gap in Figure 3b may indicate a potential source of air 

leakage. Figure 3c and d depict the top layer infill in the XY plane. Both images reveal prevalent 

over-extrusion due to the printer settings. Finally, Figure 3e and Figure 3f show vertical wall layer 

adhesion in the XZ plane. Figure 3e demonstrates good adhesion and layer overflow from over 

extrusion, while Figure 3f reveals slightly reduced vertical adhesion, with visible isolated openings 

between layers. These gaps are not interconnected and are therefore considered isolated pores. The 

white artifacts circled in red in all images are air bubbles trapped within the material structure formed 

during printing, which are also not interconnected. Air leakage due to the imperfection in the 3D 

printed parts was determined in 3 repetitions; the water levels equilibrated on average after 3 hours.  
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Figure 3: SEM images obtained using a BSD sensor at 250x magnification, illustrating key 3D printing features and 

defects related to adhesion and extrusion quality. (a) Corner perimeters with good adhesion. (b) Corner perimeters with 

poor adhesion, indicating a possible source of leakage. (c) Infill of the top layer exhibiting overextrusion. (d) Artifact 

resulting from the infill of the top layer on the extrusion. (e) Vertical wall layer showing good adhesion to overflow due 

to overextrusion. (f) Vertical layer of the wall showing slightly reduced adhesion, with visible openings between layers. 

The coarse particles observed in the images are predominantly dust. 

 

 

 

Infiltration Curves 

In total, we conducted 27 soil infiltration trials. Cumulative infiltration was calculated according to 

Eq. 2 and Eq. 3 for each AMDI. The resulting infiltration curves obtained from the automatic 

instruments generally exhibited a well-defined shape, comparable to those recorded with the METER 

MDI (Figure 4). The minor noise observed in the AMDI data may be attributed to occasional reading 

inaccuracies or to limitations in the approximation of the calibration equations. The slight deviation 

of AMDI compared to MDI at a pressure head of -3 cm (Figure 6B) and the greater deviation at a 

pressure head of -1 cm (Figure 6C) are likely due to differences in the porous disk. 
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Figure 4: Cumulative infiltration curves for Soil Ledce under three pressure head conditions: (A) -6 

cm, (B) -3 cm, and (C) -1 cm. The curves show the difference between infiltrometer types: AMDI 

Mark 1 (yellow), AMDI Mark 2 (magenta) and Meter MDI (blue) with the fitted infiltration data from 

the Zhang (1997) model (dotted lines).  

The application of the Zhang model to the infiltration curves revealed similar fit performance for both 

AMDI and the METER infiltrometer with low (< 4%) and nearly identical NRMSE values between 

the two devices (Appendix B). The resulting fitted curves were similar in shape and trend, showing 

no substantial differences between the two measurement systems. Using the Zhang model and 

measured infiltration curves, we calculated hydraulic conductivity (K) for all trials (Table 2). Each 

device was treated separately to determine whether the two AMDI results were comparable. The K 

values were grouped according to the pressure head levels of h0 = - 6, -3 and -1 cm, and ANOVA was 

used to assess the differences. For the pressure head h0 = -6 cm, ANOVA yielded p = 0.096, indicating 

that there were no significant differences between the groups, with the F statistic = 3.56. Similarly, 

for the pressure head h0 = -3 cm, p = 0.1 with the F statistic = 3.46, again indicating that there is no 

significant difference. However, for the pressure head h0 = -1 cm, p = 0.005 with F-statistic = 14.26. 

Given the significant difference observed, the post hoc Tukey HSD test was used to further investigate 

the group differences. The Tukey HSD test revealed that AMDI Mark 1 and AMDI Mark 2 did not 

show significant differences, with p = 1.0. On the other hand, Mark 1 and Mark 2 exhibited a 

significant difference compared to the MDI of the Meter, with p = 0.009 in both cases. 
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Table 2: Hydraulic conductivity (K) obtained for all measurements. 

 h0 (cm) 

K (mm h-1) 

AMDI 

mark1 

AMDI 

mark2 
MDI Meter 

-6 1.12 0.81 0.94 

-6 0.91 0.41 1.18 

-6 0.42 0.54 1.47 

-3 2.51 4.49 7.45 

-3 1.92 1.39 10.37 

-3 5.41 5.50 5.16 

-1 17.97 9.66 45.01 

-1 15.30 21.77 29.98 

-1 9.92 11.70 46.93 

  

 

Influence of the Sintered Stainless-Steel Disk on Infiltration 

In contrast to the previous section, where both the AMDI and MDI meters were used, only the MDI 

meter was used to conduct the experimental runs in this section. The saturated hydraulic conductivity 

revealed significant differences between the Meter and CTU disks at lower pressure heads. 

Measurements were performed in triplicate for each disk (Figure 5C) as described in Section 2.6. The 

Meter disk produced a Ks of 540.9 ± 101.1 mm h-1, which is, on average, 50% higher than the Ks 

measured with the CTU disk (275.2 ± 200.3 mm h-1). This difference also results from soil infiltration 

measurements, especially at the lower pressure head (Figures 4a and b). Furthermore, it can be 

observed that the higher standard deviation of the CTU disk also propagates to infiltration 

measurements on the soil. Since the nominal pore size of the Meter disk is not disclosed, we utilized 

SEM imaging (Figure 6) to further investigate the difference between the Meter and CTU disks, which 

clearly shows that the Meter disk has larger pores (300 microns).  
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Figure 5: Cumulative infiltration curves comparing meters and CTU disks at two pressure head levels: (A) -3 cm, (B) -1 

cm and outflow (C) 0 cm (free water level). 

 

 

Figure 6: SEM images captured at 250× magnification using a BSD sensor, comparing the pore morphology of sintered 

stainless-steel disks from Meter (bottom row) and CTU (top row). 
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Discussion 

Considering the shape of the infiltration curves, we can confirm that the AMDI operates effectively 

and produces reproducible and reliable results, accurately representing the infiltration process under 

laboratory conditions. Both AMDI mark 1 and mark 2 exhibited a good fit to the Zhang (1997) model, 

with NRMSE values below 4%, comparable to Meter MDI (NRMSE < 4%). As no significant 

differences in the majority of hydraulic conductivities (K) were found between the two AMDI 

versions, it can be inferred that the instruments perform similarly, supporting the reproducibility of 

the AMDI design. The only significant differences (p < 0.05) in K between AMDI and Meter MDI 

were observed at a pressure head level of h0 = -1 cm. However, if these discrepancies had resulted 

from the nonuniformity of the pressure heads within the porous disk or from poor contact between 

the soil and the porous disk, the measurement deviations would be expected to increase with higher 

pressure head levels. Because this trend was not observed, we attributed the differences to the intrinsic 

properties of the sintered porous disk. 

The CTU disk used in the AMDI features a denser and more compact morphology, whereas the 

observed differences are more likely attributed to the characteristics of the Meter disk, which has 

visibly smaller and less interconnected pore structures. This contrast in porosity appears to influence 

the infiltration. The 50% higher Ks average for the Meter disk compared to the CTU disk, along with 

consistent infiltration measurements using the Meter MDI with both disk types, demonstrates that 

while the infiltration rate of the CTU disk remains significantly higher than that of the in soil, it still 

affects the infiltration process enough to cause significant differences in the results. This opens the 

general question of the influence of the properties of porous disks on the infiltration and the resulting 

K. In the future, the differences in the sintered disks might be added to the Zhang (1997) model using 

the numerical approach, similar to Dohnal et al. (2010), who however neglected any effect of the 

disk. Previous studies have focused on the effect of contact between the disk and the soil on the 

diameter of the disk, but we are not aware of a study dealing with the hydraulic conductivity of the 

porous disk itself. Although the observed differences between AMDI and Meter MDI at low pressure 

heads are most likely caused by the characteristics of the porous disks, a detailed investigation of the 

hydraulic properties of the disks under varying conditions is beyond the scope of this study. A 

dedicated follow-up study would be necessary to quantify and model these effects across different 

disk types. Given the constraints of the porous disk, determining its air-entry value is the most reliable 

way to assess its suitability for lower pressure heads before adjusting the pressure head range beyond 

-6 cm. 
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Our 3D-printed AMDI offers an open design, cost-effective, and accessible approach to automating 

mini disk infiltrometers (MDIs) compared to commercially available models. Unlike the infiltrometer 

developed by Madsen and Chandler (2007) which primarily utilizes differential pressure transducers 

and various head control methods such as capillary tubes or bubbling chambers, our design integrates 

a low-cost autonomous TDT sensor and relies on visual adjustment of the water level within a 

transparent PET-G Mariotte chamber to set the pressure head. Other automated infiltrometers, such 

as the tension infiltrometer by Morales-Ortega et al. (2023), use distance sensors with an Arduino-

based SCADA system, or the disc infiltrometer by Moret-Fernández et al. (2012), which employs 

micro flowmeters and solenoid valves. These systems require precise manufacturing, in some cases 

use costly sensors, and require connection to external units to operate and log data. Our AMDI 

distinguishes itself through the extensive use of FDM 3D printing for most of its components. This 

manufacturing method, also used by Morales-Ortega et al. (2023), allows low-cost fabrication and 

easy customization. However, it presents challenges such as achieving sufficient airtightness and 

optical clarity due to the layered structure of FDM prints, as discussed by Klípa et al. (2015). 

 

The air leakage rate (Ka) through the body of the AMDI was determined using a modified version of 

the Darcy falling head experiment, assuming incompressible and isothermal conditions. In terms of 

volume, the amount of leakage through the material for pressure head at -6 cm after 6 hours would 

be 4 ml, which is negligible (Appendix A). Given the assumptions used in the estimation, this minimal 

infiltration rate can be considered fairly conservative. However, it is important to note that as long as 

air bubbles are observed in the reservoir during infiltration, the AMDI is clearly maintaining a pre-

set pressure head. For example, AL-Hasni and Santori (2020) reported for vacuum of 8.2 kPa and 

24h duration leakage rate 2.36 10-6 Pa m3 s-1 for resin infused FDM prints, which according to their 

classification was categorized as leaky, however, the AMDI operates under only slight underpressure 

in relation to atmospheric pressure. 

 

Since we utilized established, low-cost, yet reliable TDT sensor (price level as of 2025 approx. 100€), 

custom made stainless steel sintered disk (various price levels dependent on scale of the order, approx. 

100€ as of 2025) and FDM 3D printing utilizing commercially available 3D printers and widely 

available PET-G filament (8€), simple sealants and glue (10€) we were able to lower the material cost 

of the device significantly to 218€ without tax, excluding the cost of 3D printer itself. In comparison, 

the commercially available manual MDI is sold for a multiple of this price. The open-design, low-

cost and simplicity of the device may stimulate the scientific community in further development of 
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the device as well as its use in citizen science projects. Addressing the primary purpose of the AMDI, 

which is to measure the unsaturated hydraulic conductivity K(h), the device retains all the advantages 

of manual MDI while significantly expanding its application potential. Given its low cost, the AMDI 

enables the use of multiple units to measure K(h). For instance, because the AMDI only requires 

attention during setup, a single operator can manage multiple infiltration trials simultaneously. This 

greatly reduces data collection costs while enhancing data quality. Additionally, multiple devices can 

be arranged in a spatial pattern to assess the spatiotemporal variability of K(h), a task that is typically 

labor-intensive and costly (e.g. study by (Gadi et al., 2017). 

 

In general, disregarding the automation, the main difference between the AMDI and the Meter MDI 

lies in the body material and manufacturing process, which significantly influence the instruments' 

properties, for summary refer to Table 3. In terms of size, the AMDI has a wider and shorter body 

with a lower center of gravity compared to the Meter MDI, making it more stable in windy conditions. 

However, it is also twice as heavy, which contributes to its stability but slightly reduces its portability 

when carrying large number of units. AMDI has 60% higher water volume for infiltration, which may 

be advantageous under certain conditions that require prolonged infiltration. However, AMDI offers 

a slightly narrower pressure head range, up to -6 cm (potentially extendable with careful 

modifications), whereas the Meter MDI supports up to -7 cm. The disk dimensions, and thus the 

contact area, are similar for both devices, and the porous disk can be replaced based on desired 

properties. The material used for the AMDI (PET-G) imposes limitations for applications such as 

water repellency assessment, for which polycarbonate is more suitable. While FDM-printed 

components are typically porous, we successfully adapted the printing method to achieve an almost 

watertight design and limited air leakage sufficiently to maintain the device in an operable state. 
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Table 3: General overview of AMDI and Meter MDI materials and features. 

Feature AMDI Meter MDI 

Body height (cm) 22.5 31.8 

Maximum height (cm) 29.5 39.8 

Body diameter (cm) 5.0 3.1 

Weight (empty) (g) 325 150 

Water capacity (ml) 150 90 

Pressure head range (cm) –0.5 to -6 –0.5 to –7 

Pressure head offset (cm) –0.9 
Variable with tube 

insertion (usually –2.0) 

Disk diameter (cm) 4.5 4.5 

Disk thickness (cm) 0.3 0.3 

Infiltration water readings Automatic TDT Manual visual 

Body Material PET-G Polycarbonate 

Suction tube material PET-G Stainless steel 

Average disk pore size 

(µm) 
80 

not specified by 

manufacturer, estimated 

300 

Watertightness Nearly full Full 

Airtightness Limited Nearly full 
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Although field validation was beyond the scope of this study, the laboratory conditions were carefully 

designed to simulate field-relevant scenarios (e.g., loam texture, wetting–drying cycles, compaction), 

making the results applicable for preliminary field research and educational purposes. Future studies 

should evaluate field performance under diverse conditions. Another disadvantage of AMDI is that it 

is not suitable for measuring soil water repellency, as such measurements typically involve the use of 

95% ethyl alcohol (Lichner et al., 2007). Exposure to ethyl alcohol would cause brittleness in the 

AMDI due to the use of PET-G (Told et al., 2022). This issue might be mitigated by replacing PET-

G with polycarbonate; however, such a modification requires comprehensive testing to ensure that 

all requirements are met. 

 

Conclusions 

This study aimed to develop an Autonomous Mini Disk Infiltrometer (AMDI). We successfully 

utilized commercially available FDM 3D printers and low-cost TDT sensors, along with a custom 

sintered stainless-steel disk, to manufacture a low-cost AMDI (218 €). In most cases, the AMDI 

produced results that were not significantly different from those obtained using the traditional manual 

Meter MDI, although the characteristics of the porous disk may have negatively influenced the 

comparison. This makes the AMDI a functional, cost-effective, and convenient alternative to 

traditional MDI. By integrating 3D printing for manufacturing and TDT sensing for infiltration 

measurement, the AMDI offers potential advantages over traditional MDI in terms of application 

flexibility and enhanced adaptability. Although comparable AMDIs have been tested under field 

conditions, our 3D-printed AMDI demonstrated reproducible and reliable performance in laboratory 

settings, comparable to the manual Meter MDI. We were unable to achieve a fully airtight 3D print 

using FDM technology alone, although the leakage rate was sufficiently limited to allow an accurate 

AMDI function. The proposed procedure effectively minimized air leakage to a level that did not 

compromise measurement accuracy, and this was achieved without any additional post-treatment. We 

would like to emphasize that the use of the AMDI in the field should be preceded by proper validation 

under controlled laboratory conditions. The differences observed at lower pressure head levels may 

be attributed to the characteristics of the porous disk. 

Unexpectedly, the preliminary evaluation of the sintered porous disk in our study led to the conclusion 

that, although its hydraulic conductivity is significantly higher than that of the soil, the disk can still 

negatively influence infiltration measurements. Based on our findings, we propose a dedicated study 



 

 

72 

 

comparing different disk types using a manual MDI, with the potential to incorporate disk 

characteristics into the Zhang (1997) model. 

 

Data availability    

3D Printing details – refer to SP1 (SupplementaryMaterial_SP1_MK3Splus_settings.ini) which 

contains full details of 3D printer settings or refer to GitHub repository (Kubát and Sněhota, 2025). 
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Appendix 

 

Appendix A: Minimal measurable hydraulic conductivity (Kmin) for each pressure head setting of 

AMDI and estimated volume of air leakage (Va) over trial duration. 

h0 (cm) Kmin (mm h-1) Hours (h) and Va (ml) 

    1 2 3 4 5 6 24 

-0.5 0.04 0.06 0.11 0.17 0.22 0.28 0.34 1.35 

-1 0.07 0.11 0.22 0.34 0.45 0.56 0.67 2.69 

-1.5 0.11 0.17 0.34 0.51 0.67 0.84 1.01 4.04 

-2 0.14 0.22 0.45 0.67 0.90 1.12 1.35 5.39 

-2.5 0.18 0.28 0.56 0.84 1.12 1.40 1.68 6.73 

-3 0.21 0.34 0.67 1.01 1.35 1.68 2.02 8.08 

-3.5 0.25 0.39 0.79 1.18 1.57 1.96 2.36 9.43 

-4 0.28 0.45 0.90 1.35 1.80 2.24 2.69 10.78 

-4.5 0.32 0.51 1.01 1.52 2.02 2.53 3.03 12.12 

-5 0.35 0.56 1.12 1.68 2.24 2.81 3.37 13.47 

-5.5 0.39 0.62 1.23 1.85 2.47 3.09 3.70 14.82 

-6 0.42 0.67 1.35 2.02 2.69 3.37 4.04 16.16 
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Appendix B: RMSE and NRMSE for measured infiltration and Zhang model. 

h0 (cm) 

AMDI mark1 AMDI mark2 MDI METER 

RMSE 

(mm) 
NRMSE (%) 

RMSE 

(mm) 
NRMSE (%) 

RMSE 

(mm) 
NRMSE (%) 

-6 0.55 2.01 0.53 1.82 0.46 2.86 

-6 1.20 3.9 0.58 1.88 0.28 1.2 

-6 0.50 1.68 0.85 2.76 0.57 2.67 

-3 0.72 2.51 0.57 1.84 0.47 1.72 

-3 0.77 2.79 0.80 2.77 0.65 2.34 

-3 0.66 3.81 0.63 3.53 0.52 2.92 

-1 0.62 2.23 0.68 2.34 0.92 3.17 

-1 0.75 2.62 0.6 2.03 0.84 2.88 

-1 0.47 2.93 0.31 1.73 0.35 2.13 

  



 

 

75 

 

References 

 

Alagna, V., Bagarello, V., Di Prima, S., Giordano, G., Iovino, M., 2013. A simple field method to 

measure the hydrodynamic properties of soil surface crust. Journal of Agricultural Engineering 44. 

https://doi.org/10.4081/jae.2013.s2.e14 

AL-Hasni, S., Santori, G., 2020. 3D printing of vacuum and pressure tight polymer vessels for 

thermally driven chillers and heat pumps. Vacuum 171. 

https://doi.org/10.1016/j.vacuum.2019.109017 

Angulo-Jaramillo, R., Vandervaere, J.-P., Âphanie Roulier, S., Thony, J.-L., Gaudet, J.-P., Vauclin, 

M., 2000. Field measurement of soil surface hydraulic properties by disc and ring in®ltrometers A 

review and recent developments. Soil Tillage Res 55. 

Ankeny, M.D., Ahmed, M., Kaspar, T.C., Horton, R., 1991. Simple Field Method For Determining 

Unsaturated Hydraulic Conductivity. Soil Science Society of America Journal 55, 467–470. 

Ankeny, M.D., Kaspar, T.C., Horton, R., 1988. Design for an Automated Tension Infiltrometer. Soil 

Science Society of America Journal 52, 893–896. 

https://doi.org/10.2136/sssaj1988.03615995005200030054x 

Autovino, D., Bagarello, V., Caltabellotta, G., Varadi, F.K., Zanna, F., 2024. One-dimensional 

infiltration in a layered soil measured in the laboratory with the mini-disk infiltrometer. Journal of 

Hydrology and Hydromechanics 72, 149–157. https://doi.org/10.2478/johh-2024-0001 

Bagarello, V., Caltabellotta, G., Iovino, M., 2022. Manual packing and soil reuse effects on 

determination of saturated hydraulic conductivity of a loam soil. Geoderma 405. 

https://doi.org/10.1016/j.geoderma.2021.115465 

Batjes, N.H., 2016. Harmonized soil property values for broad-scale modelling (WISE30sec) with 

estimates of global soil carbon stocks. Geoderma 269, 61–68. 

https://doi.org/10.1016/j.geoderma.2016.01.034 



 

 

76 

 

Bieganowski, A., Ryżak, M., Sochan, A., Barna, G., Hernádi, H., Beczek, M., Polakowski, C., Makó, 

A., 2018. Laser Diffractometry in the Measurements of Soil and Sediment Particle Size Distribution. 

Advances in Agronomy 151, 215–279. https://doi.org/10.1016/bs.agron.2018.04.003 

Brooks, R.H., Corey, A.T., 1964. Hydraulic Properties of Porous Media. 

Burdine, N.T., 1953. Relative permeability calculations from pore size distribution data. 

Chohan, J.S., Singh, R., Boparai, K.S., Penna, R., Fraternali, F., 2017. Dimensional accuracy analysis 

of coupled fused deposition modeling and vapour smoothing operations for biomedical applications. 

Compos B Eng 117, 138–149. https://doi.org/10.1016/j.compositesb.2017.02.045 

Darcy, H., 1856. Fontaines publiques de la ville de Dijon. 

Deb, S.K., Shukla, M.K., 2012. Variability of hydraulic conductivity due to multiple factors. Am J 

Environ Sci 8, 489–502. https://doi.org/10.3844/ajessp.2012.489.502 

Di Prima, S., 2015. Automated single ring infiltrometer with a low-cost microcontroller circuit. 

Comput Electron Agric 118, 390–395. https://doi.org/10.1016/j.compag.2015.09.022 

Dohnal, M., Dusek, J., Vogel, T., 2010. Improving Hydraulic Conductivity Estimates from Minidisk 

Infiltrometer Measurements for Soils with Wide Pore‐Size Distributions. Soil Science Society of 

America Journal 74, 804–811. https://doi.org/10.2136/sssaj2009.0099 

Elkateb, T., Chalaturnyk, R., Robertson, P.K., 2003. An overview of soil heterogeneity: 

Quantification and implications on geotechnical field problems. Canadian Geotechnical Journal 40, 

1–15. https://doi.org/10.1139/t02-090 

Fodor, N., Sándor, R., Orfanus, T., Lichner, L., Rajkai, K., 2011. Evaluation method dependency of 

measured saturated hydraulic conductivity. Geoderma 165, 60–68. 

https://doi.org/10.1016/j.geoderma.2011.07.004 

Gadi, V.K., Tang, Y.R., Das, A., Monga, C., Garg, A., Berretta, C., Sahoo, L., 2017. Spatial and 

temporal variation of hydraulic conductivity and vegetation growth in green infrastructures using 



 

 

77 

 

infiltrometer and visual technique. Catena (Amst) 155, 20–29. 

https://doi.org/10.1016/j.catena.2017.02.024 

Ghosh, B., Pekkat, S., 2019. A critical evaluation of the variability induced by different mathematical 

equations on hydraulic conductivity determination using disc infiltrometer. Acta Geophysica 67, 

863–877. https://doi.org/10.1007/s11600-019-00266-6 

Gibson, I., Rosen, D., Stucker, B., 2015. Directed Energy Deposition Processes, in: Additive 

Manufacturing Technologies. Springer New York, pp. 245–268. https://doi.org/10.1007/978-1-4939-

2113-3_10 

Gonzalez-Sosa, E., Braud, I., Dehotin, J., Lassabatère, L., Angulo-Jaramillo, R., Lagouy, M., 

Branger, F., Jacqueminet, C., Kermadi, S., Michel, K., 2010. Impact of land use on the hydraulic 

properties of the topsoil in a small French catchment. Hydrol Process 24, 2382–2399. 

https://doi.org/10.1002/hyp.7640 

Green, T.R., Ahuja, L.R., Benjamin, J.G., 2003. Advances and challenges in predicting agricultural 

management effects on soil hydraulic properties. Geoderma 116, 3–27. 

https://doi.org/10.1016/S0016-7061(03)00091-0 

Green, W.H., Ampt, G.A., 1911. Studies on soil physics, 1: The flow of air and water through soils. 

Journal of Agricultural Science 4, 1–24. 

Hallett, P.D., Gordon, D.C., 2014. An automated microinfiltrometer to measure small-scale soil water 

infiltration properties. Journal of Hydrology and Hydromechanics 62, 252–256. 

https://doi.org/10.2478/johh-2014-0023 

Jara, V., Arellano, E., Baker, J., 2012. Using An Automatic Camera Attached to Minidisk 

Infiltrometer to Improve Measurement in Disturbed Soils. 

Jarvis, N.J., Leeds-Harrison, P.B., Dosser, J.M., 1987. The use of tension infiltrometers to assess 

routes and rates of infiltration in a clay soil, Journal of Soil Science. 



 

 

78 

 

Klípa, V., Sněhota, M., Dohnal, M., 2015. New automatic minidisk infiltrometer: Design and testing. 

Journal of Hydrology and Hydromechanics 63, 110–116. https://doi.org/10.1515/johh-2015-0023 

Klöffel, T., Larsbo, M., Jarvis, N., Barron, J., 2024. Freeze-thaw effects on pore space and hydraulic 

properties of compacted soil and potential consequences with climate change. Soil Tillage Res 239. 

https://doi.org/10.1016/j.still.2024.106041 

Kool, D., Tong, B., Tian, Z., Heitman, J.L., Sauer, T.J., Horton, R., 2019. Soil water retention and 

hydraulic conductivity dynamics following tillage. Soil Tillage Res 193, 95–100. 

https://doi.org/10.1016/j.still.2019.05.020 

Kubát, J.-F., Sněhota, M., 2025. Autonomous 3D Printed Mini Disk Infiltrometer for Soil Hydraulic 

Conductivity Determination (https://github.com/kubatjanf/AMDI). 

Kubát, J.F., Strouhal, L., Kavka, P., 2024. Estimation of Infiltration Parameters: The Role of 

Pedotransfer Functions and Initial Moisture Conditions. J Hydrol (Amst) 633. 

https://doi.org/10.1016/j.jhydrol.2024.130954 

Latorre, B., Moret-Fernández, D., Lyons, M.N., Palacio, S., 2021. Smartphone-based tension disc 

infiltrometer for soil hydraulic characterisation. J Hydrol (Amst) 600. 

https://doi.org/10.1016/j.jhydrol.2021.126551 

Leite, M., Varanda, A., Ribeiro, A.R., Silva, A., Vaz, M.F., 2018. Mechanical properties and water 

absorption of surface modified ABS 3D printed by fused deposition modelling. Rapid Prototyp J 24, 

195–203. https://doi.org/10.1108/RPJ-04-2016-0057 

Leuther, F., Schlüter, S., 2021. Impact of freeze-thaw cycles on soil structure and soil hydraulic 

properties. SOIL 7, 179–191. https://doi.org/10.5194/soil-7-179-2021 

Li, T., Schiavo, M., Zumr, D., 2023. Seasonal variations of vegetative indices and their correlation 

with evapotranspiration and soil water storage in a small agricultural catchment. Soil and Water 

Research 18, 246–268. https://doi.org/10.17221/60/2023-SWR 



 

 

79 

 

Madsen, M.D., Chandler, D.G., 2007. Automation and Use of Mini Disk Infiltrometers. Soil Science 

Society of America Journal 71, 1469–1472. https://doi.org/10.2136/sssaj2007.0009n 

Mein, R.G., Assistant, R., Larson, C.L., School, G., 1971. Modeling the Infiltration Component of 

the Rainfall-Runoff Process. 

Melchels, F.P.W., Feijen, J., Grijpma, D.W., 2010. A review on stereolithography and its applications 

in biomedical engineering. Biomaterials. https://doi.org/10.1016/j.biomaterials.2010.04.050 

Meter Group, Inc.U., 2021. Mini Disk Infiltrometer Manual 14560–11. 

Meurer, K., Barron, J., Chenu, C., Coucheney, E., Fielding, M., Hallett, P., Herrmann, A.M., Keller, 

T., Koestel, J., Larsbo, M., Lewan, E., Or, D., Parsons, D., Parvin, N., Taylor, A., Vereecken, H., 

Jarvis, N., 2020. A framework for modelling soil structure dynamics induced by biological activity. 

Glob Chang Biol. https://doi.org/10.1111/gcb.15289 

Mitchell, A., Lafont, U., Hołyńska, M., Semprimoschnig, C., 2018. Additive manufacturing — A 

review of 4D printing and future applications. Addit Manuf. 

https://doi.org/10.1016/j.addma.2018.10.038 

Mohamed, O.A., Masood, S.H., Bhowmik, J.L., 2015. Optimization of fused deposition modeling 

process parameters: a review of current research and future prospects. Adv Manuf 3, 42–53. 

https://doi.org/10.1007/s40436-014-0097-7 

Morales-Ortega, D.A., Cambrón-Sandoval, V.H., Ruiz-González, I., Luna-Soria, H., Hernández-

Guerrero, J.A., García-Guzmán, G., 2023. Design of a Tension Infiltrometer with Automated Data 

Collection Using a Supervisory Control and Data Acquisition System. Sensors 23. 

https://doi.org/10.3390/s23239489 

Morel-Seytoux, H.J., Meyer, P.D., Nachabe, M., Touma, J., Van Genuchten, M.T., Lenhard, R.J., 

1996. Parameter equivalence for the Brooks-Corey and van Genuchten soil characteristics: Preserving 

the effective capillary drive. Water Resour Res. https://doi.org/10.1029/96WR00069 



 

 

80 

 

Moret, D., López, M. V., Arrúe, J.L., 2004. TDR application for automated water level measurement 

from Mariotte reservoirs in tension disc infiltrometers. J Hydrol (Amst) 297, 229–235. 

https://doi.org/10.1016/j.jhydrol.2004.04.003 

Moret-Fernández, D., González, C., Lampurlanés, J., Vicente, J., 2012. An automated disc 

infiltrometer for infiltration rate measurements using a microflowmeter. Hydrol Process 26, 240–245. 

https://doi.org/10.1002/hyp.8184 

Mualem, Y., 1976. A new model for predicting the hydraulic conductivity of unsaturated porous 

media. Water Resour Res 12, 513–522. https://doi.org/10.1029/WR012i003p00513 

Naik, A.P., Ghosh, B., Pekkat, S., 2019. Estimating soil hydraulic properties using mini disk 

infiltrometer. ISH Journal of Hydraulic Engineering 25, 62–70. 

https://doi.org/10.1080/09715010.2018.1471363 

Nestingen, R., Asleson, B.C., Gulliver, J.S., Hozalski, R.M., Nieber, J.L., 2018. Laboratory 

Comparison of Field Infiltrometers. J Sustain Water Built Environ 4. 

https://doi.org/10.1061/jswbay.0000857 

Ngo, T.D., Kashani, A., Imbalzano, G., Nguyen, K.T.Q., Hui, D., 2018. Additive manufacturing (3D 

printing): A review of materials, methods, applications and challenges. Compos B Eng. 

https://doi.org/10.1016/j.compositesb.2018.02.012 

Nimmo, J.R., 2009. Vadose Water, in: Encyclopedia of Inland Water. pp. 766–777. 

https://doi.org/doi:10.1016/b978-012370626-3.00014-4 

Patel, R., Desai, C., Kushwah, S., Mangrola, M.H., 2022. A review article on FDM process 

parameters in 3D printing for composite materials. Mater Today Proc 60, 2162–2166. 

https://doi.org/10.1016/j.matpr.2022.02.385 

Patwardhan, A. 1., 2018. How 3D Printing Will Change the Future of Borrowing Lending and 

Spending?, in: Handbook of Blockchain, Digital Finance, and Inclusion. Elsevier Inc., pp. 493–520. 

https://doi.org/10.1016/B978-0-12-812282-2.00022-X 



 

 

81 

 

Percoco, G., Lavecchia, F., Galantucci, L.M., 2012. Compressive Properties of FDM Rapid 

Prototypes Treated with a Low Cost Chemical Finishing, Article in Research Journal of Applied 

Sciences, Engineering and Technology. 

Perroux, K.M., White, I., 1988. Design For Disc Permeameters. Soil Science Society of America 

Journal 52, 1205–1215. 

Philip, J.R., 1969. Theory of Infiltration. pp. 215–296. https://doi.org/10.1016/b978-1-4831-9936-

8.50010-6 

Philip, J.R., 1957. The theory of infiltration: 1. the infiltration equation and its solution. Soil Sci 83, 

345–358. 

Richards, L.A., 1931. Capillary conduction of liquids through porous mediums. J Appl Phys 1, 318–

333. https://doi.org/10.1063/1.1745010 

Romanov, V., Samuel, R., Chaharlang, M., Jafek, A.R., Frost, A., Gale, B.K., 2018. FDM 3D Printing 

of High-Pressure, Heat-Resistant, Transparent Microfluidic Devices. Anal Chem 90, 10450–10456. 

https://doi.org/10.1021/acs.analchem.8b02356 

Rosenbaum, U., Bogena, H.R., Herbst, M., Huisman, J.A., Peterson, T.J., Weuthen, A., Western, 

A.W., Vereecken, H., 2012. Seasonal and event dynamics of spatial soil moisture patterns at the small 

catchment scale. Water Resour Res 48. https://doi.org/10.1029/2011WR011518 

Severino, G., Santini, A., Sommella, A., 2003. Determining the soil hydraulic conductivity by means 

of a field scale internal drainage. J Hydrol (Amst). 

Shapiro, S.S., Wilk, M.B., 1965. Biometrika Trust An Analysis of Variance Test for Normality 

(Complete Samples), Source: Biometrika. 

Šimůnek, J., Van Genuchten, M.T., 1996. Estimating unsaturated soil hydraulic properties from 

tension disc infiltrometer data by numerical inversion. Water Resour Res 32, 2683–2696. 

https://doi.org/10.1029/96WR01525 



 

 

82 

 

Sněhota, M., Cislerova, M., 2002. Automated set-up designed to measure hydraulic parameters in 

heterogeneous soil close to saturation, Article in Journal of Hydrology and Hydromechanics. 

Teng, J., Dong, A., Yan, H., Tong, C., Zhang, S., 2023. Predicting the hydraulic conductivity of 

frozen coarse-grained soils. J Hydrol (Amst) 617. https://doi.org/10.1016/j.jhydrol.2022.129048 

Told, R., Ujfalusi, Z., Pentek, A., Kerenyi, M., Banfai, K., Vizi, A., Szabo, P., Melegh, S., Bovari-

Biri, J., Pongracz, J.E., Maroti, P., 2022. A state-of-the-art guide to the sterilization of thermoplastic 

polymers and resin materials used in the additive manufacturing of medical devices. Mater Des 223. 

https://doi.org/10.1016/j.matdes.2022.111119 

van Genuchten, M.Th., 1980. A Closed-form Equation for Predicting the Hydraulic Conductivity of 

Unsaturated Soils 1. 

Van Genuchten, R., 1978. Calculating the unsaturated hydraulic conductivity with new closed-form 

analytical model. 

Virtanen, P., Gommers, R., Oliphant, T.E., 2020. SciPy 1.0: fundamental algorithms for scientific 

computing in Python. Nat Methods 17, 261–272. https://doi.org/10.1038/s41592-019-0686-2 

Vogel, T., Van Genuchten, M.T., Cislerova, M., Brown, G.E., 2000. Effect of the shape of the soil 

hydraulic functions near saturation on variably-saturated flow predictions. 

Vrána, M., Kubát, J.F., Kavka, P., Zumr, D., 2024. A laser diffractometry technique for determining 

the soil water stable aggregates index. Geoderma 441. 

https://doi.org/10.1016/j.geoderma.2023.116756 

Wosten, J.H.M., Lilly, A., Nemes, A., Le Bas, C., Hungary´d, H., 1999. Development and use of a 

database of hydraulic properties of European soils, Geoderma. 

Wu, Y., Dai, Z., Liu, H., Wang, L., Nemitz, M.P., 2024. Vision-based FDM Printing for Fabricating 

Airtight Soft Actuators, in: 2024 IEEE 7th International Conference on Soft Robotics, RoboSoft 

2024. Institute of Electrical and Electronics Engineers Inc., pp. 249–254. 

https://doi.org/10.1109/RoboSoft60065.2024.10521961 



 

 

83 

 

Xaver, A., Zappa, L., Rab, G., Pfeil, I., Vreugdenhil, M., Hemment, D., Arnoud Dorigo, W., 2020. 

Evaluating the suitability of the consumer low-cost Parrot Flower Power soil moisture sensor for 

scientific environmental applications. Geoscientific Instrumentation, Methods and Data Systems 9, 

117–139. https://doi.org/10.5194/gi-9-117-2020 

Zhang, R., 1997. Infiltration Models for the Disk Infiltrometer. Soil Science Society of America 

Journal 61, 1597–1603. https://doi.org/10.2136/sssaj1997.03615995006100060008x 

Zumr, D., Jeřábek, J., Klípa, V., Dohnal, M., Sněhota, M., 2019. Estimates of tillage and rainfall 

effects on unsaturated hydraulic conductivity in a small central European agricultural catchment. 

Water (Switzerland) 11. https://doi.org/10.3390/w11040740 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

84 

 

Chapter 4 – Infiltration Processes in Layered Soils 

 

4.1 Introduction 

 

A perfectly homogeneous soil profile, often assumed in controlled infiltration experiments, and 

numerical simulation of hydrological processes, is relatively rare in natural settings, because soils are 

commonly characterized by structural heterogeneity produced by both natural processes and external 

disturbances. This heterogeneity frequently manifests as soil layering, the vertical configuration of 

distinct layers that differ in texture, structure, or hydraulic properties.  

Layered soil profiles can exhibit markedly different hydraulic behaviours depending on the texture 

and spatial arrangement of their horizons. When a coarse-textured layer overlies a finer, less 

permeable one, infiltration initially advances rapidly through the coarse material but slows sharply 

once the wetting front encounters the finer sublayer, where smaller pores and higher water-holding 

capacity limit downward flow (Hillel, 1998). Conversely, when a fine-textured horizon occupies the 

surface, whether of natural origin or caused by disturbance, the infiltration rate is controlled by its 

lower hydraulic conductivity. A particularly common manifestation of this condition is the formation 

of thin compacted surface crusts. These crusts may develop through repeated wetting–drying cycles 

that induce surface sealing (Assouline & Mualem, 1997), through the settling of fine sediments after 

flooding (Lassabatere et al., 2010), or through biological processes such as organic-matter 

accumulation and decomposition, including the development of microbial or fungal biocrusts (Belnap 

et al. 2001). Once established, even a very thin crust can substantially impede water entry, regardless 

of the permeability of the underlying soil, thereby altering infiltration patterns and subsequent water 

redistribution. 

According to Hillel (1998), soil surface crusts can be distinguished as “depositional crusts” and 

“structural crusts”. Depositional crusts form when sediment-laden water temporarily covers the soil 

surface. In these conditions, a muddy suspension rich in dispersed particles settles gradually, and the 

fine materials infiltrate the surface pores, filling and clogging the larger voids and creating a compact, 

low-permeability layer. On the other hand, structural crusts form through the breakdown of surface 

soil aggregates, typically triggered by the direct impact of raindrops, or by external mechanical forces 

that compact the soil, producing a dense layer with reduced infiltration capacity.  

Human activities, even when not aimed at deliberate soil modification, can intensify these same 

mechanisms, leading to surface conditions that foster the formation of compacted crusts and layered 
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profiles (Smith et al., 2005; Batey, 2009).These factors collectively lead also to a variety of soil 

alterations, including changes in aggregate stability, pore connectivity, bulk density, and surface 

roughness, and may consequently influence water infiltration, retention, and flow paths in ways that 

are highly variable and site-specific (Lindstrom et al., 1984; dos Santos et al., 2018). 

Soil compaction is a primary factor promoting development of layered profiles and surface crusts in 

both agricultural and forest soils and therefore represents a critical issue in the broader field of soil 

management. Compaction arises mainly from human and animal activity, although it can also develop 

under natural conditions and contribute to soil erosion, nutrient depletion, and pollution, challenges 

frequently highlighted in recent reports by the United Nations and other international bodies 

(Hartemink, 2008). 

In agricultural systems, surface compaction commonly results from the repeated passage of heavy 

machinery and, in a smaller measure, from animal trampling (Batey, 2009; Rodríguez et al., 2012). 

The pressure exerted by tires or hooves compresses soil particles, increasing bulk density and 

reducing porosity in the upper soil layers (0–30 cm) (Batey, 2009). The severity of compaction 

depends on factors such as soil texture, moisture content at the time of traffic, machinery load, and 

tire inflation pressure, with fine-textured and wet soils being particularly vulnerable (Hamza & 

Anderson, 2005). According to Batey (2009), while certain operations, such as seedbed preparation, 

can be scheduled when the soil is firm and supportive to minimize compaction, other activities, like 

harvesting root and vegetable crops, often must be carried out when the soil is at or above field 

capacity, increasing the likelihood of compaction. If the soil is dry and firm throughout the profile, 

traffic may have little effect; however, when moist and soft surface layers overlie drier subsoil, a 

common situation in late summer due to the first rains of the season, the upper layers can be strongly 

compressed. Over time, repeated traffic without sufficient recovery can lead to the formation of a 

dense soil crust, which restricts root growth and hinders vertical water movement, with long-term 

implications for soil structure and function. 

On the other hand, in forest ecosystems surface compaction is primarily associated with logging 

operations and the movement of heavy machinery during timber harvesting. Skidding trails, log 

landings, and haul roads are well-known hotspots where machinery traffic, especially under wet soil 

conditions, can produce significant topsoil compaction (0–10 cm) and reduce macroporosity (Greacen 

& Sands, 1980; Ampoorter et al., 2012). Soil susceptibility is further affected by organic matter 

content and the frequency of harvesting operations; although some natural recovery may occur 

through freeze–thaw cycles, bioturbation, or root growth, compaction in forest soils can persist for 
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decades, with long-term consequences for infiltration, aeration, and microbial activity (Kremers & 

Boosten, 2018). 

The outcome of these processes can markedly affect water movement, retention, and root penetration, 

leading to potential modifications in soil aeration, nutrient distribution, and microbial activity (Horton 

et al., 1994; Mossadeghi‐Björklund et al., 2019). Thus, the compacted top layer may interfere with 

infiltration during rainfall events, causing increased surface runoff and the risk of erosion, while the 

contrasting permeability of the subsoil can create complex flow patterns and localized preferential 

pathways (Chyba et al., 2014).  

Despite the clear importance of this phenomenon, the hydraulic behaviour of layered soils remains 

poorly understood, particularly under varying moisture regimes and in response to repeated 

mechanical or natural stresses, with only limited experimental data currently available. A better 

understanding of the interactions between the compacted surface horizon and the more permeable 

subsoil is therefore critical for predicting infiltration dynamics, optimizing water use efficiency, and 

maintaining overall soil functionality in both managed and natural ecosystems.  

Understanding how a compacted surface layer affects water infiltration is challenging, due to the 

vastity of soil and environmental factors and their interactions. Laboratory experiments offer a way 

forward by studying one key factor while all other initial conditions are kept constant. In the research 

proposed in this chapter, we specifically compared infiltration in a homogeneous soil with that in 

layered profiles containing a low-permeability surface layer of varying thicknesses, in order to isolate 

and quantify its direct impact on infiltration. This controlled approach helps answer practical 

questions such as how surface compaction might change the rate and depth of water movement after 

irrigation or heavy rainfall, or how it influences the recharge of deeper soil layers. The findings can 

guide decisions on field traffic management, tillage timing, and strategies to improve water 

availability and reduce runoff in both agricultural and forest soils. 
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4.2 One-dimensional infiltration in a layered soil measured in the 

laboratory with the mini-disk infiltrometer 
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Dario Autovino, Vincenzo Bagarello, Gaetano Caltabellotta, Florina Kati Varadi, Francesco Zanna 

ABSTRACT 

Layered soils can consist of a thin little permeable upper layer over a more permeable subsoil. There 

are not many experimental data on the influence of this upper layer on infiltration. The mini-disk 

infiltrometer set at a pressure head of –3 cm was used to compare infiltration of nearly 40 mm of 

water in homogeneous loam and clay soil columns with that in columns made by a thin layer (1 and 

3 cm) of clay soil over the loam soil. For each run, the Horton infiltration model was fitted to the data 

and the soil sorptivity was also estimated by considering the complete infiltration run. For the two 

layered soils, the estimates of initial infiltration rate and decay constant were similar but a thicker 

upper layer induced 2.4 times smaller final infiltration rates. Depending on the infiltration parameter 

and the thickness of the upper layer, the layered soils were characterized by 2.2–6.3 times smaller 

values than the loam soil and 2.2–6.6 higher values than the clay soil. Sorptivity did not differ between 

the homogeneous clay soil and the layered soil with a thick upper layer and a thin layer was enough 

to induce a decrease of this hydrodynamic parameter by 2.5 times as compared with that of the 

homogeneous loam soil. Even a thin upper layer influences appreciably infiltration and hydrodynamic 

parameters. Layering effects vary with the thickness of the upper layer and the considered parameter. 

The applied experimental methodology could be used with other soils and soil combinations. 

INTRDUCTION 

Infiltration in layered soils, that are frequent in different environments and situations (Wang et al., 

2014; Yang et al., 2006), can differ appreciably from infiltration in non-layered soils (Hillel, 1998). 

A special case of layered soil is when a seal layer is formed at the surface, yielding a less permeable 

upper layer as compared with the subsoil (Assouline, 2013). The thickness of this upper layer can be 

very variable but in a rather narrow range since it should not exceed a few centimeters at the most 

(Armenise et al., 2018; Assouline, 2004). Even such a thin layer can have a large impact on the 

hydrological response of a field or a watershed (Assouline and Mualem, 2002, 2006). According to 

some investigations, when the soil is layered and the upper layer is the less permeable, water 
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infiltration should be more representative of the upper layer (Bagarello et al., 2023; da Silva Ribas et 

al., 2021; Lassabatere et al., 2010; Yilmaz et al., 2013). To our knowledge, however, there are not 

many experimental investigations on the actual correspondence between homogeneous and layered 

soils (Di Prima et al., 2018). Testing the similarity between these two kinds of soils is advisable to 

improve our ability to interpret soil hydrologic processes and also in the perspective to use the 

infiltration data for estimating soil hydrodynamic properties (Assouline and Mualem, 2002; Moret-

Fernández et al., 2021). 

These experiments should preferably be performed on layered soils with thin or relatively thin little 

permeable upper layers given that, with large thicknesses, a similarity between the homogeneous and 

layered soils is expected more since infiltration occurs in porous media with similar characteristics 

for relatively long times. Performing these checks with as simple as possible experimental methods 

is advisable to make the experiment easily reproducible and also considering that the experiment is 

inherently complex even if a single layered soil is considered. The reason is that replicated 

experiments have to be performed on soil columns made with this layered soil but also with each of 

the two homogeneous soils that are combined with each other to form the layered porous medium. 

An infiltration model, such as that by Horton (1940), could be fitted to the data to characterize a run 

by a limited number of relevant parameters. Performing laboratory infiltration experiments on layered 

soil columns made with sieved and repacked soil is rather common for a variety of purposes such as 

improving knowledge of the process in particular situations (Wang et al., 2014), establishing if the 

data allow to recognize the presence of layering (Moret Fernández et al., 2021), testing predictive 

infiltration models for these non-homogeneous porous media (Chen et al., 2019; Mohammadzadeh- 

Habili and Heidarpour, 2015; Moore and Eigel, 1981). Investigations differ by several factors, 

depending on their specific objectives. For example, simulated rainfall was used in some cases (Yang 

et al., 2006) whereas a ponded depth of water was established on the infiltration surface in other cases 

(Wang et al., 2014). The total length of the soil column and the thickness of the tested soil layers also 

change, even if investigations considering layers of at least a few tens of centimeters seem to be more 

frequent. For example, total length was 21 cm (Al-Maktoumi et al., 2015), 100 cm (Yang et al., 2006) 

or 300 cm (Ma et al., 2011). The columns by Yang et al. (2006) were made of 60–65 cm of an upper 

layer over 35–40 cm of a subsoil. The experiment by Ma et al. (2011) was performed on a soil column 

filled with five layers of 120, 20, 30, 30 and 120 cm. A 20 cm thick upper layer over a 40 cm thick 

subsoil was considered by Chen and Hsu (2012). The columns by Wang et al. (2014) and Chen et al. 

(2019) were made by layers of 22.5–25, 20 and 20–22.5 cm. In the experiment by Batsilas et al. 

(2023), the height of the upper and lower layers was 45 and 48 cm, respectively. However, 
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experiments with thinner upper layers have also been performed. For example, Young et al. (2002) 

considered a two layered soil made of 7.5 cm thick layers. In the experiment by Al-Maktoumi et al. 

(2015), 15 cm of a soil were overlaid with 6 cm of another soil. A rather simple and cheap method to 

obtain infiltration data in layered soils with thin little permeable upper layers is performing one-

dimensional (1D) experiments with the mini-disk infiltrometer (MDI) on relatively small soil 

columns, that is on the order of 20–25 cm in length by 5 cm in diameter. With the MDI, a negative 

but close to zero pressure head is established on the soil surface. The infiltration data are therefore 

representative of a nearly saturated soil matrix (Assouline and Narkis, 2011). The device has already 

been used in the laboratory to perform different 1D experiments on repacked soil, such as those testing 

the effects of treated wastewater on the hydraulic properties of a clayey soil (Assouline and Narkis, 

2011) or performing comparisons with three-dimensional infiltration (Kargas et al., 2018). The 

general objective of this investigation was to determine the impact of soil layering on one-

dimensional infiltration processes established with the mini-disk infiltrometer. The specific objectives 

were to i) compare infiltration in homogeneous loam and clay soil columns with that measured in 

columns made by a thin layer of clay soil over the loam soil; ii) test the effect of the thickness of the 

upper clay soil on infiltration in a rather narrow range of small thickness values; and iii) establish 

layering effects on the fitted parameters of a three-parameter infiltration model and also on the   

estimated soil sorptivity. 

 

MATERIALS AND METHODS 

Experiment 

The infiltration experiment was carried out with two soils differing by texture collected in Sicily 

(Italy). In particular, a site was the orchard of the Department of Agricultural, Food and Forest 

Sciences of the Palermo University (38°06’24’’ N, 13°21’06’’ E). The other site was the 

experimental station for soil erosion measurement Sparacia (37°38’46’’ N, 13°45’43’’ E), 

located approximately 100 km south of Palermo. The soil at the Palermo 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. For this investigation, the soil was collected in an area where the texture was loam (clay = 15.4%, 

silt = 36.2%, sand = 48.4%; USDA classification system) (Agosta et al.,2023). The soil of Sparacia 

(Vertic Xerocrept) has a clay texture (clay = 62% silt = 33%, sand = 5%) and a negligible gravel 

content (Pampalone et al., 2022). The soil collected from approximately the upper 10 cm of the profile 
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(nearly 100 kg for each soil) was transported to the laboratory and it was spread on plastic sheets for 

natural drying at room temperature. This process lasted about 40 days, during which the soil was 

shuffled every 2–3 days to facilitate drying. 

Once the condition of air-dry soil was reached, the soil was sieved through a 2 mm mesh sieve and 

the fine fraction was retained for the experiment. Soil columns were prepared in 25 cm long plexiglass 

cylinders having an inner diameter of 5.3 cm, equipped with a nylon guard cloth and a thin wire mesh 

at the base to support the weight of the soil. A total of 36 soil columns were used in this experiments. 

In particular, nine columns were prepared with the homogeneous loam soil (AO soil) and nine 

columns were prepared with the homogeneous clay soil (SO). The final length of these soil columns 

was 20 cm. A layered soil with a little permeable upper layer and a more permeable subsoil was 

prepared using these fine clay and coarser loam soils. In particular, nine columns were composed of 

1 cm of clay soil over 20 cm of the loam soil (L1 soil). The other nine columns were prepared by 

placing 3 cm of clay soil on 20 cm of the loam soil (L3 soil). Each soil column was prepared with a 

soil mass that was never used before. The so-called P3 packing method by Bagarello et al. (2022) was 

used to prepare the homogeneous soil columns and also the subsoil layer of the layered soil columns. 

This packing method is based on the partition of the air-dry soil mass used to fill the cylinder into 

three equal parts. One third is poured in the cylinder and the soil is compacted manually by a wood 

pestle that is pressed downward repeatedly. After concluding pressing, the pestle is rotated clockwise 

and counter-clockwise around its vertical axis for a few times. The second part is then added and the 

same compaction procedure is applied again. Finally, the last part of soil is poured and compacted. In 

this investigation, all interfaces in packing were gently scarified after compaction and before adding 

another increment to improve the hydraulic contact between the layers (Wang et al., 2014). The AO 

soil columns were packed in order to obtain a nearly constant dry soil bulk density, ρb, equal to 1.18 

g/cm3. For each step of the packing procedure, 179 g of air-dry soil were poured into the cylinder and 

this soil was pressed 30 times. Therefore, a total of 537 g of air-dry soil was used. The final length of 

the soil column and the number of compactions for each layer did not change for the homogeneous 

SO soil columns. In this case, a total of 600 g of air-dry soil was used and the ρb value was equal to 

1.25 g/cm3. With reference to the layered soils, an established amount of air-dry clay soil (nearly 30 

g for the L1 soil and 90 g for the L3 soil) was placed on the top of the sample and it was pressed with 

the pestle 10 times to obtain for these upper layers the same dry soil bulk density of the homogeneous 

SO soil columns (1.25 g/cm3). A direct measurement of ρb was not available since the soil used to 

fill the cylinder was air-dry. Therefore, ρb was determined by the following relationship (Bagarello 

et al., 2022): 



 

 

93 

 

 

 

where ms (g) is the mass of the dry soil, Vt (cm3) is the bulk volume of the soil sample, mad (g) is 

the mass of the air-dry soil and wad (g/g) is the gravimetric soil water content of the air-dry soil, that 

was measured on six samples during the experiment. The volumetric air-dry soil water content, 

obtained by ρb and wad, was equal to 0.05 m3/m3 for the loam soil and 0.12 m3/m3 for the clay soil. 

A mini-disk infiltrometer, MDI (manufactured by Decagon Devices, Pullman, WA, USA, 

Infiltrometer User's Manual, Decagon Devices Inc., 2014), was used to measure infiltration. For each 

infiltration run, the MDI was filled with tap water at room temperature. A pressure head equal to –3 

cm was established at the base of the device. A slightly negative pressure head was used in this 

investigation to avoid flow along possible large voids resulting from packing or at the contact between 

the soil and the wall of the column (Assouline and Narkis, 2011). Before each 1D test, the soil column 

was placed on a perforated support that allowed air to easily escape from the bottom of the sample. 

For each run, the infiltrated volumes were measured every 10 s for the first minute, 15 s for the 

subsequent minute, 30 s for another two minutes and then every minute until the complete emptying 

of the MDI reservoir (95 mL for the A0, L1 and L3 soil runs and 90 mL for the SO soil runs, with 

differences related to the used device). For the SO soil, the run lasted long and infiltrated water 

volumes were measured every 5 min after the first 4 hours of infiltration. Cumulative infiltration, I 

(mm), at a given time, t (h), was obtained by dividing the cumulative infiltrated volume by the cross-

sectional area of the soil column. A check of the laboratory data was first performed by visually 

examining the I vs. t curves to verify if they were initially concave and then smoothly described a 

linear relationship, as expected (Pachepsky and Karahan, 2022). The mean infiltration rate, irmed 

(mm/h), was then calculated for each run. In addition, the empirical Horton (1940) infiltration model 

was fitted to the I vs. t data by minimizing the sum of the squared residuals between the measured 

and the predicted I values (Lassabatere et al., 2006): 

 

where i0H (mm/h) is the initial infiltration rate (t = 0), ifH (mm/h) is the final infiltration rate and the 

constant kH (1/h) describes the rate at which i0H approaches if H. For given i0H and ifH values, the 
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smaller kH the more gradual the transition from the initial to the final conditions (Tindall et al., 1999). 

The quality of the fitting was evaluated by the relative error, Er (%), in agreement with Lassabatere 

et al. (2006). The model by Horton was chosen since it describes the infiltration curve by three 

different parameters expressive of the initial and the final stages of the process and also of the 

transition between these two stages. Another reason was that this model gave a good representation 

of the experimentally determined I v. t relationships in other investigations (Agosta et al., 2023; Iovino 

et al., 2021; Shukla et al., 2003). According to Ndiaye et al. (2005), infiltration measured by a one-

dimensional tension infiltrometer experiment can be used to estimate the sorptivity, S (mm/h0.5), and 

the soil hydraulic conductivity, K (mm/h), corresponding to the imposed pressure head at the soil 

surface. In particular, the two-term infiltration equation (Philip, 1957) is fitted to the data to obtain S 

and the A (mm/h) parameter: 

 

Hydraulic conductivity is then calculated from A. For each infiltration run, S and A were also 

estimated by fitting a quadratic equation with a null constant coefficient to the (I, t 

0.5) data (Minasny and McBratney, 2000). Each soil column was characterized by a value of S but 

not of K. The reason was that S was directly obtained by fitting Eq. (3) to the data collected during 

the entire duration of the run. Therefore, the estimates of S were usable to detect differences between 

the two homogeneous soils and also to verify how layering influenced the sorptivity estimates. 

Calculation of K was not performed for a twofold reason: i) the procedure by Ndiaye et al. (2005) is 

based on the infiltration model by Haverkamp et al. (1994) that is valid for homogeneous soils and 

hence is not usable for layered soils; ii) even considering, perhaps forcedly, a sort of equivalent 

conductivity for the layered soil, calculating K was not possible since these calculations require an 

estimate of the so-called β parameter that, according to recent investigations on three-dimensional 

infiltration, is soil-dependent (Yilmaz et al., 2023). This circumstance precluded defining a single β 

value for a soil column made by two texturally different layers. A comparison was then performed 

between the AO, SO, L1 and L3 soils. Initially, all the experimental infiltration rate, ir (mm/h) vs. I 

and I vs. t relationships for these soils were reported on a single ir vs. I plot and a single I vs. t plot 

and they were visually examined to recognize clear differences among the four soils. The ir vs. I plot 

was considered, also according to other investigations (Morin and Benyamini, 1977), since durations 

changed from run to run, making representation of all data on a single ir vs. t plot confuse. Then, a 

statistical comparison between the infiltration (irmed, i0H, ifH, kH) and hydrodynamic (S) parameters 
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for the four soils was carried out. A pairwise approach was applied to compare two datasets at a time. 

In particular, F and unpaired, two-tailed t tests were used. The statistical tests were carried out at P = 

0.05. 

 

RESULTS 

Generally, the experimental infiltration processes appeared consistent with theory since the concavity 

of the I vs. t curves was faced downwards, denoting that the infiltration rates initially decreased during 

the run, and the I vs. t relationship assumed a nearly linear shape at longer times (Fig. 1). However, 

some curves obtained in the SO soil exhibited a change in slope in an advanced stage of the run. In 

particular, they appeared to become flatter, denoting smaller infiltration rates. This shape was 

relatively similar to one of the possible shapes of cumulative infiltration curves recently described by 

Pachepsky and Karahan (2022), and particularly to the shape shown in their figure 2J. A possible 

reason why this shape was detected was that the initially air-dry clay soil swelled during wetting, 

which lasted several hours (on average, 5.85 h), and the consequence was a decrease of the volume 

of the largest pores (Kalnin et al., 2021) and hence of infiltration rates. According to Lassabatere et 

al. (2006), a relative error, Er, that does not exceed 5.5% denotes an acceptable fitting of an infiltration 

model to the data. With reference to the SO soil, adapting the Horton model to the complete 

infiltration curves yielded a mean value of Er equal to 4.4% and the threshold of 5.5% was exceeded 

in a single case (Er = 6.6%; Table 1). Therefore, this check, suggesting that the fitting of the model 

to the complete infiltration curve was overall satisfactory, did not raise any particular concern 

regarding the possibility to consider the entire infiltration curve for estimating the infiltration 

parameters. In order to make comparison between homogeneous and layered soils easier to follow, 

all infiltration rates (AO, SO, L1, L3 soils) were reported on a single ir vs. I plot (Fig. 2a) but the data 

were also presented by showing the two homogeneous soils and only one of the two layered soils 

(Figs. 2b and 2c). The homogeneous AO and SO soils were characterized by the highest and the 

lowest infiltration rates, respectively, whereas the two layered soils showed intermediate ir values, 

that were generally higher for the L1 soil than the L3 soil. Notwithstanding some data scattering, that 

was not surprising (e.g., Wang et al., 2014; Xiao et al., 2019), no contact points were recognized 

between the two homogeneous soils on the ir vs. I plot. At the beginning of the process, a certain 

overlap between the infiltration rate curves for the homogeneous SO soil and some curves for the 

layered soils was evident. This overlap appeared more complete and persisted longer in the case of 

the L3 soil than for the L1 soil, as logical. In a later stage of the experiment, the difference between 
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the two layered soils became clearer, with the L1 soil yielding higher ir values than the L3 soil. As 

the applied water volume increased, the infiltration rates of the AO and L1 soils tended to become 

more similar and the infiltration rates of the SO and L3 soils tended to become more dissimilar on the 

representation of Fig. 2. The AO vs. L1 soils similarity appeared to be a consequence of decreasing 

infiltration rates for the former soil and stabilized rates for the latter one. Even the increasing deviation 

between the SO and L3 soils occurred because infiltration rates for the former soil decreased while 

those of the latter soil stabilized. Therefore, infiltration rates stabilized after applying a relatively 

small water volume in the layered soils but not in the homogeneous soils. 

 

Fig. 1. Cumulative infiltration curves obtained in the four tested soils (I = cumulative infiltration; t = time; the mean 

values of the cumulative infiltration by the end of the run, Itot, and of the total duration of the run, dtot, are reported for 

each soil). 
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Table 1. Summary statistics of the mean infiltration rate, irmed, the infiltration parameters of the Horton model (i0H = 

initial infiltration rate; ifH = final infiltration rate; kH = decay constant; Er = relative error) and the soil sorptivity, S 

(sample size, N = 9 for each soil and parameter with the exception of S for the AO soil for which N was equal to 8). 

 

For a given parameter, two means followed by the same letter not enclosed in parenthesis were not 

significantly different according to an F test and a two-tailed t test at P = 0.05. Means followed by 

the same letter enclosed in parenthesis are significantly different. 
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Fig. 2. Infiltration rate, ir, vs. cumulative infiltration, I, relationships for a) the four tested soils (AO: homogeneous loam 

soil; SO: homogeneous clay soil; L1: 1 cm of SO soil over the AO soil; L3: 3 cm of SO soil over the AO soil), b) the 

two homogeneous soils and the L1 layered soil, and c) the two homogeneous soils and the L3 layered soil. 

 

On the I vs. t plot, the results for the two homogeneous soils defined an empty space that was filled 

by the data for the two layered soils (Fig. 3). The data of the L1 soil were closer to those of the 

homogeneous loam soil. The data of the L3 soil were closer to those of the homogenous clay soil. 

The statistical analysis of the data indicated that the mean infiltration rates, irmed, varied according 

to the AO > L1 > L3 > SO sequence (Table 1). The two homogeneous soils differed by more than an 
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order of magnitude, that is by 13.6 times. Instead, the two layered soils differed by 2.5 times. The L1 

soil yielded a 5.4 times higher irmed value than the SO soil and a 2.5 times smaller value than the AO 

soil. The irmed value of the L3 soil was 2.2 times greater than that obtained with the SO soil and 6.3 

times smaller than the corresponding value for the AO soil. Therefore, with reference to irmed, the 

four soils differed significantly from each other and the layered soils were characterized by 

intermediate values as compared with those of the two homogeneous soils that were combined one 

with the other to form the layered system. The L1 soil was more similar to the AO soil than to the SO 

soil. Instead, the L3 soil was more similar to the SO soil than to the AO soil. 

 

Fig. 3. Cumulative infiltration curves for the four tested soils (I = cumulative infiltration, t = time) for the AO 

(homogeneous loam soil), SO (homogeneous clay soil), L1 (1 cm of SO soil over the AO soil) and L3 (3 cm of SO soil 

over the AO soil) soils. 

 

The initial infiltration rates, i0H, varied according to the AO > L3 = L1 > SO sequence (Table 1). The 

two homogeneous soils differed by more than an order of magnitude, that is by 15.7 times. Instead, 

the two layered soils were characterized by statistically similar values that only differed by 1.03 times. 

The L1 soil yielded a 3.9 times higher i0H value than the SO soil and a 4.0 times smaller value than 

the AO soil. The i0H value of the L3 soil was 4.0 times greater than that obtained with the SO soil 

and 3.9 times smaller than the corresponding value for the AO soil. Therefore, with reference to i0H, 

the two homogeneous soils differed significantly from each other and also from the two layered soils. 
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The results of these last two soils were similar to each other and nearly exactly intermediate as 

compared with those of the two homogeneous soils. In this case, the thickness of the little permeable 

upper layer did not have any impact on the comparison between the layered and the homogeneous 

soils.  

The final infiltration rates, ifH, varied according to the AO > L1 > L3 > SO sequence. The two 

homogeneous soils differed by 13.1 times while the two layered soils differed by 2.4 times. The L1 

soil yielded a 5.7 times higher ifH value than the SO soil and a 2.3 times smaller value than the AO 

soil. The ifH value of the L3 soil was 2.4 times greater than that obtained with the SO soil and 5.5 

times smaller than the corresponding value for the AO soil. Therefore, even with reference to ifH, the 

four soils differed significantly from each other and the results for the layered soils were intermediate 

as compared with those of the two homogeneous soils. The L1 soil was more similar to the AO soil 

than to the SO soil. Instead, the L3 soil was more similar to the SO soil than to the AO soil. In both 

cases, more similar meant that means differed by 2.3–2.4 times instead of 5.5–5.7 times. The decay 

constant, kH, decreased according to the AO > L3 = L1 > SO sequence. The two homogeneous soils 

differed by 14.8 times while the two layered soils differed by 1.3 times. The L1 soil yielded a 5.2 

times higher kH value than the SO soil and a 2.9 times smaller value than the AO soil. The kH value 

of the L3 soil was 6.6 times greater than that obtained with the SO soil and 2.2 times smaller than the 

corresponding value for the AO soil. Therefore, with reference to kH, the two homogeneous soils 

differed significantly from each other and also from the two layered soils. However, the results for 

these last two soils were similar. Regardless of the thickness of the upper layer, the kH values of the 

layered soils were closer to those of the AO soil (differences by 2.2–2.9 times) than to the kH values 

of the SO soil (differences by 5.2–6.6 times). The fitting error of the Horton model to the data, Er, 

varied according to the SO > AR > L1 = L3 sequence. Therefore, the quality of the fitting was better 

for the layered soils than the homogeneous ones but it was satisfactory in general since the means did 

never exceed the threshold of 5.5% and this threshold was exceeded for only one of the 36 infiltration 

runs. Finally, an estimate of soil sorptivity, S, was obtained for 35 of the 36 infiltration runs (Table 

1). The single failure occurred for a run with the AO soil that gave a negative estimate of A. The 

estimates of S obtained in the homogeneous soil columns (coefficient of variation, CV = 9.7 – 13.6%) 

were a little less variable than those obtained in the layered soil columns (CV = 15.9 – 19.0%). The 

statistical analysis of the data indicated that S varied according to the AO > L1 > L3 > SO sequence. 

Sorptivity differed by 4.0 times between the two homogeneous soils and by 1.5 times between the 

two layered soils. The L1 soil was closer to the SO soil than the AO one since the layered soil had a 
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1.6 times higher S value than the SO soil and a 2.5 times smaller value than the AO soil. The S value 

of the L3 soil was 3.8 times smaller than that obtained with the AO soil and it was statistically equal 

to the sorptivity determined for the SO soil. In particular, the two estimates of S differed by 6.3% in 

this last case. Therefore, with reference to S, the two homogeneous soils differed significantly. The 

L1 soil differed significantly from the two homogeneous soils but it was more similar to the SO soil 

than the AO soil. The L3 soil was significantly less sorptive than the AO soil but it had the same 

sorptivity as the SO soil. 

DISCUSSION 

Infiltration in a layered soil can be qualitatively similar to that of non-layered soils since infiltration 

rates decrease with time and then tend to stabilize (Bagarello et al., 2023; Wu et al., 1997). However, 

infiltration in a layered soil with a less permeable upper layer is expected to be more representative 

of the upper layer (da Silva Ribas et al., 2021; Lassabatere et al., 2010). This investigation contributed 

to better establish what is meant in practice when one speaks of an infiltration curve being more 

representative of the upper layer in a context of qualitative similarity of infiltration rate curves for 

homogeneous and layered soils. In particular, the investigation tested soil layering effects on one-

dimensional infiltration when the upper soil layer is relatively thin and has a finer texture than the 

subsoil. The check performed in this study was strictly valid for i) a layered soil in which the 

infiltration parameters of the upper layer, 1 to 3 cm thick, were a little more than an order of magnitude 

smaller than those of the subsoil (by 13.1–15.7 times, depending on the parameter), ii) a 1D 

infiltration process under a negative but close to zero pressure head (–3 cm), and iii) an experiment 

performed by supplying nearly the same total amount of water to each sampled soil column (41.3–

43.6 mm), that is infiltration runs having a different duration depending on the sampled porous 

medium. The data suggested that, at the beginning of the process, the layered soils actually show 

some similarity with the homogeneous clay soil, the more clearly the thicker this upper layer (Fig. 2). 

The presence of a loam subsoil then determines higher infiltration rates for the layered soil than the 

homogeneous clay soil, the sooner and the more appreciably the thinner the upper layer. Moreover, 

infiltration rates appear to stabilize earlier in the layered soils than in the homogeneous ones, in 

accordance with other findings (Wang et al., 2014). Therefore, with reference to this specific 

experiment, the similarity between the homogeneous and the layered soils (da Silva Ribas et al., 2021; 

Lassabetere et al., 2010) appears to depend on the thickness of the upper layer, being more appreciable 

with thick upper layers, and also on the characteristics of the infiltration run, being stronger for 

relatively small applied water volumes. In any case, even an upper layer of only 1 cm determines an 
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appreciable slowdown of the process as compared with that occurring in the homogeneous loam soil 

(Fig. 2). According to the data of this investigation (Figs. 1 and 3), in this case the total water volume 

supplied with the MDI will take 2.5 times longer to infiltrate completely. With an upper layer of 3 

cm, it will take 6.4 times longer for its full infiltration to occur as compared with the homogeneous 

loam soil. These slowdowns will effectively make the infiltration process more and more similar to 

that occurring in the homogeneous clay soil (Lassabatere et al., 2010). 

The investigation also allowed to establish the impact of the detected differences between the tested 

soils in terms of the three fitted parameters of the Horton infiltration model, that summarize the entire 

infiltration process, and of the estimated soil sorptivity (Table 1). In particular, two layered soils 

differing by the thickness of the upper layer can be expected not to differ by the estimated values of 

both the initial infiltration rate and the decay constant. The presence of a thicker layer at the soil 

surface is only signalled by a lower final infiltration rate. Regardless of the thickness of the upper 

layer, each infiltration parameter for the layered soil will be smaller than that obtained in the 

homogeneous coarser soil and higher than the one for the homogeneous fine soil. Soil sorptivity of 

the layered soil can be expected to be similar or also statistically identical to that of the homogeneous 

fine soil, depending on the thickness of the upper layer, even if the used data for estimating S are not 

limited to the early stage of the infiltration process (Minasny and McBratney, 2000). To summarize, 

a relatively thick upper layer determines an equality between the layered and the fine homogeneous 

soils limited to sorptivity. Some parameters (irmed, ifH) are closer to the fine soil than the coarse one. 

Other parameters (i0H) are intermediate between the two homogeneous soils. Still other parameters 

(kH) are closer to the coarse soil than the fine one. The thinning of the upper layer maintains a greater 

similarity between layered and fine soils only with reference to sorptivity. Evidently, trying to obtain 

general conclusions requires testing soil layering effects by considering different soils, initial soil 

water conditions and established pressure heads and, hence, water conducting pore sizes (Reynolds 

et al., 1995). A way to obtain an extensive information without necessarily performing extremely long 

and demanding laboratory experiments could consist of using numerical simulation of the processes 

of interest (e.g., Dohnal et al., 2016). Infiltration experiments performed in the laboratory on 

homogeneous soil columns could be used to derive the hydraulic parameters of the tested soils 

necessary for the simulations (Wang et al., 2014). In addition, some of the numerically considered 

scenarios for a layered soil system could be reproduced experimentally to also establish a comparison 

between numerical and experimental results. However, a homogeneous soil column and the upper 

layer of a layered soil column differ by their length and they have likely to be prepared with packing 

methods that differ to some extent. Packing method effects on the soil sample characteristics are 
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expected (Bagarello et al., 2022; Lewis and Sjöstrom, 2010; Nimmo and Akstin, 1988; Oliviera et al., 

1996). For example, a relatively long soil column could be less uniform than a relatively thin layer of 

the same soil since the soil compacting force decays gradually from the top to the base of any layer 

(Gao et al., 2018). Therefore, before performing extensive numerical simulations with laboratory 

determined soil hydraulic functions, it seems advisable to verify if the hydraulic functions obtained 

experimentally in a column of a homogeneous fine-textured soil are representative for the upper layer 

of a layered soil. 

CONCLUSIONS 

In this investigation, a MDI set at –3 cm and columns of sieved and repacked soil were used in the 

laboratory to measure one-dimensional infiltration in a layered soil with a clay upper layer and a loam 

subsoil. Even a thin layer of a little permeable soil at the surface should be expected to appreciably 

increase the time required by a given water volume to infiltrate. In the early stages of the process, 

some overlap can actually be detected between infiltration rates in the layered and the homogeneous 

clay soils but not between the layered and the homogeneous loam soils, regardless of the thickness of 

the upper layer. The presence of a coarser subsoil makes the infiltration process in the layered soil 

more rapid than that of the homogeneous fine soil. Two layered soils differing by the thickness of the 

upper layer can be expected not to differ by both the initial infiltration rate and the decay constant of 

the Horton infiltration model. Instead, the presence of a thicker layer at the soil surface is signalled 

by a lower final infiltration rate. Regardless of the thickness of the upper layer, the layered soil is 

expected to yield smaller infiltration parameters as compared with the homogeneous coarser soil and 

higher as compared with the homogeneous finer soil. If the upper layer is relatively thick, the 

sorptivity of the layered soil estimated by considering the complete infiltration run can be expected 

to coincide with that of the homogeneous fine-textured soil. A single investigation is incompatible 

with any general conclusion but it can be viewed as a step towards developments of an extensive 

experimental information that will make general conclusions possible. Other experiments should be 

carried out, by also considering soils that differ more from each other as compared with those of this 

investigation, different pressure heads established at the infiltration surface, and also including small 

positive pressure heads. The same experimental setup used in this investigation could be used to 

perform most of these additional experiments since combining the MDI with relatively small soil 

columns guarantees a certain cost-effectiveness of the experiment. Methodological improvements can 

be suggested, such as i) automatically recording the infiltration data, that could reduce the 

experimental efforts and the noise in the data, and ii) monitoring wetting front advancement during 

the run and soil water pressure head at different depths of the column, that could make physical 
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interpretation of the process easier and stronger. The experimental data could be used to numerically 

simulate infiltration and also to establish comparisons between numerical and laboratory experiments. 
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Chapter 5 – Hydrological behaviour of amended soil 

 

5.1 Introduction 

Beyond the surface-level physical modifications described in the previous chapter, soils can also 

undergo internal changes when amended with materials of anthropogenic origin. This phenomenon 

is widespread and highly variable, embracing a range of particle sizes, chemical compositions, and 

modes of interaction with the soil, making its understanding essential for interpreting soil structure 

and hydraulic behaviour (Neubert et al. 2025). Such inclusions, defined here as any solid particles or 

fragments that would not naturally occur within the soil profile, can significantly affect soil 

aggregation (Noaman et al., 2022; Sarker et al., 2022), pore connectivity, and water retention (Wang 

et al., 2019; Shafea et al., 2023), depending on their physical and chemical characteristics.   

These foreign materials can be described and classified according to several complementary criteria, 

each of which provides insight into their potential impact on soil structure and hydraulic behaviour.  

• Origin: Materials may be intentionally introduced for agronomic purposes or may arrive 

unintentionally as contaminants such as plastic fragments, industrial residues, or construction 

debris.  

• Particle size: Coarse fragments, from gravel-sized inert material (e.g. expanded clay) to large 

pieces of plastic, tend to behave like structural components of the soil matrix, influencing 

macroporosity, preferential flow paths, and mechanical stability. Fine particles, including silt-

sized industrial dust, microplastic fibers or biochar, are more likely to block pores or interfere 

with natural aggregation processes, thereby affecting water retention and infiltration.  

• Chemical nature: Their composition may be predominantly organic (e.g., generic organic 

matter, organic amendments, plant residues) or mineral (e.g., finely ground construction 

waste, metal oxides, mineral fertilizers), which governs reactivity with soil minerals and with 

water.  

• Chemical reactivity: Some substances are essentially chemically inert, such as many synthetic 

polymers or coarse mineral aggregates, while others, like compost or certain industrial 

products, can actively participate in soil chemical reactions, altering pH, nutrient availability, 

or surface charge.  

These categories are not mutually exclusive in the sense that each material can be characterized 

according to all of them. Together, they provide a structured framework to anticipate how different 
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inclusions may influence pore connectivity, soil aggregation, water retention and hydraulic 

conductivity. 

Within this framework, the two main topics addressed during the doctoral research concern the effects 

on soil hydrological properties arising from two contrasting forms of inputs: the unintentional 

incorporation of microplastics and the deliberate inclusion of organic or mineral amendments. 

 

5.1.1 Microplastic  

 

According to Tian et al. (2022), numerous plastics enter the environment without proper disposal 

ways, and 79% of total plastic waste has been deposited in landfills. Their durability and resistance 

to biodegradation lead plastics to persist in the environment. Owing to photodegradation, mechanical 

abrasion, and bioturbation, plastics can undergo fragmentation into microplastics (MPs): particles 

smaller than 5 mm (5000 µm), commonly classified by size as small (< 1000 µm), medium (1000–

3000 µm), and large (3000–5000 µm) (Liu et al., 2018). Once considered primarily a marine pollutant, 

microplastic contamination is now recognized as a growing concern for terrestrial environments, 

including agricultural soils, groundwater, and food-production systems, with potential implications 

for plant growth and human and animal health (Kumar et al. 2020).  

Within soils, microplastics persist because of their chemical stability and can enter through multiple 

pathways (Tian et al., 2022; Ren et al., 2024) such as the application of contaminated organic 

amendments, atmospheric deposition, irrigation with treated wastewater, surface runoff or the 

degradation of plastic mulching film, reported as one of the main sources of MPs in agricultural 

environments (Huang et al. 2020). Once incorporated, these minute polymeric particles interact with 

soil aggregates and pore networks, potentially modifying soil structure, water retention, and 

infiltration dynamics. Their ubiquity, persistence, and capacity to influence key hydraulic properties 

make microplastics an emerging focus of soil science and environmental research. Fig. 1 

schematically illustrates the main pathways and processes governing the entry, transformation, and 

movement of microplastics within soil systems: microplastics enter agricultural soils through multiple 

routes and can undergo various physical, chemical, and biological transformations. 
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Fig.1 Pathways and processes influencing the introduction, transformation, and transport of microplastics in terrestrial 

environments. (Tian et al. 2022) 

Variety of MPs sources in agricultural soils introduces a wide spectrum of polymer types with distinct 

physical and chemical characteristics. An important feature to highlight, particularly relevant because 

of its intrinsic link to soil hydrodynamic properties, is the interaction with water: in general, MPs are 

hydrophobic (e.g., polyethylene, polypropylene, polyvinyl chloride) (Prajapati et al., 2022), although 

they can develop hydrophilic characteristics as a result of environmental physicochemical or 

biological modifications, such as oxidation, exposure to sunlight, or microbial activity (Lozano et al. 

2024). Another key variable influencing the interaction between microplastics and soil is particle size 

and shape. According to Neubert et al. (2025), medium-to-large microplastic fibers can promote the 

aggregation of soil particles, enhancing structural connectivity, whereas very small particles in dust-

like form may instead lead to pore occlusion, potentially reducing soil permeability and altering water 

flow pathways. The variability of MPs effect on soil is further amplified by the soil environment 

itself, as the same type of MP can produce different outcomes depending on factors such as texture, 

mineralogy, and organic matter content. This complexity highlights the importance of investigating 

specific MP–soil combinations individually, given that current knowledge does not yet encompass 

the full spectrum of possible interactions. 

In recent years, the impact of microplastics on soil hydraulic properties has received considerable 

attention in the scientific literature, underlining the environmental significance of this emerging issue. 
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Nevertheless, most existing studies have concentrated on the estimation of saturated hydraulic 

conductivity (Shafea et al. 2023), providing only a partial understanding of how MPs influence water 

dynamics in soils; on the other hand, far fewer investigations have examined hydrodynamic properties 

under near-saturated conditions (Maqbool et al. 2023). Building on these considerations, the study 

presented in this chapter was specifically designed with the objective of exploring soil–MP 

interactions by focusing on soils of agronomic relevance in Sicily. Two types of microplastics, each 

in two different size classes, along with a homogeneous mixture of both, were used to create five 

treatments compared with a control sample. The objective was to assess the effects of microplastics 

on unsaturated conductivity in the near-saturated range using the Mini Disk Infiltrometer. (MDI). 

 

5.1.2 Agronomic amendments 

 

In the current context, the agri-food sector faces the dual challenge of increasing productivity per unit 

of cultivated area while adapting to the environmental constraints imposed by climate change and the 

growing emphasis on sustainability. To address these challenges, farmers are called to adopt strategies 

that not only mitigate the adverse effects of climate variability but also ensure economic viability by 

either reducing production costs or enhancing yield per hectare (Lipper et al., 2014; Makate et al., 

2019; Azadi et al., 2021). Among the different approaches, the improvement of soil physico-chemical 

properties represents a particularly effective pathway, in which the use of soil amendments plays a 

central role.  

Soil amendments include a wide range of materials, whether natural or synthetic, mineral or organic, 

capable of modifying and enhancing the chemical, physical, biological, and mechanical 

characteristics of soils. Their application is primarily intended to improve soil structure, increase its 

resilience, and preserve biological fertility, thereby contributing to both short-term productivity and 

long-term sustainability. While the positive influence of organic and mineral amendments on soil 

chemistry and organic matter content is well documented (Lima et al. 2009), current knowledge 

remains limited regarding their effects on soil hydraulic properties, an aspect that is crucial for 

understanding water dynamics and optimizing resource management in agricultural systems. 

Accordingly, the investigations presented in this thesis focused specifically on three widely used and 

easily available amendments: biochar, compost, and zeolite (Ramesh et al., 2011; Martínez-Blanco et 

al., 2013; Schmidt et al., 2021).  
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In the broader framework of global efforts to promote circular economy practices, aimed at 

minimizing waste generation, recovering valuable resources, and fostering sustainable closed-loop 

systems, biochar and compost stand out as key examples. They are produced by recycling organic 

waste materials, such as agricultural residues, food waste, and municipal green waste, into useful 

products, thereby embodying the core principles of circularity while simultaneously contributing to 

soil management and agricultural sustainability (Yaashikaa et al., 2020). Biochar is created through 

pyrolysis (thermal decomposition in low oxygen), while compost is produced via aerobic 

decomposition (Jakobsen, 1995). These processes divert organic waste from landfills, reduce 

greenhouse gas emissions, and return nutrients or stable carbon to soils. 

On the other hand, zeolite is a naturally occurring volcanic mineral increasingly integrated into 

sustainable soil management practices. Moreover, synthetic zeolites can be produced from industrial 

by-products, reinforcing their alignment with circular economy principles by promoting waste 

valorization and resource efficiency (Yoldi et al., 2019). Their use contributes to more sustainable 

agriculture by enhancing nutrient retention, reducing fertilizer leaching, and mitigating environmental 

impacts associated with intensive management. Owing to their crystalline structure, high porosity, 

and cation exchange capacity, zeolites improve soil chemical balance and provide long-term stability, 

making them a valuable amendment in both agronomic and environmental applications (Ramesh et 

al., 2011; Cataldo et al., 2021).  
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Tab 1: Origin, particle size and main properties of the amendments considered in the following papers 

 

Given their widespread use, amendments such as biochar, compost, and zeolite have been extensively 

studied, particularly about their physico-chemical structure and their direct beneficial effects on crop 

performance, as briefly summarized in Tab. 1. From this perspective, it is reasonable to hypothesize 

that they may also exert a positive influence on soil hydrological properties, as a consequence of the 

overall improvements they bring to soil structure and chemical composition.  

However, such an assumption cannot be taken for granted: any potential hydrological benefit must 

be demonstrated through targeted research rather than presumed. Moreover, as in the case of 

microplastics, the magnitude and even the direction of the effects of these materials can vary 

depending on the specific characteristics of the soil in which they are incorporated. 

The studies on amended soils presented in this chapter were developed to address these gaps, each 

with distinct innovative aspects. The study on microplastics is particularly relevant, being among the 

first to explore their effects unsaturated hydraulic conductivity. Moreover, it differs from most 

existing research by adopting a simplified experimental design, with fewer treatments but a larger 

sampling size, allowing for more robust and statistically reliable evaluation. Regarding agronomic 

amendments, the biochar study introduces new perspectives by examining the combined effect of the 

amendment and rill formation on soil hydrodynamics. The experimental design integrates 

Amendment Chemical nature Average particle size Main physico-chemical properties 

Biochar 

Organic 

(pyrolyzed 

biomass) 

10–500 µm (up to 

mm–cm depending 

on grinding) 

High specific surface area; High CEC 

(after oxidation/aging); Chemical 

stability and resistance to 

decomposition; Reactive surface 

functional groups 

Compost 

Organic (plant 

residues, 

manure, treated 

sludge) 

<100 µm to >1 mm 

(highly 

heterogeneous) 

Rich in stabilized organic matter; 

Increases CEC; Provides nutrients (N, 

P, K, micronutrients); Enhances soil 

aggregation and stability 

Zeolite 
Mineral (natural 

or synthetic) 

1–50 µm (powder) to 

mm–cm (granules) 

Microporous crystalline structure with 

high surface area; High CEC; Selective 

ion exchange capacity (e.g., NH₄⁺, K⁺); 

High mineral stability 



 

 

116 

 

macroscopic analyses, based on infiltration tests with the MDI and measurements of the soil water 

retention curve, and microscopic investigations using Nuclear Magnetic Resonance (NMR), enabling 

a comprehensive evaluation of the processes at different scales. Finally, the work on compost and 

zeolite focuses on two amendments whose beneficial effects on general soil physicochemical 

properties are well documented, yet whose specific impact on hydrodynamic properties remains 

insufficiently studied.  
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ABSTRACT 

Accumulation of microplastics (MPs) in agricultural soils is an increasing environmental concern, 

with potential effects on soil physical and hydraulic properties. This study investigated the impact of 

MP contamination (concentration 0.5% w/v; incubation period 15 months) on soil hydraulic 

conductivity in three soil types (Alfisol, Entisol, and Vertisol). We worked at nearly-saturated 

conditions by applying three different water pressure heads (‒6, ‒3, and ‒1 cm) and explored the 

influence of MP contamination by testing two polymers (low-density polyethylene, PE, and 

polypropylene, PP) in two shapes (fiber, film), both individually and in combination (MP-mix). 

Results indicate that MP fibers, regardless of polymer type, had more pronounced effects on soil 

physical and hydraulic properties compared to other MP forms, though the extent of these effects 

varied depending on soil type. Specifically, the presence of MP fibers led to an increase in bulk density 

in the Vertisol, a slight increase in the Entisol (only with PE fibers), and no change in the Alfisol. 

Microplastic contamination generally resulted in a decrease in water content, but the intensity of this 

effect differed among the three soils, being most evident in the Vertisol with PE fibers and in the 

Alfisol with the MP mix. Additionally, the results revealed a trend of increasing hydraulic 

conductivity (K) in the Vertisol and Alfisol, whereas the Entisol exhibited a slight reduction, though 

modest in absolute terms, due to MP contamination. 

These findings highlight important agro-ecological implications, as MP contamination may increase 

nutrient leaching while reducing water availability for crops, a critical issue in water-scarce regions 

like the Mediterranean. 
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INTRODUCTION 

One of the main challenges in agricultural management is the study of the effect that human activities, 

directly or indirectly, have on soil physical, chemical, and biological properties (Dexter, 2004). Plastic 

emerges as a fundamental marker for anthropic activities with mismanagement leading to its 

accumulation in diverse forms in the marine and terrestrial ecosystems (Kumar et al., 2020). 

Microplastic (MP) is the term used to denote small plastic particles, with sizes smaller than 5000 µm, 

which are further classified as small (<1000 µm), medium (1000–3000 µm) and large (3000–5000 

µm) particles (Liu et al., 2018; Qi et al., 2020). Microplastic pollution is of increasing concern and 

has been described as one of the most important scientific issues in the field of environmental sciences 

and ecology, also considering that annual plastic release to the land is estimated to be 4-23 times 

larger than that released to the oceans (Horton et al., 2017). The origin of MP can be attributed to a 

variety of sources such as degradation of plastic mulch films, abrasion from vehicle tires, discharge 

from domestic wastewater, fragmentation of macroplastics, atmospheric pollution from urban areas 

to rural regions induced by wind (Kole et al., 2017; Lohr et al., 2017; Karbalaei et al., 2018). Due to 

this multitude of sources, MP can be identified as a wide array of polymer types and shapes such as 

fibers, fragments, films, pellets and flakes. 

Inclusion of MP into the soil may induce alterations in its physical and hydraulic properties such as 

porosity, bulk density, water retention, hydraulic conductivity and water repellency (Zhang et al., 

2019; Botyanszká et al., 2022; Ingraffia et al., 2022a,b; Shafea et al., 2023). The general effects of 

MP addition on soil properties are difficult to establish as they depend on many factors, including 

chemical composition and concentration of MP, shape and size of the particles, soil type and 

incubation duration, which often interact with each other in complex ways (Lehmann et al., 2019; 

Yang et al., 2021; Maqbool et al., 2023). 

Soil hydraulic conductivity, K, which reflects the soil’s permeability to water, is the primary soil 

hydrodynamic property governing water infiltration, drainage and redistribution in the soil profile 

(Topp et al., 1997). Soil hydraulic conductivity is also expected to influence transport of MP particles 

into the soil (Xing et al., 2021; Yu et al., 2021). Therefore, determining soil hydraulic conductivity in 

soils treated with MP has a clear hydrological, agronomic, and environmental importance. 

Investigating MP addition effects on K is difficult for at least two reasons. The first reason is that K 

depends on the soil water content, , and it changes naturally by several orders of magnitude between 

saturation and permanent wilting point. The other reason is that the K() relationship is extremely 

variable both within and among soil types, depending on many factors including volume, roughness, 

connectivity, and continuity of soil pores (Topp et al., 1997). In other words, even in the absence of 
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any MP addition, characterizing a field with a representative K value or a K() relationship and 

explaining why that value or relationship was obtained is anything but simple. In this context, the 

need arises to establish the effects of the addition of MP on K and to explain the reasons for the 

observed effects. 

Most of the investigations currently available provide data on the impact of MP addition on saturated 

soil hydraulic conductivity, Ks. In general, these investigations were carried out using repacked soil 

samples, predefined MP concentrations (generally in the range 0.5% to 6% w/w) and measuring Ks 

by constant- or falling-head laboratory permeameters. The reported results were highly variable, 

probably demonstrating that the scientific community cannot still draw conclusions of general 

validity about MP effects on Ks. For example, Xing et al. (2021), using MP particles made of low-

density polyethylene, reported that the saturated hydraulic conductivity of both a silt-loam and a 

loamy-sand soil increased with MP concentration. A similar result was obtained by Guo et al. (2022) 

for a clay soil. However, these last authors also reported an inverse relationship between Ks and MP 

concentration for a sandy and a loam soil, particularly for MP particles of 500 µm. 

Considering Ks is important since this parameter is measured under saturated conditions and gives 

the maximum attitude of a porous medium to transmit water. Therefore, MP addition effects are 

evaluated with reference to all active pores of the sampled soil. However, the size of the actually 

active pores cannot be specified since the same Ks value can be expressive of the presence, in the soil, 

of either many small pores or a few large pores (Reynolds et al., 1995). 

This problem can be overcome if the unsaturated soil hydraulic conductivity corresponding to a pre-

established pressure head value, h0 (L), is considered. In this case, the Young-Laplace equation can 

be applied to estimate the diameter, dh0 (L), of the largest pores that, for a given value of h0, are full 

of water and hence can be expected to participate in the transport process (Hardie et al., 2014). Pores 

larger than dh0 do not participate in water transport. Considering negative but close to zero h0 values, 

i.e. in the range from saturation to ‒15 cm, makes it possible to exclude the effects of macropore and 

to assess the contribution of the soil matrix saturated hydraulic conductivity (Topp et al., 1997). 

Trying to obtain information of general validity, investigations on hydraulic conductivity of 

unsaturated but close to saturation soils should be carried out on different porous media since, 

according to several experiments mainly focused on static measurements (i.e. on the experimental 

determination of the soil water retention curve), the effects of MP addition on soil pore size 

distribution can vary from soil to soil. For example, Guo et al. (2022) reported that adding MP reduced 

the water retention capacity more in a clay soil than in a loam and a sandy soil. Ingraffia et al. (2022a) 

found that polyester MP fiber contamination negatively affected macroporosity of an Alfisol but it 
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increased that of a Vertisol. Wang et al. (2023) concluded that the soil texture impact on the soil water 

retention curve was higher than those of the MP concentration and particle sizes. The lack of data on 

the MP effect on the unsaturated soil hydraulic conductivity is one of the significant research gaps in 

the list of research needs recently suggested by Maqbool et al. (2023). 

The general objective of this investigation was therefore to determine the effects of MP contamination 

on soil hydraulic conductivity close to saturation. The specific objectives were to determine if and 

how these effects varied with: i) the soil type; ii) the established pressure head for the hydraulic 

conductivity determination; and iii) the type of MP for a fixed concentration. 

 

MATERIALS AND METHODS 

 

Soils and microplastic treatments 

Three soils (Alfisol, Entisol, and Vertisol), widely spread in the Mediterranean area, were considered 

in this investigation. The soils were sampled at the beginning of January 2022 from the upper 30 cm 

of agricultural fields located in Sicily (Italy; Table I). After sampling, the soil was air dried and sieved 

at 2 mm. During sieving, it was verified that the three soils were not contaminated with meso- and/or 

macroplastic particles. However, analytical procedures to establish contamination with smaller plastic 

particles were not applied. Therefore, it cannot be excluded that the control treatments might already 

contain a certain amount of micro- and/or nanoplastic particles. 

Soils were characterized as follows: particle size distribution, that was determined using conventional 

methods, and soil texture, that was classified according to the United States Department of 

Agriculture (USDA; Gee and Bauder, 1986); total nitrogen (TN; Kjeldahl method), total organic 

carbon (TOC; Walkley–Black procedure according to Nelson and Sommers, 1996), pH, saturated 

electrical conductivity at 25 °C (EC), and cation exchange capacity (CEC). The TOC, silt and clay 

contents were used to calculate the so-called structural stability index, SSI (%) (Pieri, 1992): 

 

𝑺𝑺𝑰 =
𝟏.𝟕𝟐𝟒 𝑻𝑶𝑪

(𝒔𝒊𝒍𝒕+𝒄𝒍𝒂𝒚)
× 𝟏𝟎𝟎         (1) 

 

The lower the SSI value the more structurally degraded the soil is (Reynolds et al., 2009). Soil 

properties were listed in Table I. 

Four types of MPs, encompassing two polymer types (polypropylene, PP, and low-density 

polyethylene, PE) and two shapes (fiber and film), were used. An additional treatment included all 

the four MP types at equal concentrations, i.e. a quarter of the total concentration for each MP type 
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(MP-mix). Both fibers were primary MPs. The PP-fiber had a diameter of 21 µm ca. and a length of 

nearly 3 mm. The PE-fiber had a diameter of 30 µm and a length of 1.65 mm ± 0.35. Both films (PP-

film and PE-film) were obtained by manually cutting commercial macroplastics to produce secondary 

MPs. The obtained MPs particles were sieved through a sieve stack of 1 mm and 53 µm so that all 

the MPs particles used in the experiment had a size within this range. 

MP particles were incorporated into the soil at a concentration of 0.5% weight on soil volume (0.05 

g/cm3). This approach was used since MP contamination in agroecosystems happens at the soil 

surface. Moreover, as the three soil types had different bulk density, the contamination on a volume 

basis allowed us to have the same amount of microplastic contamination across the three soils and 

therefore it allowed comparisons between soils. The MP contamination level was similar to that used 

in previous studies, which reported noticeable changes in the soil biophysical environment and plant 

response (de Souza Machado et al., 2018; Lozano et al., 2021; Ingraffia et al., 2022a,b). Moreover, 

Meizoso-Regueira et al. (2024) recently reported that, by year 2122, MP contamination in agricultural 

soils can be expected to reach a level similar to that applied in this experiment. 

Soil contamination was obtained by adding the MP as a band sandwiched between two layers of soil 

into a laboratory blender and then mixed following the approach proposed by Ingraffia et al. 

(2022a,b). Microplastic contamination was determined singularly for each experimental unit. The 

same treatment was also applied to prepare the control samples (Ctr) for which MP was not used. 

Each experimental unit consisted of a cylinder of 254 cm3 (diameter = 6 cm; height = 9 cm) which 

was filled according to the dry bulk density, b, of the considered soil type, equal on average to 1.07 

g/cm3 for the Vertisol, 1.32 g/cm3 for the Alfisol and 1.36 g/cm3 for the Entisol. The same amount of 

soil was used for the Ctr and the five MP treatments within each soil type. A total of 144 experimental 

units, that is 3 soil types × 6 MP treatments (5 MP contaminations + Ctr) × 8 replicates, were prepared. 

The experimental units were then watered with distilled water to near field-capacity by capillarity, 

covered to ensure dark, and incubated outdoors for 15 months (from January 2022 to April 2023) 

within a sheltered structure that protected them from natural precipitation. Air temperature data 

collected from a weather station within 200 m of the experimental location are reported in 

Supplementary Material (Fig. S1). During the incubation period, the experimental units were watered 

once a week with distilled water to field-capacity by capillarity. The experimental units were re-

randomized at each irrigation event. 
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Laboratory experiment 

After incubation, the complete experimental setup was relocated to the laboratory. The hydraulic 

conductivity, K, for three pre-determined values of the pressure head, h0 (h0 = ‒6, ‒3, and ‒1 cm), 

was determined for each experimental unit by a simplified version of the Unit Hydraulic Gradient 

(UHG) method (Klute and Dirksen, 1986; Bagarello et al., 2007). With this approach, the same 

pressure head is established at the top and the base of the unit, resulting in only gravity-driven 

infiltration. This method requires a preliminary step, during which the experimental unit is 

equilibrated at the established h0 followed by an infiltration test. 

To establish a given h0 value at the base of the units, a plastic box of 38 (length) × 17 (width) × 13 

(height) cm was filled with a bed of sand and several small holes (diameter = 1 cm) were made on 

the walls of the box at a downward distance h0 (L) from the surface of the sand bend. A metal net was 

glued to each hole to prevent sand from escaping. Water was added to the box to form a saturated 

zone below the holes and an unsaturated zone above them. At hydrostatic equilibrium, the soil water 

pressure head at the surface of the sand bed was assumed to be equal to h0. Different boxes were 

prepared, depending on the considered h0 value (h0 = ‒6, ‒3, ‒1 cm). The first established pressure 

head was h0 = ‒6 cm. The experimental units were placed on the surface of the sand box and left to 

equilibrate for 24-48 hours. Small volumes of water were periodically added to the box during this 

period to compensate for water lost due to evaporation and sample wetting, thereby maintaining the 

h0 value at the surface of the sand bed constant.  

A Mini-Disk Infiltrometer (MDI, METER Group, 2021), set at the same h0 value of the sand surface, 

was used to induce a one-dimensional (1D) infiltration process. The MDI is a miniaturized tension 

infiltrometer that allows simple and rapid determination of the soil hydraulic conductivity 

corresponding to fixed pressure head, h0, values in the range from nearly ‒1 cm to ‒6 cm. Therefore, 

the diameter of the largest pores that remain full of water during an infiltration run varies from 3000 

(h0 = ‒1 cm) to 500 (h0 = ‒6 cm) µm. Typically, the device is used in the field to establish a three-

dimensional infiltration process (Gonzalez-Sosa et al., 2010; Fodor et al., 2011; Alagna et al., 2013). 

However, the MDI was also used in the laboratory on soil columns to perform 1D infiltration runs 

(Assouline and Narkis, 2011; Kargas et al., 2018). Using the UHG method with the MDI, a given soil 

sample can be equilibrated at fixed, and high (close to zero), h0 values to obtain points of the hydraulic 

conductivity curve close to saturation (Bagarello et al., 2007). 

For each run, the MDI reservoir was filled with 90 mL of tap water. The run was considered concluded 

either upon complete depletion of the MDI or after reaching a maximum duration of 2 hours. Readings 

of the infiltrated water at the MDI reservoir were taken visually at 0.5 to 5 min time intervals, 
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depending on the imposed pressure head and the stage of the run. Both before and after the run, each 

experimental unit was weighed to then determine the gravimetric water content, w (g/g), at the 

considered h0 value. The soil water content immediately before the MDI run was denoted by the wi 

symbol (i = initial) whereas wf (f = final) was used to indicate the w value at the end of the infiltration 

run. The samples were then subjected to the subsequent step placing them on another sand box to 

impose the higher h0 value of the sequence. After the last run (h0 = ‒1 cm), the experimental units 

were placed in an oven at 105°C for 24 hours to determinate the dry weight. Therefore, a total of 432 

MDI runs were carried out (144 experimental units × 3 pressure heads). Moreover, for each sample, 

the bulk density, b (g/cm3), of the soil columns was determined at the end of the last infiltration run 

(h0 = ‒1 cm). 

For each experimental unit and each pressure head value, the cumulative infiltration, I (mm), versus 

time, t (h), relationship obtained with the MDI was linear or nearly linear from the early stage of the 

run, suggesting a rapid stabilization of the flow process. Therefore, an estimate of K was obtained by 

considering the complete infiltration run and determining by linear regression the slope of the I vs. t 

relationship forced to pass through the origin of the axes. The coefficient of determination, R2, of 

these relationships was > 0.99. 

The gravimetric soil water content was considered in this investigation since w represents a direct 

measure of the amount of water in the soil. 

 

Data analysis 

Data were first explored to ensure that, according to theory, hydraulic conductivity decreased with 

decreasing pressure head values (i.e. ‒6 < ‒3 < ‒1 cm). Three experimental units were found to have 

non-conforming data and they were excluded from the dataset (one Ctr in the Alfisol, one MP-mix in 

the Vertisol and one PP-fiber in the Entisol). 

A Tukey fences test was then performed to identify outliers in hydraulic conductivity data, using a 

criterion of 3 interquartile range beyond the 1st and the 3rd quartiles. The test identified five 

experimental units with outlier data, which were consequently removed from the dataset (one PP-

fiber and one MP-mix in the Alfisol, one PE-film in the Vertisol, and one PE-fiber and one MP-mix 

in the Entisol). Therefore, the final dataset consisted of 408 data points for w and K (136 soil samples 

× 3 pressure heads) and 136 b values. 

Due to violations of parametric assumptions, the aligned rank transformation (ART) was applied 

using the “ARTool” package (Kay et al., 2021). 
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Initially, the control samples were analyzed to identify possible differences between the soils in the 

absence of any intentional MP contamination. With this analysis, the effects of the pressure head and 

soil type factors and of their interaction on the four considered variables (b, wi, wf and K) were tested. 

Subsequently, a pairwise comparison between soils was carried out to obtain the p-value of the two-

sided permutation t-test using the “dabestr” package (Ho et al., 2019). Then, the relationship between 

K and wf was tested using the non-parametric Spearman correlation test. Finally, an analysis of the 

relationship between wi and wf was carried out and, for each soil, the regression line was compared 

with the identity line by calculating the 95% confidence intervals for the intercept and the slope. 

To evaluate the effect of MP incorporation on the four considered response variables, a three-way 

ANOVA was applied by considering the three explanatory variables (pressure head, soil type, MP 

treatment) and their interactions. To investigate the effects of MP treatment within each soil type and 

pressure head, effect sizes were calculated as unpaired mean differences. Bias-corrected and 

accelerated bootstrapped 95% confidence intervals (CIs) between each microplastic treatment and the 

Ctr were generated using the “dabestr” package (Ho et al., 2019). The p-value of the two-sided 

permutation t-test was calculated as reported above. This combined approach was applied since there 

is an increasing awareness of the limitation of using only p-value statistic approach and avoiding 

dichotomous cutoffs (Halsey, 2019; Ho et al., 2019; Wasserstein and Lazar, 2020). 

Data visualization was performed using the “tidyverse” meta-package (Wickham et al., 2019) which 

includes “ggplot2” (Wickham, 2016). All data analysis were conducted in R (R Core Team, 2024). 

 

RESULTS 

 

Control samples 

The bulk density, b, data suggested a physical similarity between the Alfisol and the Entisol while 

the Vertisol exhibited significantly smaller values than the other two soils (Table II). 

Soil type and pressure head strongly affected initial and final water content (p < 0.001; Table III) but 

their interaction did not show detectable effects (p = 0.89 for wi and 0.75 for wf). The results for wi 

and wf were quite comparable. All comparisons between the Vertisol and the other two soils revealed 

very strong differences (Fig. 1 and Table SI). Instead, the Alfisol and the Entisol differed significantly 

only at h0 = ‒6 cm. Values of wf greater than those of wi were generally obtained (Fig. 2). This was a 

physically expected result since wi is the water content of a soil sample in hydrostatic equilibrium, 

with an imposed pressure head only at the bottom. Instead, wf is the water content of a soil sample in 

which both the bottom and the upper side of the sample are maintained at the same pressure head. 
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For each soil, the correlation between the two variables was statistically significant. According to the 

calculated 95% confidence intervals for the intercept and the slope (Table SII), the hypothesis that 

the linear regression line between wf and wi coincided with the identity line was rejected for the Entisol 

and the Alfisol but not for the Vertisol. A way to summarize this result was that, at the hydrostatic 

equilibrium, the upper zone of Alfisol and Entisol soil samples was perceivably drier than the bottom 

zone near the sand surface in the sand box. In the Vertisol, instead, vertical distribution of soil water 

content was more homogeneous.  

For soil hydraulic conductivity, soil type and pressure head and their interaction showed a strong 

effect (p < 0.001; Table III). Variation of the mean K values with h0 (from ‒1 to ‒6 cm; Fig. 1) 

depended on the soil type since it was smallest for the Alfisol (ratio between the highest and the 

lowest mean of K = 2.7), intermediate for the Entisol (ratio = 6.5) and largest for the Vertisol (ratio = 

9.1). The smallest K values were obtained for the Entisol regardless of h0 whereas the largest value 

was obtained for the Vertisol at the highest pressure head and the Alfisol at the two smaller h0 values. 

As expected, K showed a tendency to increase as wf increased for all soils even if data were rather 

scattered for all soils (Fig. 3). However, according to the Spearman correlation test this tendency was 

only hinted for the Alfisol, whereas the correlation between K vs. wf was statistically significant for 

the Entisol and the Vertisol (Fig. 3). At h0 = ‒1 cm the only significant difference was detected for 

the comparison between the Vertisol and the Entisol, with the former soil being more conductive than 

the latter one (Table SI). At h0 = ‒3 cm, the Entisol had smaller values than the Alfisol and the Vertisol. 

At h0 = ‒6 cm, the Alfisol had higher values than the other two soils. Differences between soils 

become more appreciable as h0 decreased since the ratio between the highest and the lowest mean of 

K increased monotonically from 1.6 for h0 = ‒1 cm to 2.7 for h0 = ‒6 cm. Based on these results, it 

appeared that this investigation explored three soils with a different hydrodynamic response both in 

terms of K (Alfisol and Vertisol generally more conductive than the Entisol in the tested range of 

pressure heads) but also with reference to the shape of the soil hydraulic conductivity curve, that was 

steep for the Vertisol and became progressively flatter for the Entisol and, particularly, the Alfisol. 

 

Microplastic contaminated soils 

The bulk density, b, was affected by the presence of MP (p = 0.003; Table IV) and a marginally 

significant interaction between soil and MP was also observed (p = 0.079). The presence of MP 

determined a slight increase of b (between 0.03 and 0.05 g/cm3) in the Vertisol (with PP fiber and 

PE fiber) and in the Entisol (with PE fiber) but not in the Alfisol (Fig. 4). Overall, the effect of MP 

fibers addition (regardless of MP type) on bulk density was more intense (on average, +3.7% 
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compared to the control) than both the films and the mix (on average, +0.5% and +1.6% compared to 

the control, respectively). 

The gravimetric water content before, wi, and after, wf, the infiltration run was affected by all main 

factors in all soils (p < 0.001; Table IV). Moreover, a strong interaction was also observed between 

soil type and MP treatment (p < 0.001). In particular, by exploring the effects of MP within each 

pressure head and soil type, it was found that, in the Vertisol, only the application of PE-fiber 

determined a significant decrease of the water content both before and after performing the MDI run 

at all pressure heads (Figs. S2 and S3). In the Alfisol, a similar decrease was observed with the MP-

mix. No significant effects due to MP treatment on gravimetric water content were instead observed 

in the Entisol.  

Soil hydraulic conductivity was strongly affected by all the three main factors and interactions were 

observed between all factor combinations (p-values always < 0.0001; Table IV and Fig. 5). Overall, 

at h0 = ‒1 cm, the presence of MPs led to an increase in hydraulic conductivity in the Alfisol and the 

Vertisol, compared to their controls. Conversely, in the Entisol, the effects were consistently 

diminishing. In all three soils, these effects were particularly pronounced in the MP-mix treatment 

with differences from the controls of +53.9, +23.9, and ‒8.63 mm h‒1 for the Vertisol, the Alfisol, and 

the Entisol, respectively. At smaller pressure heads (‒3 and ‒6 cm), the intensity of the MPs’ effect 

was generally reduced, and the differences from the controls were almost always non-significant. 

Soil contamination with MP made the correlation between K and wf significant even with reference 

to the Alfisol (Fig. 6) but it did not have any effect on the circumstance, already noticed in the absence 

of MP (Fig. 3), that the K vs. wf relationships differed widely between the Vertisol on one side and 

the Alfisol and the Entisol on the other side. In particular, both in the case of a soil treated with MP 

and in that of an untreated soil, a given K value was detected in appreciably wetter soil conditions for 

the Vertisol than the Alfisol and the Entisol. 

In the Vertisol, wi and wf decreased at all considered pressure heads by adding PE-fiber (Figs. S2 and 

S3), but K was not affected by PE-fiber addition (Fig. 5). Hydraulic conductivity increased at h0 = ‒

1 cm with the MP-mix treatment and at h0 = ‒6 cm with the PP-film but neither wi nor wf changed as 

a consequence of MP addition in these two cases. In all the other cases, wi, wf and K did not change 

as a consequence of the MP treatment. Therefore, adding MP determined a decrease of w that did not 

influence K or it induced an increase of K without influencing w. However, these results were only 

obtained in a few cases. Instead, the most common result was that wi, wf and K did not change with 

the MP treatment. In particular, an ineffectiveness of the MP treatment was detected for 12 (wi and 

wf) and 13 (K) of the 15 established comparisons. 
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In the Alfisol, the addition of the mixture of the four types of MP (MP-mix), determined a decrease 

of both wi and wf for all considered pressure heads while the other MP types did not influence either 

wi nor wf. Adding any type of MP did not modify the K values in the more unsaturated soil conditions 

(h0 = ‒3 and ‒6 cm) but it determined an increase of K at h0 = ‒1 cm with a single exception (PP-

film). Even for this soil, the most common result was that MP addition did not influence wi, wf and K 

since a similarity between treated and non-treated soils was detected for 12 (wi and wf) and 11 (K) 

comparisons.   

Finally, the Entisol was insensitive to MP addition with reference to all tested variables and pressure 

heads. In other words, none of the comparisons suggested statistically significant differences between 

the treated soil and the control. 

 

DISCUSSION 

In this experiment, the effects of MP addition were tested in three soils (namely a Vertisol, an Alfisol, 

and an Entisol) differing for their physical and hydraulic properties, which provides an optimal 

condition for testing how and to what extent the effects of this treatment may vary depending on the 

characteristics of the porous medium in which it is applied. Specifically, the Vertisol was less 

compacted (Table II), exhibited a steeper hydraulic conductivity curve (Fig. 1), and required a higher 

water content to yield a given K value (Fig. 3) compared to the Alfisol and the Entisol. The Entisol, 

compared to the Alfisol, generally exhibited lower water content and hydraulic conductivity.  

As a preliminary remark, it should be highlighted that the effects of MP contamination on the physical 

and hydraulic properties of the soils investigated here were generally of a small magnitude in absolute 

terms. This could have been due, at least in part, to our level of MP contamination (0.5% w/v), which 

was chosen to represent a plausible future scenario (Meizoso-Regueira et al., 2024), whereas in other 

studies, much higher contamination levels have been evaluated (Xing et al., 2021; Botyanskzá et al., 

2022; Shafea et al., 2023; Wang et al., 2023; Xie et al., 2023). As highlighted by many authors, the 

magnitude of the MP effects can be expected to be greater as the amount of contaminant in the soil 

increases (e.g., Maqbool et al., 2023; Wang et al., 2023; Feng et al., 2025). 

Although of modest magnitude, some effects, noteworthy for their agro-environmental implications, 

were however observed because of soil contamination with MPs. In accordance with the results by 

de Souza Machado et al. (2019) and Lehmann et al. (2021), MP fibers (irrespective of MP type) had 

more pronounced effects on soil bulk density compared to both MP films and mix (Fig. 4) and the 

response to MP addition was different for the three studied soils. Specifically, the presence of MP 

fibers (both PP and PE) determined an increase in the soil bulk density in the Vertisol, a slight increase 
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in the Entisol (only with PE fiber), and it had no effects in the Alfisol. The available literature on the 

impact of MP fibers on soil bulk density is limited and often inconsistent. For example, de Souza 

Machado et al. (2018, 2019) reported a decrease in bulk density in a loamy-sand soil with increasing 

concentrations of polyester MP fibers, whereas Zhang et al. (2019), in a study conducted on a clay-

loam soil under both field and greenhouse conditions, observed no significant differences in soil bulk 

density. Furthermore, our findings partially differed from those reported by Ingraffia et al. (2022a) 

who, in a study involving the same soils used in the present experiment contaminated with polyester 

MPs fibers, observed significant reductions in soil bulk density in Vertisol, modest decreases in 

Entisol, and no effects in Alfisol. This discrepancy may be attributed to the different types of MPs 

used (PP and PE in this experiment vs. polyester in Ingraffia et al., 2022a) and the duration of the 

incubation (15 vs. 6 months). These observations suggest that the effects of MPs on soil are highly 

context-dependent, with multiple factors influencing the outcomes, acting individually and 

interacting, including soil, MPs type, concentration, and shape, incubation time, and experimental 

methodology. 

A general decrease in water content (wi and wf) occurred due to MPs contamination (Fig. S2 and S3) 

but the intensity of these effects was different across the three investigated soils and, specifically, 

more evident in the Vertisol with the PE fibers and in the Alfisol with the MP mix. Furthermore, the 

results showed a trend toward an increase of K in Vertisol and in Alfisol, while, in contrast, the Entisol 

experienced a reduction, though modest in absolute terms, due to the presence of MPs (Fig. 5). In 

theory, the presence of MPs, by partially occupying the macropores and consequently reducing their 

lumen, should negatively affect soil water movement, as suggested by Guo et al. (2022) and Feng et 

al. (2025). This should also lead to a reduction in water content at saturation, which seems to be 

confirmed by the w values (both wi and wf) observed in our study. On the other hand, such effects 

may have been counterbalanced in the present experiment by both a high hydrophobicity of MPs 

(Xing et al., 2021,2024; Cramer et al., 2023; Yu et al., 2023) and the structural changes they induced 

in the soil, which could affect the tortuosity of flow paths; both these factors may have contributed to 

an increase in hydraulic conductivity. The differences observed in K values across the three soils 

investigated may depend, in some way, on the impact that MPs contamination can have on soil 

structure, which can vary significantly depending on soil characteristics, as previously highlighted by 

Ingraffia et al. (2022a). All this reinforces our belief that MPs impact the soil’s full functionality, and 

that the extent of this impact is soil-dependent. Guo et al. (2022) showed that the addition of MPs to 

three different soils (specifically a loam, a clay, and a sandy soil) resulted in highly diversified effects 

on saturated soil hydraulic conductivity, depending on the soil type as well as the concentrations and 
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sizes of the added MPs. The same authors observed great reductions in hydraulic conductivity in the 

sandy soil (94% sand), while in the loam soil a slight increase in K values was found at 0.5% MPs 

concentration (the same used in the present study). This result further confirms how the type and 

extent of interactions between soil particles and MPs particles can differently affect various soil 

properties. In this regard, an important role may be played by the amount and type of clay and the 

soil organic matter content. Therefore, the greater response in terms of hydraulic conductivity 

observed in the present study in the Vertisol can be attributed both to its higher clay content (compared 

to the other two soils investigated) and to the mineralogy of the clay itself. It is in fact well known 

that montmorillonite, which dominates in Vertisol and is characterized by its expandable nature and 

high surface area, is considerably more reactive than kaolinite and illite, which instead dominate in 

the Alfisol and the Entisol, respectively. In support of this hypothesis, Ingraffia et al. (2022a) 

highlighted that MPs contamination led to a modest increase in newly formed stable aggregates in 

Vertisol, with no effect observed in Alfisol and Entisol. Additionally, the different content in soil 

organic matter, which provides essential binding sites for MP particles and influences both the 

formation and stability of aggregates in MP-contaminated soil (Liang et al., 2021; Ingraffia et al., 

2022a), may help to explain the different results obtained in the present study in terms of hydraulic 

conductivity. In fact, the reactivity to the addition of MPs, different among the three soils investigated, 

appeared to some extent positively correlated with the soil organic matter content (Vertisol > Alfisol 

> Entisol). 

Finally, it is interesting to highlight that the magnitude of response to MPs contamination appeared 

to increase with increasing SSI values (Table I). This index, which is calculated based on the soil 

organic carbon content and soil texture, does not directly relate to the porosity aspects of soil structure, 

but rather to the “resilience” of the soil structure (Reynolds et al., 2009). A reduction in SSI value 

indicates an increase in soil degradation. In the present study, SSI values were, in order, Vertisol > 

Alfisol > Entisol, which therefore seems to indicate that the effects of MP contamination on soil 

hydraulic properties are more intense in less degraded soils. Over the 15-month incubation, MPs 

likely exploited the very mechanisms underpinning soil stability, such as organic-mineral interactions 

and pore networks, revealing that even resilient soils, i.e. those with relatively higher SSI values, 

remain vulnerable to these emerging contaminants, which directly target soil’s structural foundations. 

 

CONCLUSIONS 

The results of the present study, conducted on agricultural soils with varying chemical-physical 

properties and utilizing extended incubation periods (thus allowing for the establishment of stable 
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interactions between soil particles and MPs), demonstrate that the impact of MP contamination on 

soil is influenced by the shape of the MPs. Fibers, regardless of MP type, produced more pronounced 

effects compared to films and MP mixtures, altering water movement by increasing water infiltration 

and decreasing water retention. Additionally, the intensity of these effects varied across different soil 

types, being most pronounced in soils with higher clay and organic carbon content. Under these 

conditions, MP particles probably form stronger bonds with soil particles, leading to more significant 

alterations in soil water movements. Further research is necessary to elucidate the mechanisms 

underlying this response since understanding how MPs influence soil processes can help inform 

sustainable agricultural practices and policies. 

These findings have significant agro-ecological implications, suggesting that MP contamination 

could enhance nutrient loss through leaching while at the same time reduce water availability for 

crops. This latter aspect is especially critical in the Mediterranean region, where water scarcity is 

often the primary constraint on crop productivity. Finally, it cannot be ruled out that the effects 

observed in this study due to soil contamination with MPs at the concentration used (0.5% w/v) may 

become more pronounced if, as many authors suggest, MP levels in the soil continue to rise in the 

future. 
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Table I. Some physical and chemical properties of the three soils used in the experiment. 

Soil 

type 

USDA 

classification 

Site 

coordinates 
Clay Silt Sand TN TOC pH EC CEC SSI 

   g kg−1 g 

kg−1 

g kg−1 
 

dS 

m−1 

cmol 

kg−1 

% 

Alfisol 
Typic 

Rhodoxeralf 

37.643511° 

N 

12.628327° 

E 

152 431 417 0.77 11.2 7.58 2.01 13.8 3.31 

Entisol 
Typic 

Xerorthent 

37.561368° 

N 

13.512904° 

E 

209 461 330 1.20 9.3 7.84 1.88 18.4 2.38 

Vertisol 
Typic 

Haploxerert 

37.556140° 

N 

13.515400° 

E 

415 357 228 1.54 15.8 7.74 1.89 30.0 3.52 

Clay, silt, and sand were classified according to the United States Department of Agriculture (USDA; 

clay < 2 µm, silt 2–50 µm, and sand 50–2000 µm). TN is total nitrogen, TOC is total organic carbon, 

EC is electrical conductivity, and CEC is cation exchange capacity. 
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Table II. Mean values ± standard error of soil bulk density (g cm−3) in the three soils used in the experiment with no 

addition of microplastics (control samples). The p-values for pairwise comparisons and estimated 95% confidence 

intervals (in square brackets) are also reported. 

Soil type 
Mean ± 

SE 
 Comparison 

Difference 

[95% CI] 

p-

value 

Alfisol 
1.31 ± 

0.03 
 

Alfisol vs. 

Entisol 

–0.04 

[–0.11; 0.00] 
0.178 

Entisol 
1.35 ± 

0.01 
 

Alfisol vs. 

Vertisol 

0.26 

[0.18; 0.33] 
<0.001 

Vertisol 
1.04 ± 

0.02 
 

Vertisol vs. 

Entisol 

–0.31 

[–0.36; –

0.27] 

<0.001 

 

 

 

Table III. Analysis of variance: the p-values for the effects of the applied treatments (Soil type, Pressure head, and their 

interaction) on some traits (wi, initial soil water content; wf, final soil water content; K, soil hydraulic conductivity) 

measured in the three soils used in the experiment with no addition of microplastics (control samples). 

Treatment 
Traits 

wi wf K 

Soil type (S) <0.001 <0.001 <0.001 

Pressure head (P) <0.001 <0.001 <0.001 

S × P 0.890 0.750 <0.001 
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Table IV. Analysis of variance: the F-values and p-values for the effects of the applied treatments (Soil type, Pressure 

head, Microplastic addition, and their interaction) on some traits (bulk density; wi, initial soil water content; wf, final soil 

water content; K, soil hydraulic conductivity) measured in the three soils used in the experiment. 

Treatment 

Bulk density  wi  wf  K 

df F-value p-

value 

 df F-value p-

value 

 F-value p-

value 

 F-value p-

value 

Soil type (S) 2 177.91 <0.001  2 378.44 <0.001  370.91 <0.001  117.31 <0.001 

Pressure head (P) – – –  2 137.56 <0.001  140.38 <0.001  324.69 <0.001 

Microplastic 

(MP) 

5 3.82 0.003  5 15.24 <0.001  14.39 <0.001  11.67 <0.001 

S × P – – –  4 0.74 0.559  1.78 0.133  44.14 <0.001 

S × MP 10 1.74 0.079  10 5.54 <0.001  6.18 <0.001  6.72 <0.001 

P × MP – – –  10 0.53 0.866  0.14 0.999  6.00 <0.001 

S × P × MP – – –  20 0.25 0.999  0.42 0.986  3.21 <0.001 
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Fig. 1. Initial (wi) and final (wf) soil water content, and soil hydraulic conductivity (K) for three pre-established pressure 

heads (h0 = ‒1, ‒3, and ‒6 cm) measured in the three soils used in the experiment with no addition of microplastics 

(control samples). Bars depict the mean values ± standard errors. The p-values for pairwise comparisons are reported in 

the plots. 
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Fig. 2. Relationships between initial (wi) and final (wf) soil water content in the three soils used in the experiment with no 

addition of microplastics (control samples). 

 

 

 

 

Fig. 3. Relationships between final soil water content (wf) and soil hydraulic conductivity in the three soils used in the 

experiment with no addition of microplastics (control samples). The non-parametric Spearman correlation coefficient (ρ) 

and the p-values are reported in the plot. 

 

 

 

 

 

 



 

 

143 

 

 

Fig. 4. Soil bulk density measured in the three soils used in the experiment not contaminated (Ctr) 

and contaminated with microplastics. Bars depict the mean values ± standard errors. PP-Fiber and 

PP-film are polypropylene fibers and film, respectively; PE-fiber and PE-Film are low-density 

polyethylene fibers and film, respectively; MP-mix is the mixture of the four types of microplastics. 

The percentage variation with respect to the Ctr and the p-values of two-sided permutation test 

between each microplastic treatment and the Ctr for each soil type are reported in the plots. 
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Fig. 5. Soil hydraulic conductivity measured for three pre-established pressure heads (h0 = ‒1, ‒3, and ‒6 cm) in the three 

soils used in the experiment not contaminated (Ctr) and contaminated with microplastics. Bars depict the mean values ± 

standard errors. PP-Fiber and PP-film are polypropylene fibers and film, respectively; PE-fiber and PE-Film are low-

density polyethylene fibers and film, respectively; MP-mix is the mixture of the four types of microplastics. The 

percentage variation with respect to the Ctr and the p-values of two-sided permutation test between each microplastic 

treatment and the Ctr for each soil type are reported in the plots. 
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Fig. 6. Relationships between final soil water content (wf) and soil hydraulic conductivity in the three soils used in the 

experiment considering all samples (with and without the addition of microplastics). The non-parametric Spearman 

correlation coefficient (ρ) and the p-values are reported in the plot. 
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SUPPLEMENTARY MATERIAL 

 

 

 

Fig. S1. Minimum (blue line) and maximum (red line) temperatures registered during the incubation period (15 months; 

from January 2022 to April 2023). 
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Table SI. Comparison between pairs of soil for initial (wi) and final (wf) soil water content, and hydraulic conductivity 

(K): mean difference, 95% confidence interval (CI) and p-value at three pressure head levels (h0 = –1, –3, and –6 cm). 

Comparison 

h0 = −1 cm h0 = −3 cm h0 = −6 cm 

Mean diff. 

[95% CI] 

p-

value 

Mean diff. 

[95% CI] 

p-

value 

Mean diff. 

[95% CI] 

p-

value 

wi (g g−1) 

Alfisol vs. 

Vertisol 

−0.14 

0.001 

−0.13 

0.001 

−0.13 

0.001 [−0.16; 

−0.13] 

[−0.15; 

−0.12] 

[−0.16; 

−0.11] 

Alfisol vs. 

Entisol 

0.01 
0.27 

0.01 
0.102 

0.02 
0.02 

[−0; 0.02] [0; 0.03] [0; 0.02] 

Vertisol vs. 

Entisol 

0.15 
<0.001 

0.15 
<0.001 

0.16 
<0.001 

[0.14; 0.17] [0.14; 0.17] [0.14; 0.19] 

wf (g g−1) 

Alfisol vs. 

Vertisol 

−0.15 

0.001 

−0.14 

0.001 

−0.14 

0.001 [−0.17; 

−0.14] 

[−0.16; 

−0.13] 

[−0.17; 

−0.12] 

Alfisol vs. 

Entisol 

0.00 
0.41 

0.01 
0.51 

0.02 
0.034 

[0; 0] [0; 0.02] [0; 0.04] 

Vertisol vs. 

Entisol 

0.16 
<0.001 

0.16 
<0.001 

0.17 
<0.001 

[0.14; 0.18] [0.14; 0.18] [0.15; 0.19] 

K (mm h−1) 

Alfisol vs. 

Vertisol 

−14.55 

0.054 

2.92 

0.14 

6.09 

0.012 [−29.68; 

0.01] 
[−0.55; 6.62] [2.48; 9.26] 

Alfisol vs. 

Entisol 

2.67 

0.69 

8.08 

0.005 

6.85 

0.006 [−7.75; 

13.69] 
[3.91; 12.09] [3.52; 10.20] 

Vertisol vs. 

Entisol 

17.23 

0.03 

5.16 

0.03 

0.75 

0.42 [1.65; 

33.56] 
[0.87; 9.11] [−0.83; 2.27] 

 

 

 



 

 

148 

 

Table SII. The 95% confidence intervals for intercept and slope parameters of linear regressions between initial (wi) and 

final (wf) soil water content in the three soils used in the experiment. Intervals were derived to test whether regression 

models significantly deviate from the identity line (intercept = 0, slope = 1), which would indicate a departure from a 1:1 

relationship. Soil-specific intervals for the intercept and slope (Variable X1) are reported to assess type dependent 

deviations in water content dynamics. 

 

 

Soil type  95% confidence intervals 

Alfisol Intercept 0.0004 0.0923 

 Variable X1 0.7501 1.0107 

Entisol Intercept 0.0235 0.1002 

 Variable X1 0.7266 0.9565 

Vertisol Intercept −0.0412 0.0913 

 Variable X1 0.8432 1.1111 
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Fig S2. Initial soil water content (wi) measured for three pre-established pressure heads (h0 = ‒1, ‒3, and ‒6 cm) in the 

three soils used in the experiment not contaminated (Ctr) and contaminated with microplastics. Bars depict the mean 

values ± standard errors. PP-Fiber and PP-film are polypropylene fibers and film, respectively; PE-fiber and PE-Film are 

low-density polyethylene fibers and film, respectively; MP-mix is the mixture of the four types of microplastics. The 

percentage variation with respect to the Ctr and the p-values of two-sided permutation test between each microplastic 

treatment and the Ctr for each soil type are reported in the plots. 
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Fig S3. Final soil water content (wf) measured for three pre-established pressure heads (‒1, ‒3, and ‒6 cm) in the three 

soils used in the experiment not contaminated (Ctr) and contaminated with microplastics. Bars depict the mean values ± 

standard errors. PP-Fiber and PP-film are polypropylene fibers and film, respectively; PE-fiber and PE-Film are low-

density polyethylene fibers and film, respectively; MP-mix is the mixture of the four types of microplastics. The 

percentage variation with respect to the Ctr and the p-values of two-sided permutation test between each microplastic 

treatment and the Ctr for each soil type are reported in the plots. 
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Abstract 

Rill erosion is a significant problem worldwide as it determines relevant amounts of soil loss on 

hillslopes. Although, in the last few years, many studies have focused on rill erosion and biochar as 

soil amendment, their influence on soil hydrological properties and relevance on soil conservation 

strategies is still uncertain. In this paper, the effects of rill formation and biochar addition on the 

physical and hydraulic properties of a clay-loam soil were assessed by laboratory measurements 

(water retention, hydraulic conductivity, minidisk infiltrometer data, and 1H Nuclear Magnetic 

Resonance (NMR) relaxometry with the fast field cycling (FFC) setup) and field tests (rill formation 

tests at the plot scale). The rilled and non-rilled soils did not show any difference in the volume of 

pores with a diameter (d) > 300 m, but the former showed a smaller volume for the pores in the size 

range between 300 and 0.2 m. As compared with an untreated rilled soil, the addition of 5% (w w-

1) biochar in the soil in which the rill is incised did not change the volume of pores with d > 300 m, 

while there were more pores of both 30 < d < 300 m and 0.2 < d < 30 m. Moreover, there were less 

pores with d < 0.2 m. Shaping the rill did not influence the hydraulic conductivity of the nearly 

saturated soil (pressure head, h = -1 cm), while it determined a significant decrease of the soil ability 

to transmit water in more unsaturated conditions (h < -3 cm). The addition of biochar to the soil 

improved, in general, the soil aptitude to transmit water, regardless of the pore size. However, this 

improvement was statistically irrelevant in the case of a transport process governed by larger pores. 

The hydrological measurements also demonstrated that the addition of a large amount of biochar (5%) 

impedes soil characteristics alteration as the changes due to rilling are balanced by adding biochar in 

the soil. NMR was also used to measure the structural and functional connectivity of the original soil, 

the biochar, and a mixture with three biochar concentrations (i.e., BC = 1, 3, and 5 % w w-1) 

traditionally applied in agronomical activity. These measurements revealed that the mixture of soil 

and biochar was characterized by longitudinal relaxation time (T1) values, which are related to pore 

sizes, longer than those measured for the soil. In addition, the soil empirical cumulative frequency 
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distribution of T1 was always skewed towards shorter T1 values, thereby suggesting that the macro-

pore component (that is the largest T1 values) was never dominant while biochar addition increased 

the size of mesopores and micropores. Biochar concentrations larger than 3 % (w w-1) did not produce 

appreciable changes in the pore distribution inside the mixture. The biochar component improved the 

structural connectivity up to BC = 5 %, while decreased the functional connectivity up to BC = 3%. 

A relationship between the water volume contained in soil pores and the NMR data was established 

for the micropores (d < 0.2 m). The biochar-amended soil was characterized by fewer small pores, 

but these micropores were greater than those in non-treated soil. 

 

 

Introduction 

Soil erosion is a relevant environmental problem whose effects are often underestimated although its 

importance is highlighted in many field investigations (Borrelli et al., 2017). The soil loss rate in 

agricultural land is estimated as 10-40 times faster than the rate of soil formation, while slope 

protection is often inadequate, and strategies to mitigate or even prevent hydrogeological risk are rare 

(Carollo et al., 2023). 

The evaluation of the link between soil physical and hydraulic properties and soil erosion process is 

a complex subject as soil physical and hydraulic properties have to be determined for parameterizing 

soil erosion prediction models (Risse et al., 1994, 1995; Nearing et al., 1996; Morgan and Duzant, 

2008). Moreover, generally, these investigations are experimentally rather complex as intensive soil 

physical and hydraulic characterization, and the monitoring of surface runoff and soil erosion 

processes have to be performed at the same time. Perhaps, this is one of the reasons why the direct 

measurements of the soil hydraulic properties in relevant contexts from a soil erosion point of view 

are not widely reported in the literature. 

Rill erosion is caused by soil particle detachment and transport by channelized flows which are 

characterized by high flow shear stresses and velocities, which lead to an increased sediment yield. 

Rills are small-eroded channels, which rapidly change their own morphology, represent a relevant 

sediment source producing most of the sediment transport on hillslopes (Mutchler and Young, 1975; 

Zhang et al., 2016), and can have a very appreciable impact on the hydrological response of the field 

in its entirety. Quite surprisingly, despite the hydrological relevance of the small field portions 

interested by rills, studies about the differences between the hydraulic properties of the rilled and non-

rilled soils are lacking. 
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In a context in which alternative soil conservation practices aimed at the limitation of soil erodibility 

appear to be a valid solution to mitigate erosion processes, organic amendments, such as biochar 

(Mukherjee et al., 2014) or compost (Chia et al., 2020), can be considered as a valid and eco-friendly 

solution for soil amendment. 

Biochar is obtained from the pyrolysis (i.e., thermal degradation) of biomasses in oxygen-starved 

conditions (Sohi et al., 2010; Conte et al., 2021). It improves soil structure (size, arrangement, and 

aggregate stability) (Blanco-Canqui, 2017; Conte et al., 2021), increases its organic matter content, 

and determines an increase in crop yield and quality (Wang and Wang, 2019; Conte et al., 2021). 

However, contrasting effects of biochar addition on runoff and soil loss have been reported since 

some authors (Lee et al., 2018; Li et al., 2017; 2019; Zhang et al., 2019) concluded that biochar 

addition can promote soil loss, while other investigations (Abrol et al., 2016; Baiamonte et al., 2015; 

Doan et al., 2015; Hseu et al., 2014; Jien and Wang, 2013; Lee et al., 2015; Sadeghi et al., 2016; 

Smetanova et al., 2013) supported the hypothesis that this addition reduces soil susceptibility to 

erosion. Moreover, the existing literature pointed out that the biochar effectiveness is influenced by 

the added concentration. Some authors (Li et al., 2019; 2020) suggested that low (from 1 % to 3 %) 

and high BC (higher than 5 %) values generally inhibited and promoted soil loss, respectively, while 

the results of the meta-analysis by Gholamahmadi et al. (2023) indicated the limit of 2.5 % w w-1 by 

considering that it seems that larger BC have no effect on the reduction of soil loss. 

These contrasting results can be justified by several effects: (i) differences due to the biochar type 

and its particle size; (ii) changes in physical and chemical properties of investigated soils; (iii) the 

vegetation growth; and (iv) the method used for adding biochar (spread over the soil surface, 

incorporated into the soil) (Wani et al., 2021). In particular, when biochar was spread on the soil 

surface (Sadeghi et al., 2016; Smetanova et al., 2013), a biochar surficial layer forms and inhibits seal 

formation, favors infiltration processes, and reduces runoff and soil loss. Moreover, spreading of 

biochar on soil surface produces a preferential transport of low-density biochar particles (Sadeghi et 

al., 2016) and a reduction of soil loss. However, biochar is usually applied in the field inside the arable 

soil horizon and thoroughly mixed to favor the effects on soil properties. 

At present, most of the literature studies deal with interrill erosion processes due to simulated 

rainfalls, while few investigations on rill erosion are available (Li et al., 2021; Nicosia et al., 2021). 

Li et al. (2021) carried out some experimental runs on the susceptibility to rill formation, and they 

observed a decrease in rilling in biochar-amended soil. Nicosia et al. (2021), using the data collected 

by Li et al. (2021), demonstrated that the biochar addition led to an increase in roughness, which 

determined the decrease in flow velocity and the increase in water depth. Parhizkar et al. (2023) 
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studied the effect of rice husk-biochar on rill erosion by flume experiments with both not amended 

soil and soil with a BC of 3 % w w-1. The measurements revealed that biochar reduced rill erodibility 

and critical shear stress for the investigated soil. Furthermore, Parhizkar et al. (2023) found greater 

stability of the aggregates and a lower bulk density of the treated soil as compared to the non-amended 

one. 

Biochar application influences soil porosity via direct pore contribution from pores within the biochar, 

creation of packing or accommodation pores between biochar and the surrounding soil aggregates, 

improved persistence of soil pores due to increased aggregate stability, increased bioturbation such 

as earthworm activity (Hardie et al., 2014; Blanco-Canqui, 2017). According to Hardie et al. (2014), 

who worked on a sandy-loam soil, large macropores (> 1200 m) can be formed due to a greater 

earthworm burrowing in the biochar-amended soil. In clayey soils, biochar may favor the formation 

of mesopores (Lu et al., 2014). For loamy-sand soils, small particles of biochar (< 500 m) can reduce 

the volume of small pores (diameter < 0.5 m) and fissures (> 500 m) while can increase the volume 

of pores in the range 0.5-500 m (Gląb et al., 2016). With reference to coarse soils, biochar addition 

might convert large pores into smaller pores (Petersen et al., 2016; Villagra-Mendoza and Horn, 

2018). 

Biochar addition can also be expected to variably influence soil water transmission properties. For 

example, different biochar treatments could not have any statistically significant effect on saturated 

soil hydraulic conductivity, Ks, in clay (Castellini et al., 2015) and loamy-sand soils (Gląb et al., 

2016). However, the fill in of larger pores due to biochar addition in coarse-textured soils can be 

expected to decrease Ks and increase the unsaturated soil hydraulic conductivity (Villagra-Mendoza 

and Horn, 2018). 

An increase in field studies on biochar, the need to focus less on the effects and more on the 

mechanisms by which biochar application alters soil physical properties, and more research on 

biochar benefits in degraded or problematic soils are some of the research needs on biochar 

application that were identified only a few years ago (Blanco-Canqui, 2017).  

The word “connectivity” states the way in which an environmental system favors matter and energy 

movement inside or among its elements (Pringle, 2003; Bracken and Crooke, 2007; Marchamalo et 

al., 2016; Keesstra et al., 2020). This concept highlights the attitude of a vector, such as water, to 

transport materials at different spatial and temporal scales (Bracken et al., 2013; Reaney et al., 2014; 

López-Vincente et al., 2017), considering the heterogeneity and complexity of an environmental 

system.  
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Wainwright et al. (2011) proposed to characterize an environmental system by structural (SC) and 

functional (FC) connectivity. The first one (SC) represents how the investigated process is affected 

by the interactions among structural characteristics of the environmental system (Belisle, 2005; 

Turnbull et al., 2008; Baartman et al., 2013; Uezu et al., 2005). For example, this is the case when the 

focus is to establish how the grain size distribution and arrangement of soil particles affect water 

movement inside the soil. The second one (FC) represents how a specific process (e.g., hydrological) 

is affected by the interactions among the structural components of the investigated system and the 

vector (e.g., water) (Wainwright et al., 2011). According to these definitions, structural connectivity 

provides a time-independent (stationary) response of the examined system, while functional 

connectivity reflects a dynamic viewpoint. 

Conte and Ferro (2018, 2020, 2022) proposed the concept of hydrological connectivity inside the soil 

(HCS) to represent how water movement inside the soil is affected by the interaction of soil spatial 

patterns (i.e., SC) with chemical and physical processes (i.e., FC). In this system, the structural 

connectivity represents the spatial distribution of soil particles and considers the spatial arrangement 

of soil pores and micro-channels, while the functional connectivity complies with the water 

movement inside soil pores and is related to the physical-chemical interactions of water with the pore 

edges (Conte et al., 2017). 

The scientific gaps to overcome concerns the definition of the threshold value of biochar 

concentration useful for soil conservation strategies and understanding the connectivity of biochar-

amended soils. 

In this paper, experimental measurements performed on rills of a clay-loam soil amended with 

different concentrations of biochar are aimed to: i) investigate how the soil hydrological properties of 

the rilled soil with different biochar concentrations (BC = 0, 3, and 5%) change in comparison with 

the original soil; ii) assess, by the nuclear magnetic resonance (NMR) relaxometry with the fast field 

cycling (FFC) layout, the structural and functional connectivity of the original soil, the biochar, and 

mixtures with different biochar concentrations (BC = 1, 3, and 5 % w w-1); iii) test if the increase of 

BC produces appreciable changes in the pore distribution inside the mixture; and iv) combine 

hydrological and NMR measurements to establish a relation between the water volume contained in 

different-sized soil pores, and their number and size.  
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Materials and methods 

Experimental setup 

The experimental measurements were performed on a plot, which is a large box (Figure 1) 2 m wide 

and 7 m long, located at the Department of Agricultural, Food, and Forest Sciences (AFFS) of the 

University of Palermo (38° 06' 25'' N, 13° 20' 59'' E). The plot is manually filled with a clay-loam 

soil (32.7 % clay, 30.9 % silt, and 36.4 % sand), which is the same already used by Carollo et al. 

(2021), Di Stefano et al. (2022), and Nicosia et al. (2022a, b), compacted at the field bulk density and 

with an average slope of 15%. The soil depth in the plot ranges from 0.45 m (upstream end) to 0.15 

m (downstream end). This soil was taken in the area surrounding the Department, which is 

characterized by a typical Mediterranean climate (Csa, according to the Köppen classification 

(Köppen, 1918) and vegetation. The soil was collected from different points within the area to 

consider field variation. The abovementioned soil texture was determined by the hydrometer method 

(Kroetsch and Wang, 2008) for fine size fractions and mechanical dry sieving for coarse fractions, 

applied to five samples homogeneously distributed on the plot surface. Other five soil samples were 

collected by steal cylinders of known dimensions (5 cm in height and 5 cm in diameter) to determine 

bulk density (1.23 g cm-3) (Hao et al., 2008), by oven-drying at 105 °C for 24 h. The organic matter 

content of the soil, determined by oven-drying the samples in a muffle furnace at 400°C (Skjemstad 

and Baldock, 2008), is approximately equal to 2%. Two trenches (Figure 1a), 5.7 m long, 0.2 m wide, 

and 0.1 m deep, were dug in the plot for a total removal of approximately 100 kg of soil for each of 

them. The soil removed from each trench was distributed on plastic sheets in piles and left to air-dry 

for a week.  
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FIGURE 1 | View of the experimental plot with the two empty (a) and filled trenches (b), the preferential paths (c) and 

scheme of the sampling points (d). 
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At the end of the week, three samples were taken and weighted from each pile, and they were 

subsequently oven-dried at 105° for 24 hours to determine soil moisture, which was found to be on 

average 12.5± 0.004 %. The pre-established BC of 3% (B3 treatment) and 5% (B5 treatment) was 

reached by adding 300 and 500 g of biochar to 10 kg of soil in dry weight, corresponding to 

approximately 11.4 kg in wet weight, due to the measured soil moisture. The mixing phase between 

soil and biochar was performed for 60 s. Each biochar-soil mixture corresponding to an investigated 

BC (3% and 5%) was used to fill a trench (Figure 1b). The experimental runs were carried out after 

an incubation period of 30 days to allow biochar incorporation into the soil. Two preferential paths 

were established on the surface of the two filled trenches (B3 and B5 treatment) and modeled by a 

constant clear inflow discharge of 0.33 L s-1 (Figure 1c) applied for 12 min to simulate rilling. A 

preferential flow path, evolving in a rill during the run, was also established in a zone of the plot in 

which the soil was not treated with biochar (B0 treatment) (Figure 1b) as control. The same discharge 

of 0.33 L s-1 was applied for 12 min. 

 

Hydrological measurements 

After the rilling, the surface soil was sampled in four zones of the plot (Figure 1d) using stainless 

steel cylinders (diameter = 0.05 m, height = 0.05 m) to collect undisturbed soil cores. In particular, 

for each rill (B0, B3, and B5 treatments), a total of nine soil cores were collected along the rill in 

correspondence of the sampling points shown in Figure 1d. The other nine soil cores were randomly 

collected in the upper plot area (Figure 1d), in a zone without rills and where biochar was not added 

(C treatment). Therefore, a total of 36 undisturbed soil cores were collected.  

Water retention data were obtained for each undisturbed soil core for pressure head, h, values of 0, -

0.05, -0.075, -0.10, -0.15, -0.20, -0.25, -0.30, -0.40, -0.50, -0.70, and -1.0 m by a self-made hanging 

water column apparatus (Bagarello and Iovino, 2012; Bondì et al., 2022). The apparatus consists of 

an array of 40 glass funnels, each equipped with a sintered porous plate having an air entry value of 

-2.0 m that is connected to a graduated burette, which can be moved in height to establish a given 

pressure head value and allows measurement of the drained water from the core. The cores were 

previously saturated on the porous plate by wetting from below and then equilibrated at decreasing h 

values. The dry soil bulk density, b, and the volumetric water content corresponding to the last 

equilibrium pressure head value were determined by oven-drying the core. The volume of water 

drained into the burette was recorded and used to calculate the volumetric water content 

corresponding to the equilibrium pressure heads.  
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The oven-dried soil cores were placed for several days in a large container containing a few small 

plastic cups with water. For a given (negative) h value, the hydraulic conductivity, K, of a soil core 

was then determined by a simplified version of the Unit Hydraulic Gradient (UHG) method (Klute 

and Dirksen, 1986; Bagarello et al., 2007). In particular, to establish a given h value at the base of the 

core, a plastic box of 38 (length) × 17 (width) × 13 (height) cm3 was filled with a bed of sand up to a 

certain height, and several small holes were made on the walls of the box at a downward distance h 

(L) from the surface of the sand bend. A metal screen was glued to each hole to prevent sand from 

escaping through the hole. Water was added to the box so as to form a saturated zone below the holes 

and an unsaturated zone above them. At hydrostatic equilibrium, the soil water pressure head at the 

surface of the sand bed was assumed to be equal to h. Different boxes were prepared, depending on 

the considered h value (h = -6, -3, and -1 cm in this investigation). The soil core, with an attached 

nylon guard cloth at its base to prevent soil loss from the bottom, was placed on the surface of the 

sand box and left to equilibrate for several days. Small volumes of water were periodically added to 

the box during this period to maintain the h value at the surface of the sand bed constant. Then, a 

Mini-Disk Infiltrometer (MDI), set at the same h value of the sand surface, was placed on the top of 

the soil core, and a one-dimensional infiltration process was activated. When necessary, small 

amounts of loose soil were applied to the soil surface of the core to improve the contact between the 

device and the soil. The first established pressure head was h = -6 cm. At the end of the run, the soil 

core was subjected to the subsequent step by imposing the higher h value of the sequence. Readings 

at the MDI reservoir were taken visually at 0.5 to 5 min time intervals, depending on the imposed 

pressure head and the stage of the run.  

After drying, the soil was used to prepare packed soil samples (diameter = 0.05 m, height = 0.01 m) 

at the same bulk density of the soil core. In particular, a pestle was gently used to crush the soil, which 

was then passed through a 2 mm sieve. These soil samples were used to determine the soil water 

content corresponding to h values of -10 and -150 m by a pressure plate apparatus (Dane and 

Hopmans, 2002). 

 

Soil water retention and hydraulic conductivity data 

Four points of the water retention curve were considered to establish comparisons between the four 

treatments (C, B0, B3, B5), in accordance with Reynolds et al. (2009). These points corresponded to 

pressure heads of 0, -0.1 m, -1 m, and -150 m. Consequently, the saturated soil volumetric water 

content, s (m
3/m3), the “saturated” volumetric water content of the soil matrix, -0.1m (m3/m3), the 

field capacity volumetric soil water content, -1m (m3/m3), and the permanent wilting point volumetric 
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soil water content, -150m (m3/m3) were considered. According to Hardie et al. (2014), the Young-

Laplace equation can be used to determine the size of the largest pores that are full of water for a 

given absolute value of the soil water pressure head, h (m): 

 

𝒅 =
𝟑𝟎

|𝒉|
            (1) 

 

where d (m) is the pore diameter. All pores are full of water for  = s. The d values are equal to 

300, 30, and 0.2 m for h = -0.1, -1, and -150 m, respectively. Equivalent pore diameters < 300 m 

(h < -0.1 m) comprise the soil matrix domain, while diameters > 300 m (h > -0.1 m) form the 

macropore domain (Topp et al., 1997; Jarvis et al., 2002; Reynolds et al., 2002). 

Soil air and water storage capacities were expressed by distinguishing between pore sizes (Reynolds 

et al., 2002, 2009). In particular, macroporosity, equal to (s - -0.1m), gives the total volume of large 

(macro) pores (i.e., > 300 m equivalent pore diameter), which indicates, albeit indirectly, the soil's 

ability to quickly drain excess water and facilitate root proliferation. According to Reynolds et al. 

(2009), macroporosity is optimal if (s - -0.1m) > 0.07 m3/m3, intermediate if 0.04 < (s - -0.1m) < 0.07 

m3/m3, and limited if (s - -0.1m) < 0.04 m3/m3. The (-0.1m - -1m) difference (30 < d < 300 m) is 

expressive of soil aeration in the soil matrix domain (Reynolds et al., 2002). As suggested by 

Reynolds et al. (2002), aeration of soil matrix is good if (-0.1m - -1m) > 0.10 - 0.15 m3/m3 and is 

limited for smaller values. The (-0.1m - -1m) difference was denoted as drainable porosity and 

corresponds to the -1.0 to -10 kPa matric pressure considered in other investigations in other 

investigations specifically focused on biochar addition effects on soil water retention (Hardie et al., 

2014). The plant-available water capacity, equal to (-1m - -150m) (0.2 < d < 30 m), represents the 

plant available water capacity (Reynolds et al., 2002). According to Reynolds et al. (2009), water 

availability is ideal if (-1m - -150m) > 0.20 m3/m3, good if 0.15 < (-1m - -150m) < 0.20 m3/m3, limited 

if 0.10 < (-1m - -150m) < 0.15 m3/m3, and poor if (-1m - -150m) < 0.10 m3/m3. 

The S index by Dexter (2004) was also calculated to evaluate the soil physical quality (SPQ) of the 

sampled soil by considering the soil water retention curve expressed in terms of gravimetric soil water 

content g (g/g). In particular, the van Genuchten (1980) model was adapted to the measured data: 

 

𝜃g(ℎ)=𝜃gr+(𝜃g𝑠−𝜃gr)(1+|𝛼ℎ|𝑛)−𝑚       (2) 
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in which gs (g/g) and gr (g/g) are respectively the saturated and residual gravimetric water content, 

 (1/cm) is a scale parameter, and n and m (with m = 1‒1/n) are shape parameters. Eq. (2) was adapted 

to the data by optimizing the parameters gr,  and n. The calculation of S was performed according 

to the following equation (Reynolds et al., 2009): 

 

𝑺 = |−𝒏(𝜽𝒈𝒔 − 𝜽𝒈𝒓) [𝟏 +
𝟏

𝒎
]

−(𝒎+𝟏)

|       (3) 

 

The S index represents the magnitude of the slope of the soil water retention curve at the inflection 

point when the curve is expressed as gravimetric water content vs. natural logarithm of the pore water 

tension head. According to Dexter and Czyż (2007), S > 0.050 indicates “very good” soil physical or 

structural quality, 0.035 < S < 0.050 is indicative of a “good” physical quality, 0.020 < S < 0.035 

suggests a “poor” physical quality, and S < 0.020 denotes a “very poor” or “degraded” physical 

quality. This evaluation criterion does not appear to have universal validity since large S values can 

also be expected to reflect the soil matrix characteristics rather than the soil structural characteristics 

(Reynolds et al., 2009). For this purpose, Dexter et al. (2008) reported that large apparent values of 

S, which are not reflected in other physical properties, can be obtained in well-graded sands and 

sandstones that have a very narrow distribution of pore sizes and can empty over a very narrow range 

of suctions. Nevertheless, the S index is largely used, probably because it allows for defining the SPQ 

on the basis of a single value that is expressive of a robust experimental information, given that 

determining S requires adapting a model to the experimentally determined water retention data. In 

particular, this index was taken into consideration in several investigations testing the impact on SPQ 

of various amendments, including biochar (Reynolds et al., 2009; Gląb et al., 2016; Dokoohaki et al., 

2017; Fouladidorhani et al., 2023). 

For each soil core and each pressure head value, the cumulative infiltration, I (mm), versus time, t 

(h), relationship obtained with the MDI was linear or nearly linear from the early stage of the run, 

suggesting a rapid stabilization of the flow process. Therefore, an estimate of K was obtained by 

considering the complete infiltration run and determining by linear regression the slope of the I vs t 

relationship forced to pass through the origin of the axes. As an example, Figure 2 shows, for the run 

no. 7 of the B0 treatment, the I(t) data points for the three established pressure heads (-6, -3, and -1 

cm) and the corresponding estimates of K coinciding with the slopes of the fitted linear regression 

lines. The coefficient of determination, R2, of these relationships was > 0.99. The symbols K-6cm, K-

3cm, and K-1cm were used to denote the K values corresponding to h = -6, -3, and -1 cm, respectively. 
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FIGURE 2 | Example of the applied procedure to determine the soil hydraulic conductivity at a given pressure head, h0, 

from the MDI runs (I = cumulative infiltration; t = time). 

 

2.4 Hydrological data analysis 

Initially, rilling effects on soil physical and hydraulic properties were tested by comparing the C and 

B0 treatments. Then, biochar addition effects on the soil of a rill were tested by comparing the B0, B3, 

and B5 treatments.  

For each tested effect, comparisons were performed by considering the following variables: b, s, -

0.1m, -1m, -150m, (s - -0.1m), (-0.1m - -1m), (-1m - -150m), S, K-6cm, K-3cm, and K-1cm. An F test and a 

two-tailed t test at P = 0.05 were applied to establish the statistical significance of the differences. At 

this aim, the statistical functions for data analysis of the Excel® spreadsheet (Microsoft Corporation, 

Redmond, WA) were used.  

Finally, an attempt to describe the combined rilling and biochar addition effects was made by 

considering four measured points of the water retention curve (s, -0.1m, -1m, -150m), the S index 

obtained from the complete water retention dataset for a core, and also K for the three pressure heads 

(K-6cm, K-3cm, K-1cm). 

 

Sample preparation for FFC NMR relaxometry analyses  

All the soil samples were weighed (≈ 2 g) in a 10 mm NMR glass-tube. Then, MilliQ grade water 

(18.2 MΩ cm at 25 °C) was gradually added till saturation occurred. The samples were kept overnight 

and, finally, analyzed with the NMR machine described below. 
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FFC NMR relaxometry experiments  

A Stelar SmarTracer Fast-Field-Cycling NMR Relaxometer (Stelar s.r.l., Mede, PV–Italy) at a 

constant temperature of 25 °C was used to carry out the relaxometry experiments. The basics of the 

FFC NMR relaxometry are reported elsewhere (Conte and Lo Meo, 2020). Briefly, the technique is 

based on the rapidly switching among three different magnetic fields, that are referred to as 

polarization (BPOL), relaxation (BRLX), and acquisition (BACQ) field. In the non-polarized (NP) 

configuration, BPOL intensity is kept null. Therefore, only BACQ and BRLX are used. The former is 

applied to generate the magnetization whose intensity depends on that of BACQ which is changed in 

the proton Larmor frequency (L) interval 0.01 - 10 MHz. The intensity of the latter (i.e., BACQ) was 

set at the constant L value of 7.2 MHz. This was needed to keep the magnetization aligned along the 

+y-axis after the application of a 1H 90°(-x) pulse of 6.6 s necessary to generate the observable and, 

hence, to allow signal acquisition. BACQ duration (usually indicated with the Greek letter ) was 

logarithmically changed at least 32 times between a minimum given by 0.01∙T1
* and a maximum 

given by 4∙T1
*. Here, T1

* represents the supposed longitudinal relaxation time of the system under 

study (Conte, 2021). The aforementioned 32  values were automatically calculated by the software 

(AcqNMR95, V. 2.20, 2007) provided with the NMR machine. When BRLX Larmor frequency became 

≤ 3 MHz, the pre-polarized (PP) configuration was used. In other words, BPOL intensity was set to be 

non-null. The BPOL intensity (expressed as proton Larmor frequency) used in the present study was 

10 MHz. It was applied for a period of time (also referred to as TPOL) given by 4∙T1
*, having T1

* the 

same meaning reported above. The necessity of the PP configuration lies in the fact that when BRLX 

L ≤ 3 MHz, a lack of NMR sensitivity is achieved. Therefore, the application of a polarization field 

prior of BRLX allows sensitivity enhancement and amelioration of FFC NMR data quality (Conte, 

2021). A recycle delay (RD) of 4 s was applied when either NP or PP configurations have been used. 

This RD value was long enough to prevent any problem due to signal saturation. Finally, a switching 

time of 3 ms, an acquisition delay of 8 s, a receiver inhibit of 15 s, and a block size of 512 points 

were used. 

 

FFC NMR relaxometry data analyses  

Once the FFC NMR relaxometry data have been acquired, the Uniform PENalty regularization 

(UPEN) algorithm (Borgia et al., 1998; Conte, 2019) was used to achieve the distribution of the 

longitudinal relaxation times to assess the hydrological connectivity inside a soil (HCS). 
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For each soil, following the result by Conte and Ferro (2020), the distribution of T1 was obtained 

using a sample-to-water ratio of 1:0.25 (w/w), corresponding to the water holding capacity WHC, at 

a proton Larmor frequency L varying from 0.01 to 10 MHz. In other words, the experimental runs 

were carried out with a single value of WHC and different values of L. Each sample was prepared in 

a beaker, and then the wet sample was manually transferred in the NMR tubes to obtain a 

homogeneous packing. The FFC NMR measurements were carried out for the original soil (C 

treatment), the biochar, and the mixtures with different biochar concentrations (1, 3, and 5%, i.e., B1, 

B3, and B5 treatments). Three replicates of NMR measurement were carried out for each investigated 

sample.  

 

Assessing Hydrological Connectivity inside a soil (HCS) 

NMR relaxometry measures how quickly the z-component of the nuclear magnetic moment (i.e., the 

bulk nuclear spin magnetization) changes from a non-equilibrium state to the equilibrium distribution. 

Fluctuations of local magnetic or electrical fields generate a phenomenon, named relaxation, which 

is mainly affected by molecular motions. Therefore, measurements of the longitudinal relaxation 

time, T1, express the molecular dynamics. The T1 values provide information about motion 

frequencies in the range (105-108 Hz) characteristic of water molecules moving in porous media 

(Conte, 2021). If the porous medium is the soil, the shortest T1 values are associated with small-sized 

pores (i.e., pores bounded by clay primary particles and small aggregates), while the longest T1 values 

correspond to pores bounded by sand particles, silt, and large aggregates (Pohlmeier et al., 2009; 

Conte et al., 2017). 

Water molecules moving within the micro-pores have a range of T1 values (TA in Figure 3b) near the 

lower T1 limit, while molecules moving within the macro-pores are characterized by T1 values near 

the upper T1 limit (range named TB in Figure 3b) of the measured relaxation time distribution. Water 

molecules moving within meso-pores are identified by all T1 values included between the upper T1 

limit of the micro-pores (point A in Figure 3b) and the lower T1 limit of macro-pores (point B in 

Figure 3b). 
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FIGURE 3 | Relaxogram (a) and example of the integral curve of the 

relaxogram that associates the ratio AT1/A with each T1 value (b). 

 

Conte and Ferro (2018, 2020, 2022) presented a method for defining the SC and FC of a given soil 

by introducing a new mathematical use of the relaxograms obtained by NMR relaxometry. The 

quantification of structural connectivity and functional connectivity was made by two indexes, SCI 

and FCI, calculated by taking into account the NMR relaxogram shapes. In detail, for a given proton 

Larmor frequency, the distribution of the longitudinal relaxation time T1 (i.e., the relaxogram in 

Figure 3a) is integrated, and the area, AT1, bounded by the relaxogram curve, the T1 axis, and the 
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ordinate value corresponding to T1 value, is related to each T1 value. Figure 3b plots an example of 

the integral curve of the relaxogram, associating the ratio AT1/A with each T1 value. This ratio, ranging 

from 0 to 1, is equal to the non-exceeding empirical cumulative frequency, F(T1), of each T1 value. 

Conte and Ferro (2018, 2020, 2022) demonstrated that F(T1) is S-shaped and found two points (A and 

B in Figure 3b) characterized by a sudden change in the curve slope. The A point bounds a part of the 

curve corresponding to the shortest T1 values and the time range TA (Figure 3b), while the B one limits 

the part characterized by the longest T1 values obtained in the TB time range. Conte and Ferro (2018, 

2020, 2022) set the A and B points to identify the two extreme components of the S-shaped F(T1) 

distribution: point A, with ordinate F(T1) = 0.01, and point B, with ordinate F(T1) = 0.99. The ordinate 

of point A distinguishes the low component (only 1% of the measured T1 values are less than the 

abscissa characterizing the A point), whereas the ordinate of the B point distinguishes the high 

component (only 1% of the measured relaxation times values are higher than the abscissa 

characterizing this point). 

The water movement in macropores, mesopores, and micropores is considered by the hydrological 

connectivity inside the soil. Adapting the classification by Reynolds et al. (2009) to this investigation, 

macropores have a diameter d > 300 m, mesopores vary in size between 300 and 0.2 m, and 

micropores have d < 0.2 m. Note that this classification is similar to some extent to the one by 

Russell (1973), distinguishing between coarse (> 200 m), medium (200-20 m), fine (20-2 m) and 

very fine (< 2 m) pore width classes. Associating the relaxation times with pore sizes, the low 

component of the F(T1) distribution, corresponding to T1 values lower than the abscissa of the A point 

(Figure 3b), identifies micro-pores, where limited space causes a reduction of molecular movement. 

The high component, corresponding to T1 values higher than the B point abscissa (Figure 3b), is 

related to macro-pores characterized by wide mobility.  

For the NMR analysis, the pore-size ranges suggested by Pagliai and Vignozzi (2002) were applied. 

In particular, micropores have a diameter less than 50 m, mesopores range from 0.5 to 50 m, and 

macropores have d > 50 m. Therefore, according to Conte and Ferro (2018), in Figure 3b, the 

abscissa of the point A (T1A) corresponds to the micropore limit (d < 0.5 m), while T1B represents 

the lower limit of the macropore range (d > 50 m). The range between T1A and T1B represents the 

mesopore size interval. The limit of this approach is the unavailability of a direct relationship between 

the measured T1 values (relaxogram) and pore diameter sizes. In other words, a calibration of the 

relaxogram, where the T1 scale corresponds to the pore diameter size scale has not been attempted 

yet. 
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Bulk water movement, characterized by a high sensitivity by the NMR technique (Conte, 2019), is 

related to the limb of the F(T1) curve (bounded by the A and B points of Figure 3b), whereas the high 

and low F(T1) components refer to water interacting with the soil pore edges. 

Conte and Ferro (2018, 2020, 2022) proposed the ratio TB/TA as FCI. This definition of functional 

connectivity allows for taking into account that the T1 values in the range TA identify water trapped 

in small pores, whereas those in the range TB correspond to water contained in large pores. Conte and 

Ferro (2018, 2020, 2022) proposed to use the AB limb zone of the F(T1) curve (Figure 3b), falling in 

the central range of T1 values, to calculate the SCI. In other words, the spatial pattern inside the soil 

can be represented by the central range of T1 values, identifying water moving in meso-pores. 

Considering the relationship between T1 values and pore size, the SCI is the coefficient of variation 

of T1 values characterized by 0.01< F(T1) < 0.99. 

 

Results and discussion 

Rilling 

The b values did not differ between the C and B0 treatments (Table 1). The non-rilled soil had 

significantly higher s and -0.1m, equal -1m and smaller -150m values as compared with the rilled soil. 

There was not any statistically significant difference between the C and B0 treatments with reference 

to (s - -0.1m) but the former treatment yielded higher (-0.1m - -1m) and (-1m - -150m) values than the 

latter one. Regardless of the treatment, data variability was low for b, s, -0.1m, -1m, -150m and (-

1m - -150m) and medium for (-0.1m - -1m) (Warrick, 1998). The variability of (s - -0.1m) was high for 

the C treatment and medium for the B0 one.  

According to the S calculations, the soil had a very good physical or structural quality (Dexter and 

Czyż, 2007), regardless of whether sampling was performed in the control area or in the rill. However, 

the S index differed significantly between the C and B0 treatments since the former treatment yielded 

a significantly larger S value than the latter one. The relative variability of S varied only minimally 

with the treatment, and it was medium in both cases. 

Therefore, rilling did not influence dry soil bulk density. However, as compared with the control, the 

soil of the rill had a smaller water content at saturation and at -0.1 m, a similar water content at -1 m, 

and a larger water content at -150 m. Consequently, (s - -0.1m) did not vary significantly between the 

two treatments since both s and -0.1m decreased from the C to the B0 treatment. A decrease of (-0.1m 

- -1m) occurred in the rilled soil because -0.1m decreased while -1m did not vary. The decrease of (-

1m - -150m) from the C to the B0 treatment was due to the circumstance that the soil of the rill had a 

higher -150m value than the control. As compared with the non-rilled soil, rilling implied that the 
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volume of pores with d > 300 m did not change. There were fewer pores of both 30 < d < 300 m 

and 0.2 < d < 30 m and more pores with d < 0.2 m. According to the S calculations, rilling 

determined a decrease in the SPQ that, however, remained very good. 
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The ratio between s and the soil porosity, obtained from b and assuming a soil particle density of 

2.65 g cm-3, was equal to 1.04 for the C treatment and 0.89 for the B0 one. Despite the numerical 

uncertainty linked to a ratio > 1, likely attributable to the approximations of the experiment, the sign 

was that soil saturation was more complete in the former soil than the latter one. Therefore, shaping 

the rill and allowing water to move in this incision did not induce soil compaction in the zone 

surrounding the channel, probably because the rill was formed by gently excavating and removing 

soil. However, the repeated passage of water promoted some soil alteration with different 

mechanisms, such as slaking at the beginning of the experiment or weakening of the bonds between 

soil particles due to wetting or mechanical solicitations (e.g., Le Bissonnais, 1996). A part of the 

smallest and most mobile particles penetrated the soil. These particles did not modify the largest pores 

since they were too small as compared with these pores. However, they partially occluded pores of 

intermediate sizes and induced the formation of very small pores.  

 

FIGURE 4 | Hydraulic conductivity, K, versus pressure head, h, relationships determined in the non-rilled plot area (C) 

and the non-treated rill (B0). 

 

According to the guidelines by Reynolds et al. (2002, 2009), macroporosity and soil aeration in the 

soil matrix domain were good, but the plant-available water capacity was limited regardless of the 

treatment. Therefore, the formation of the rill and the establishment of a flow through the incision did 

not have appreciable effects on the soil’s ability to quickly drain excess water and facilitate root 
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proliferation. However, the soil became less aerated in the soil matrix domain and also less able to 

retain available water for crop growth. 

An overlap of the hydraulic conductivity curves obtained with the C and B0 treatments was noticed 

close to saturation (Figure 4). For smaller (more negative) pressure heads, the curves obtained in the 

C area tended to stay above those obtained in the B0 rill, particularly with reference to the intermediate 

pressure head established experimentally (h = -3 cm). The means of K-1cm did not differ significantly 

between the two treatments (160-173 mm/h) while the K-3cm and K-6cm values obtained in the B0 rill 

were smaller by 1.9 and 1.7 times, respectively, than those obtained in the C zone (Table 2). 

Regardless of h, the relative variability of the data was more appreciable in the rill than in the non-

rilled area. In particular, the coefficients of variation, CV, of K denoted consistently a medium 

variation in the C area, but they signaled a high variation for two of the three established pressure 

heads in the B0 rill (Warrick, 1998). In summary, shaping the rill and flow establishment in this rill i) 

did not influence hydraulic conductivity of the nearly saturated soil (h = -1 cm), ii) determined a 

significant decrease of the soil ability to transmit water in more unsaturated conditions (h < -3 cm), 

and iii) enhanced spatial variability of K regardless of the considered pressure head.  

 

 



 

 

172 

 

 

FIGURE 5 | Volumetric soil water content, θ, and soil hydraulic conductivity, K, against the absolute value of the soil 

water pressure head, h, for the control (C) and the rilled (B0) soil. 

 

Soil erosion can be expected to induce changes in the hydraulic properties of the exposed soil surface 

(Li et al., 2021). This investigation supported this expectation and also demonstrated that, with 

reference to the near-saturated soil hydraulic conductivity (close to zero h values), soil erosion effects 

can change with the considered pressure head. The smaller the imposed pressure head at the soil 

surface, the smaller the active soil pores in the soil water transport process. Likely, shaping the rill 

induced some smearing and compaction of the exposed soil surface, and hence a general decrease of 

K, but soil particle detachment induced by rill flow determined a reactivation of the largest pores. 

Another, not necessarily alternative, interpretation could be that some of the transported sediments 

were trapped at the bottom of the rill as a consequence, for example, of surface soil roughness. 

According to this investigation, these trapped sediments were particularly effective in occluding the 

smaller exposed pores. 

Figure 5 establishes a comparison between the water retention and the hydraulic conductivity 

relationships obtained under the C and B0 treatments in the nearly common pressure head range. The 

figure is repeated twice since the individual data were summarized by both the mean and the median, 

and reporting all curves on a single plot was found to make some confusion. At least with reference 

to the medians, there was consistency between the water retention and hydraulic conductivity curves, 

given that, notoriously, K decreases for smaller  values. In particular, for high (little negative) 
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pressure heads, rilling induced a decrease in the soil’s ability to retain water, and therefore the soil 

became less conductive. A consistency between water retention and hydraulic conductivity curves 

was also perceived considering the means, even if, in this case, the results were a little less clear (h = 

-1 cm: C soil was wetter than the B0 soil but had similar K values).  

 

Biochar addition 

Numerically, b and -150m decreased monotonically or almost monotonically in the passage from the 

B0 to B5 treatment. Instead, s, -0.1m, -1m, (s - -0.1m), (-0.1m - -1m) and (-1m - -150m) increased more 

or less monotonically between the two extreme treatments (Table 1). Regardless of the treatment, data 

variability was low for b, s, -0.1m, -1m, -150m and (-1m - -150m) and medium for (s - -0.1m). The 

variability of the (-0.1m - -1m) values was medium for the B0 treatment and low for the B3 and B5 

treatments. 

The b values for the B3 and B5 treatments were statistically similar and smaller than those obtained 

with the B0 treatment. The means of s, -0.1m, -1m and -150m did not differ between the B0 and B3 

treatments. The B5 treatment yielded higher s, -0.1m and -1m values and smaller -150m values than 

the other two treatments. Macroporosity (s - -0.1m) did not change significantly with the treatment. 

Soil aeration in the soil matrix domain (-0.1m - -1m) varied according to the B5 = B3 > B0 sequence. 

The plant available water capacity (-1m - -150m) did not differ between the B0 and B3 treatments, but 

it was higher with the B5 treatment.  

The SPQ was very good (S > 0.05) regardless of the treatment. However, the B3 and B5 treatments 

yielded statistically similar S values and both these values were significantly higher than that obtained 

for the B0 treatment. Adding biochar reduced the variability of S since it was medium for the B0 

treatment and low for both the B3 and B5 treatments. 

The ratio between s and the soil porosity was not calculated in this case since the assumption that 

soil particle density was equal to 2.65 g cm-3 could not be made due to the presence of biochar. 

Therefore, a small amount of biochar (B3 treatment) was enough to induce a significant decrease in 

b that did not decrease further with more biochar (B5 treatment). Except for -150m, the same small 

amount of biochar tended to generally give larger  values and  differences, but not enough to make 

differences with the untreated soil statistically significant. Instead, these differences became 

significant with more biochar. With reference to -150m, even a small amount of biochar yielded a little 

smaller value as compared with the non-treated soil, but a large amount of biochar was necessary to 

make the differences significant. 
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In summary, as compared with the non-treated soil, a small addition of biochar (3%) did not 

significantly affect s, -0.1m, -1m, and -150m. When more biochar (5%) was used, the first three 

parameters significantly increased, while the fourth parameter significantly decreased. Consequently, 

(s - -0.1m) did not change significantly between the B0 and B5 treatments since both s and -0.1m 

increased. An increase of (-0.1m - -1m) occurred because -0.1m increased more (by 0.053 m3 m-3) than 

-1m (by 0.025 m3 m-3). Finally, (-1m - -150m) increased because -1m increased and -150m decreased. 

As compared with the non-treated soil, adding 5% of biochar implied that the volume of pores with 

d > 300 m did not change. There were more pores of both 30 < d < 300 m and of 0.2 < d < 30 m 

and less pores with d < 0.2 m. According to guidelines by Reynolds et al. (2002, 2009), 

macroporosity and soil aeration in the soil matrix domain were good regardless of the treatment. 

Instead, the plant-available water capacity was limited for the B0 and B3 treatments and good for the 

B5 treatment.  

 

FIGURE 6 | Hydraulic conductivity, K, versus pressure head, h, relationships determined in the non-treatedrill (B0) and 

in the treated rills with biochar at a rate of 3% (B3) and 5% (B5). 

 

According to the S calculations, even a relatively small addition of biochar (B3 treatment) was enough 

to significantly improve the SPQ. With more biochar (B5 treatment), the differences between the 

treated and non-treated soils became larger. However, the two treatments with biochar did not differ 

significantly, suggesting that using 5 % of biochar instead of 3 % had a limited effect on S. Adding 

biochar made S calculations less variable, suggesting a homogenizing effect of the treatment, even 

for a relatively small percentage of biochar.  
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A partial overlap of the hydraulic conductivity curves obtained with the B0, B3, and B5 treatments was 

noticed close to saturation (Figure 6). For more negative pressure heads, the curves obtained in the 

B3 and B5 rills appeared to overlap with each other and overall stay above those obtained in the B0 

rill. For all established pressure heads, K increased monotonically with the applied amount of biochar. 

In particular, K for the B5 rill was 1.5-1.7 times greater than K for the B0 rill, depending on h. The 

means of K-1cm did not differ significantly among the three treatments (173-278 mm h-1; Table 2). 

Those of K-3cm varied between 42 and 71 mm/h according to the B5 = B3 > B0 sequence. Finally, the 

means of K-6cm varied between 16 and 24 mm h-1 according to the B5 = B3 > B0 sequence. Relative 

variability of K decreased monotonically from the B0 to the B5 rill with reference to K-6cm, but a 

similar trend was not detected for the other two pressure heads since the B3 rill yielded the highest 

CV with reference to K-3cm and the lowest CV of K-1cm. 

Therefore, regardless of h, using 3 % or 5 % of biochar did not induce statistically significant 

differences between the corresponding K values. For the highest pressure head (h = -1 cm), adding 

biochar did not significantly modify the soil hydraulic conductivity. For the intermediate pressure 

head (h = -3 cm), even a limited concentration of biochar (3%) determined a significant increase in 

K. For the most negative pressure head (h = -6 cm), a significant increase in K as compared with a 

non-treated soil (B0) required adding 5% of biochar. In other terms, from a purely numerical point of 

view, the inclusion of biochar in the soil improved, in general, the soil aptitude to transmit water, 

regardless of the pore size. This improvement was statistically irrelevant in the case of a transport 

process governed by the larger pores. Instead, the water transport ability of the smallest pores (h < -

3 cm) increased with a high percentage of biochar. 

A variety of results have been reported for other loamy soils, texturally similar, in a broad sense, to 

the one considered in this investigation. According to Blanco-Canqui (2017), the addition of biochar 

can be expected to reduce unsaturated conductivity close to saturation due to the filling or clogging 

of soil macropores with fine biochar particles. An increase in near-saturated conductivity in biochar-

amended soils can instead occur as a consequence of increased earthworm burrowing (Hardie et al., 

2014). Biochar may enhance the transport of water under unsaturated conditions by reducing the 

formation of larger pores (draining pores) and promoting finer inter-particle pore formation (Villagra-

Mendoza and Horn, 2018). The results of this investigation were not consistent with the suggestion 

by Blanco-Canqui (2017), nor were explained by earthworm activity since earthworms were not 

noticed, and in any case, the experiments were performed after a short incubation period. Instead, the 

suggestion by Villagra-Mendoza and Horn (2018) appeared approximately adaptable to our data. In 

particular, biochar addition was statistically ineffective with reference to the largest sampled pores, 
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but including a relatively high amount of this amendment (5%) favored the formation of smaller 

pores, that is, those active for pressure heads smaller than or equal to -3 cm.  

Another way to summarize the results is to recognize that there is some correspondence between the 

static porosity, as determined from the water retention measurements, and the dynamic porosity 

determined by the UHG experiment. Macroporosity does not change but the drainable porosity 

increases. Taking into account that K is an integral measurement, expressive of flow in all porosity 

classes from zero to the upper boundary, it is plausible to believe that, for h = -6 cm, the weight of 

the drainable porosity is greater and this explains the increase of K-6. For h = -1 cm, the contribution 

of the macroporosity prevails and for this reason significant differences in K-1 are not detected even 

if the mean increases anyway. 

 

FIGURE 7 | Volumetric soil water content, θ and soil hydraulic conductivity, K, against the absolute value of the soil 

water pressure head, h, for the rilled soil with different concentrations of biochar (0%: B0; 3%: B3; 5%: B5). 

 

Figure 7 establishes a comparison between the water retention and the hydraulic conductivity 

relationships corresponding to the B0, B3, and B5 treatments in a common range of high pressure head 

values. Also in this case, the figure is repeated twice since the individual data were summarized by 

both the mean and the median. Considering the means, the water retention and hydraulic conductivity 

curves appeared consistent between them since adding biochar increased the soil’s ability to retain 

water and hence its ability to transmit water. A consistency between water retention and hydraulic 

conductivity curves was also perceived considering the medians, even if, in this case, the results were 
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a little less clear (h = -1 cm: similar  value for the B0 and B3 soils but a higher K value in the treated 

soil). 

 

Combined rilling and biochar addition effects 

Figure 8 compares the means of s, -0.1m, -1m, -150m, S, K-6cm, K-3cm, and K-1cm for the four treatments 

considered in this investigation (C, B0, B3, B5).  

 

FIGURE 8 | Means of saturated soil volumetric water content, s, volumetric soil water content at a pressure head of -0.1 

m (-0.1m), -1 m (-1m), -150 m (-150m), S-index, and soil hydraulic conductivity at a pressure head value of -6 cm (K-6cm), 

-3 cm (K-3cm) and -1 cm (K-1cm) for four soil treatments (C: control; B0: rilled soil; B3: rilled soil with 3% of biochar; B5: 

rilled soil with 5% of biochar). Error bars represent + one standard deviation. Histograms denoted by the same lower 

(comparison between the C and B0 treatments) or upper (comparison between the B0, B3 and B5 treatments) case letters 

indicate that means did not differ significantly at P = 0.05. Histograms denoted by different lower- or upper-case letters 

indicate that means differed significantly. 
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Rilling of the non-treated soil (B0) determined a decrease of s, -0.1m, S, K-6cm, and K-3cm and an 

increase of -150m as compared with the control (C). The addition in the rill of a relatively large amount 

of biochar (B5) effectively contrasted these rilling effects since s, -0.1m, -150m, S, K-6cm, and K-3cm 

did not appear to differ appreciably between the C and B5 treatments. Rilling effects were also 

contrasted by adding a relatively small amount of biochar (B3), but to a more limited extent. Neither 

rilling alone nor rilling in a soil with a relatively low biochar content (B3) resulted in appreciable 

variations in -1m compared to the control. Instead, adding relatively high amounts of biochar in the 

rilled soil (B5) yielded higher -1m values both with respect to the control and with reference to the 

other two rills (B0, B3). Finally, rilling (B0) did not appear to appreciably alter K-1cm as compared with 

the control. However, more biochar in the rill implied obtaining higher K-1cm values. 

Therefore, six (s, -0.1m, -150m, S, K-6cm, and K-3cm) of the eight considered parameters consistently 

indicated that i) in the absence of any treatment with biochar, rilling altered the soil characteristics, 

and ii) the addition of a large amount of biochar impeded these alterations to occur. In other terms, 

the changes induced by rilling were compensated by the presence of biochar in the soil. This 

interpretation is not contradicted by the results obtained with the other two parameters (-1m and K-

1cm), since in this case the suggestion was that the addition of large amounts of biochar in the rill can 

make the soil even more able than the non-rilled soil to retain water at field capacity and more 

conductive in close to saturation conditions.  

 

NMR measurements on soil samples with different biochar concentration 

For calculating FCI and SCI indexes, the empirical cumulative frequency distributions of the 

longitudinal relaxation time (F(T1) distribution) for the relaxograms corresponding to the B1, B3, B5, 

and C treatments, and the applied biochar measured at the different applied magnetic fields were 

examined. 
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FIGURE 9 Empirical cumulative frequency distributions F(T1) of the investigated samples (Biochar, C, B1, B3, and B5) 

for two applied proton Larmor frequencies 

 

 Figure 9 shows, as an example for two values of the applied magnetic field (L of 0.8 and 5 MHz), 

the detected F(T1) distribution. For each L value, the relaxation time distribution of the investigated 

soil (C treatment) is always on the left of the F(T1) corresponding to the other treatments. Therefore, 

the shortest T1 values correspond to the soil, while, on the contrary, biochar is characterized by the 

longest T1 values. This detected difference between the original soil and the three mixtures of soil and 

biochar (i.e. B1, B3, and B5 treatments) can be attributed to the increase in size of the pores in the 

latter due to the biochar component. Figure 9 also highlights that all F(T1) distributions are S-shaped 

and skewed towards shorter T1 values, suggesting that the macro-pore component (largest T1 values) 

is not dominant, and the biochar addition increases the size of mesopores and micropores. The 
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overlapping between the F(T1) distributions corresponding to BC = 3 and 5% establishes that this 

increase does not produce appreciable changes in the pore distribution inside the mixture. 

 

FIGURE 10 | Relationship between the applied proton Larmor frequency νL and TA (a) and TB (b) for all the 

investigated samples. 

 

For a given percentage of biochar, Figure 10 shows the variation of TA, which is indicative of water 

molecules contained in small pores, and TB, corresponding to water contained in large pores, with the 

proton Larmor frequency L. Figure 10 points out that (i) the highest TA and TB values are 

characteristic of soil-biochar mixtures, while the lowest values correspond to the soil; (ii) TA and TB 

are independent of L; (iii) TA and TB increase with the biochar percentage. Furthermore, Figure 10 

demonstrates that B3 and B5 treatments are characterized by similar values of TA and TB. In other 

words, a biochar amount equal to 5% can be considered a limit value to obtain appreciable variations 

of the micro-pores and macro-pores as compared to the original soil. From a hydrological point of 

view, the increase of BC from 3 % to 5 % does not change the micro-pore and the macro-pore 
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components. This result agrees with those obtained by Li et al. (2019; 2020) and Gholamahmadi et 

al. (2023), who found a threshold value of biochar addition effectiveness equal to 3 and 2.5 %, 

respectively. 

According to a previous study (Conte and Ferro, 2020), the SCI and FCI values of the investigated 

mixtures measured applying different magnetic fields were merged into a single statistical sample, 

thereby obtaining the corresponding cumulative frequency distributions plotted in Figure 11. For each 

index, Figure 11 shows that the empirical cumulative frequency distribution of the biochar is always 

placed on the left-hand side of that of the original soil, i.e., the SCI and FCI values for the soil sample 

are always greater than those of the biochar. Figure 11a also demonstrates that the B5 treatment has 

higher SCI values than B1 and B3, for which, instead, the index distributions overlap. Figure 11b 

points out that FCI distributions for C and B1 treatments overlap as well as those for the B3 and B5 

ones, and the latter shift to the left as compared to the former. This result reveals that, with respect to 

the original soil, FCI does not reduce further beyond BC = 3 % Therefore, biochar concentrations of 

5% and 3% are discriminating values for SCI and FCI, respectively.  

In conclusion, the developed analysis demonstrated that the FFC NMR technique is able to measure 

the two components, SCI and FCI, of the hydrological connectivity inside the soil and their variability 

with the percentage of biochar added to the original soil. 



 

 

182 

 

 

 

Figure 11 Empirical frequency distributions of SCI (a) and FCI (b) for all the investigated samples 

 

3.5 Combination of hydrological and NMR measurements 

One of the innovative aspects of this investigation was the attempt to look at the pore system from 

two different observation scales: a macroscopic scale by the hydrological measurements and a 

microscopic or molecular scale by the NMR measurements. In both cases, the pore size distribution, 

leading to categorization into macropores, mesopores, and micropores, was estimated and not 

measured directly. In particular, hydrological data were analyzed by the Young-Laplace equation 

under the assumption that the pores are perfectly cylindrical, uniform, and equally drained (e.g., 

Hardie et al., 2014). For the NMR data, the correspondence between pore sizes and the measured 

relaxogram represented an assumption (Conte and Ferro, 2018) still needing testing. A comparison 
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between the hydrological and the NMR data was made to verify if there was a link between the two 

approaches.   

The water volume contained in the macropores (d > 300 m) did not change significantly between 

the non-treated rilled soil (B0 treatment) and the rilled soil treated with 5% of biochar (B5 treatment) 

(Table 1). However, the FFC NMR investigations revealed that the size of the largest pores (d > 50 

m) increased as comparing the untreated soil and the biochar/soil mixture (Figure 9). By considering 

the hydrological and NMR measurements together, it is possible to suggest that the former 

investigation can be affected by the larger pore-size scale (d > 300 m) in comparison with the NMR 

analysis (d > 50 m). As a consequence, the amount of free bulk water affecting the hydrological 

measurements is larger than that present during the NMR investigations. Moreover, the combined 

results appear to suggest that while the total volume of the largest pores remains constant, the number 

of pores can decrease. In other words, the addition of biochar did not alter total pore volume but could 

modify only the total number of pores, determining fewer macropores having larger sizes. 

Adding biochar increased the water volume contained in pores of intermediate size (0.2 < d < 300 

m), and the NMR analysis signaled an increase in the size of the mesopores. In this case, it was not 

possible to draw a conclusion on the number of mesopores since three different combinations (larger 

and more numerous mesopores, larger but unvaried number of mesopores, and larger but fewer 

mesopores) can be expected to yield the result that was obtained with the water retention 

measurements. 

Finally, less water was contained in the micropores of < 0.2 m, but the NMR data suggested an 

increase in the size of these pores with the addition of biochar. Therefore, the suggestion was that in 

the treated soil there were fewer small pores, but they were greater than those in the non-treated soil. 

The scale difference and the uncertainties in the analysis methodologies of the data that are actually 

collected (soil water content for established pressure heads with the hydrological measurements and 

relaxogram for the NMR measurements) induce not to exclude that the two types of measurement 

may be disconnected from each other. However, it cannot even be ruled out that there is some link 

between the two experimental approaches since soil-water interactions are investigated in both cases. 

According to the results of this investigation, the latter hypothesis appears to have some support. 

Consequently, additional efforts should be made to develop a clear relationship between the two 

different types of measurements. 
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Conclusions 

Contrasting effects of biochar addition on runoff and soil loss have been reported in the literature, 

and the existence of a threshold value of biochar concentration useful for soil conservation strategies 

needs further investigations. In this study, the effects of rill formation and biochar addition on the 

physical and hydraulic properties of a clay-loam soil were assessed by laboratory measurements and 

field tests. 

According to the water retention measurements performed on a clay-loam soil, the formation of the 

rill and establishment of a flow through the incision can be expected to have no appreciable effect on 

the soil’s ability to quickly drain excess water and facilitate root proliferation. However, the soil could 

become less aerated in the soil matrix domain and also less able to retain readily available water for 

crop growth. As compared with a non-treated rilled soil, adding 5% of biochar to the soil surrounding 

the rill incision can imply that the volume of pores with diameter d > 300 m does not change. More 

pores of both 30 < d < 300 m and of 0.2 < d < 30 m and fewer pores with d < 0.2 m can develop. 

On the basis of the water transmission parameters determined in this investigation, shaping the rill 

and flow establishment in this rill could not influence the hydraulic conductivity of the nearly 

saturated soil (pressure head, h = -1 cm), but it could also determine a significant decrease in the soil 

ability to transmit water in more unsaturated conditions (h < -3 cm). Inclusion of biochar in the soil 

can be expected to improve, in general, the soil aptitude to transmit water, regardless of the pore size. 

This improvement could be statistically irrelevant in the case of a transport process governed by the 

larger pores. Instead, the water transport ability of the smallest pores (h < -3 cm) can increase with a 

high percentage of biochar. 

The NMR measurements revealed that the increase of BC from 3% to 5% does not change the micro- 

and macro-pore components, and biochar addition of 5% can be considered a limit value to obtain 

appreciable variations of the micro-pores and macro-pores as compared to the original soil. 

Furthermore, the addition of biochar to the original soil improves the structural connectivity 

component, while the functional connectivity index of the mixtures is similar to that of the original 

soil only for BC = 1%, it does not change between BC contents of 3 and 5 % and lowers as compared 

to the original soil. 

Finally, the combination of hydrological and NMR measurements suggested that a relation between 

the water volume contained in the pores and the NMR results (distribution of T1, size of the pores) 

can be established. 

In conclusion, the hydrological measurement demonstrated that the addition of biochar to the soil 

improved, in general, the soil aptitude to transmit water, regardless of the pore size, and demonstrated 
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that the addition of a large amount of biochar (5%) impeded soil characteristics alteration as the 

changes due to rilling were compensating by adding biochar in the soil. NMR measurements revealed 

that the mixture of soil and biochar was characterized by longitudinal relaxation time T1 values, which 

are related to pore sizes, longer than those measured for the soil. The analysis also suggested that the 

macro-pore component (that is the largest T1 values) was never dominant, while biochar addition 

increased the size of mesopores and micropores. 
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5.4 Hydrodynamic behavior of a near-saturated sandy-loam soil 

shortly after incorporating compost or zeolite  
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ABSTRACT 

Little is known about short-term effects of compost and zeolite addition on hydrodynamic properties 

of near-saturated coarse-textured soils. These effects were tested for a sandy-loam soil by a Mini-

Disk Infiltrometer at three pressure heads (-6, -3 and -1 cm) and a wide range of amendment 

percentages, pa. Soil hydraulic conductivity was determined on two dates separated by nearly one 

month whereas soil sorptivity was determined at the end of the sampling period. Overall, the effect 

of the compost varied from null to appreciable since increasing pa from 0 to 40% did not affect the 

considered parameter or induced a decrease by up to eight times. Instead, the zeolite was largely 

ineffective since the tested parameters did not vary with pa. At the end of the experiment, the soil 

amended with zeolite was up to 70-90% more sorptive and conductive than that amended with the 

compost. Perhaps the particles of compost represented a physical obstacle to water flow and probably 

also induced some soil water repellency. Instead, the particles of zeolite were wettable, and they did 

not appreciably alter the pore size distribution. Adding compost can determine a decrease in the ability 

of a near-saturated soil to draw and conduct water but this ability does not change with zeolite. Other 

investigations are required to confirm these results, test the suggested explanation and finally draw 

general conclusions. The applied methodology in this investigation is easy, cheap and suitable for 

prolonged monitoring without causing an appreciable alteration of the sampled soil. 

 

 

INTRODUCTION 

Soils with a coarse texture, typically dominated by sand and deficient in organic matter, present 

several limitations to sustainable land use. Their loose structure, poor water retention, rapid drainage, 

and high vulnerability to nutrient leaching and erosion reduce both their agronomic potential and 

ecological stability (Garbowski et al., 2023). To address these constraints, the application of soil 
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amendments, whether organic (e.g., compost, vermicompost, biochar, peat) or mineral (e.g., lime, 

volcanic rocks, zeolites, clay minerals), has emerged as a promising strategy for improving the 

physical, chemical, and biological quality of such soils (Reynolds et al., 2009; Castellini et al., 2024) 

and can also be used to prepare engineered growing substrates (Autovino et al., 2024).  

Composting refers to the process of humification and stabilization of organic wastes including sewage 

sludge, manure, municipal solid waste and green waste (Huang et al., 2016). Under the action of 

micro-organisms and enzymes, organic wastes are degraded and transformed into CO2, H2O, mineral 

ions and humic substances. Compost application to coarse-textured soils can be expected to improve 

soil organic matter content (Dong et al., 2022), bulk density (Mandal et al., 2013), soil structure 

(Rivier et al., 2022), total porosity (Arthur et al., 2011), pore size distribution (Bondì et al., 2022) and 

water holding capacity (Curtis and Claassen, 2009). Applying compost to these soils can determine a 

decrease (Whelan et al., 2013) or an increase (Kranz et al., 2020) of saturated soil hydraulic 

conductivity, Ks.  

Among the mineral soil amendments, zeolites have assumed an increasingly significant role in recent 

years. Zeolites are a family of silica polymorphs or crystalline aluminosilicates composed of corner-

sharing TO₄ tetrahedra (T = typically Si or Al), forming a three-dimensional, four-connected 

framework with uniformly sized, molecular-scale pores (Ghasemi et al., 2016). A wide range of 

natural and synthetic zeolites exists, characterized by differing Si/Al ratios that determine their ion 

exchange capacity and can differently influence soil behavior and plant responses (Cataldo et al., 

2021), also depending on soil texture (Gholizadeh-Sarabi and Sepaskhah, 2012). Adding zeolite in 

sandy and loamy soils can be expected to improve soil water retention and holding capacity while 

simultaneously reducing Ks and infiltration rate (Colombani et al., 2015). However, a high 

application rate of zeolite particles could also induce particle dispersion, structural degradation and 

an increase of Ks of sandy-loam soils due to the coarseness of the zeolite particles and the addition 

of Na⁺ ions (Ghorbani et al., 2022). According to Ibrahim and Alghamdi (2021), application of natural 

clinoptilolite zeolite in the ultra-fine nanoparticle size can be expected to increase water-holding 

capacity and reduce hydraulic conductivity of coarse-textured soils. 

The experimental information currently available on soil-water relationships in coarse-textured 

porous media amended with compost or zeolite seems mainly focused on water retention 

characteristics and, for the hydrodynamic aspects, on Ks. There is less data regarding soil’s 

hydrodynamic properties in close to saturation conditions. Further, there is almost nothing on 
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hydrodynamic parameters controlling early-time infiltration. Instead, this information is expected to 

have a noticeable hydrological relevance for different reasons. 

A reason is that full saturation of well permeable soils rarely occurs under natural field conditions 

(Dohnal et al., 2016). Therefore, Ks data alone are not enough to characterize the soil’s hydrodynamic 

behavior. Moreover, Ks data are expected to be largely influenced by fragile, unstable and often highly 

variable macropores of different nature (Dohnal et al., 2010; Jarvis et al., 2013). Hence, these data 

are expressive of the bulk soil, but they could not appropriately describe the effect of the amendment 

on the soil matrix (Logsdon and Jaynes, 1993). Matrix pores are small enough to remain water-filled 

at pore water pressure head values varying between -3 cm and -10 cm, depending on the investigation, 

and the hydraulic conductivity, K, corresponding to these pressure heads represents the saturated 

hydraulic conductivity of the soil matrix (Topp et al., 1997; Reynolds and Topp, 2008). Therefore, 

determining this soil hydrodynamic parameter requires collecting data corresponding to little negative 

pressure heads.  

Soil sorptivity, S, should also be determined since this parameter, representing the soil’s ability to 

draw water (Stewart et al., 2013), is dominated by soil capillarity forces (Cook and Broeren, 1994) 

and it affects estimation of other soil hydraulic properties (Minasny and McBratney, 2000). Sorptivity 

controls early-time infiltration and both S and K have to be determined for predicting one- and three-

dimensional infiltration with physically-based models (Philip, 1957; Haverkamp et al., 1994).   

Amendment effects on sorptivity and hydraulic conductivity of near-saturated soils can be tested, 

both in the laboratory and the field, with the Mini-Disk Infiltrometer (MDI, Meter Group, 2021). This 

device provides a simple, rapid and cost-effective method for measuring, with a minimal disturbance 

of the sampled soil volume, three-dimensional infiltration under a fixed negative pressure head, h0 (-

6 cm < h0 < -0.5 cm), established on the infiltration surface. One of the most important features of 

the MDI, and generally of tension infiltrometer methods, is that the use of a slightly negative h0 value 

for the run makes it possible to measure the hydrodynamic response of the soil matrix independently 

of preferential flow effects (Dohnal et al., 2010; Wilson and Luxmoore, 1988). With the device, the 

sorptivity and hydraulic conductivity values that control infiltration under the established h0 value 

can be calculated (Zhang, 1997; Dohnal et al., 2010). Therefore, there is a direct correspondence 

between the soil hydrodynamic parameters and the experimentally measured infiltration process. 

The general aim of this investigation was to evaluate short-term effects of two commercial soil 

amendments, that are an organic compost and a mineral zeolite, on hydraulic conductivity and 

sorptivity of a near-saturated sandy-loam soil sampled with an MDI. The specific objectives were to: 
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(i) determine the effects of the two amendments, applied at seven different rates, on the considered 

soil hydrodynamic parameters; (ii) establish differences between the two treatments; and (iii) assess 

short-term temporal variation in amendment effects. 

 

THEORY  

Transient cumulative infiltration, I (L), measured with the MDI can be described by the following 

well known relationship (Philip, 1957): 

𝑰 = 𝑪𝟏𝒕𝟏/𝟐 + 𝑪𝟐𝒕        (1) 

where t (T) is the time and C1 (L T-1/2) and C2 (L T-1) are coefficients that can be estimated by 

different methods (Vandervaere et al., 2000), including minimizing the sum of the squared residuals 

between the measured I(t) values and those predicted by eq.(1) (Lassabatere et al., 2006).  

According to Zhang (1997), for a homogeneous and isotropic soil and a uniform initial soil water 

content, the C1 and C2 values obtained by a three-dimensional infiltration process at a given pressure 

head, h0 (L) (h0 < 0), on the soil surface can be described as a function of soil sorptivity, S0 (L T-

1/2), and hydraulic conductivity, K0 (L T-1), respectively, as:  

𝑪𝟏 =  𝑨𝟏𝑺𝟎         (2) 

𝑪𝟐 =  𝑨𝟐𝑲𝟎         (3) 

where A1 and A2 are dimensionless coefficients that depend on soil water content, soil water retention 

and infiltrometer parameters. For soils with the van Genuchten (1980) water retention function, the 

expressions of these coefficients were determined using numerically simulated infiltration data 

(Zhang, 1997): 

𝑨𝟏 =
𝟏.𝟒𝒃𝟎.𝟓(𝛉𝟎−𝛉𝒊)𝟎.𝟐𝟓𝐞𝐱𝐩[𝟑(𝒏−𝟏.𝟗)𝛂𝒗𝑮𝒉𝟎]

(𝛂𝒗𝑮𝒓)𝟎.𝟏𝟓
     (4) 

𝑨𝟐 =
𝟏𝟏.𝟔𝟓(𝒏𝟎.𝟏−𝟏)𝐞𝐱𝐩[𝟐.𝟗𝟐(𝒏−𝟏.𝟗)𝛂𝒗𝑮𝒉𝟎]

(𝛂𝒗𝑮𝒓)𝟎.𝟗𝟏   for n > 1.9   (5a) 

𝑨𝟐 =
𝟏𝟏.𝟔𝟓(𝒏𝟎.𝟏−𝟏)𝐞𝐱𝐩[𝟕.𝟓(𝒏−𝟏.𝟗)𝛂𝒗𝑮𝒉𝟎]

(𝛂𝒗𝑮𝒓)𝟎.𝟗𝟏   for n < 1.9   (5b) 
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where h0 (cm) is the applied pressure head during the infiltration process (h0 is negative for 

unsaturated conditions), n and  vG (cm 1) are the water retention parameters, r (cm) is the radius 

of the infiltrometer,  0 (cm3cm 3) is the soil water content at h0,  i (cm3cm 3) is the initial soil 

water content, and b is a parameter set at 0.55 (Warrick and Broadbridge, 1992). Determination of S0 

and K0 consists of using eqs.(2) and (3) once C1 and C2 have been calculated. The van Genuchten 

parameters required by the procedure can be estimated from soil texture (e.g., Carsel and Parrish, 

1988) or they can be obtained by fitting laboratory determined soil water retention data, although in 

this last case the procedure of soil hydraulic characterization becomes more complicated from an 

experimental point of view. Dohnal et al. (2010) improved eq.(5b) suggesting, for low n values, the 

following alternative expression of A2, that was optimized specifically for a small disk size (15.2 

cm2) and a range of pressure head values varying between -0.5 and -6 cm: 

𝑨𝟐 =
𝟏𝟏.𝟔𝟓(𝒏𝟎.𝟖𝟐−𝟏)𝐞𝐱𝐩[𝟑𝟒.𝟔𝟓(𝒏−𝟏.𝟏𝟗)𝛂𝒗𝑮𝒉𝟎]

(𝛂𝒗𝑮𝒓)𝟎.𝟔
 for n < 1.35   (5c) 

According to the  vG and n parameters of the van Genuchten water retention curve listed by Dohnal 

et al. (2010), eq.(5c) should be used for sandy-clay-loam, sandy-clay, silty-clay and clay soils.  

Therefore, transient infiltration and both initial and final soil water content values are necessary to 

determine S0 by eqs.(2) and (4). Instead, only infiltration data are required to obtain K0 by eqs.(3) 

and (5). 

 

MATERIALS AND METHODS 

 

Soil and amendments 

A coarse-textured soil was collected from a citrus orchard located at the Department of Agriculture, 

Food and Forest Sciences of the University of Palermo, Italy (UTM 33S 355511E - 4218990N). 

Approximately 200 kg of soil were sampled from the upper 15 cm of the soil profile, sieved through 

a 1 cm mesh to remove gravel and large vegetation residues and subsequently air-dried under 

controlled laboratory conditions at approximately 20 °C for nearly three weeks.  

The particle size distribution (PSD) of the soil sieved at 2 mm was determined by standard laboratory 

procedures (Gee and Or, 2002). In particular, 50 g samples were pre-treated with hydrogen peroxide 

and sodium polyphosphate to remove organic matter and induce colloid deflocculation, respectively. 
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The fine particle fractions were determined by the hydrometer method whereas the coarse fractions 

were obtained by mechanical sieving. According to the USDA soil texture classification system, the 

soil was sandy-loam with clay, silt and sand contents equal to 15.1%, 29.0% and 55.9%, respectively. 

Based on the IUSS Working Group WRB (2022) guidelines, the soil was classified as a Terric 

Chromic Cambisol (Loamic).  

Two soil amendments of distinct origin were employed in this study. An organic amendment was a 

commercial compost (C) supplied by GECOS (Italy). This compost was obtained through a controlled 

process of transformation and stabilization of wastewater and sludge, combined with organic matrices 

such as untreated wood and pruning residues from ornamental greenery. A mineral amendment was a 

natural zeolite (Z), manufactured by GECOS (Italy), based on chabazite and free from pollutants. 

According to the manufacturer, the particles of Z ranged between 0.7 and 2 mm but no information 

on the particle size range was provided for the C. The main chemical characteristics of the used 

amendments were reported in Table 1. 

To determine the actual size of the fine (< 2 mm) soil, C and Z particles used for the experiment, their 

PSD was also determined by sieving without performing any pre-treatment. In particular, 50 g of air-

dried material were passed through a stack of sieves with decreasing mesh openings (2, 0.85, 0.425, 

0.25, 0.106 and 0.074 mm) and vibrated for 5 minutes. The PSD was determined as the percentage 

by weight of particles within the following six size classes: 2-0.85, 0.85-0.425, 0.425-0.25, 0.25-

0.106, 0.106-0.074 and <0.074 mm. All measurements were performed in duplicate. Both 

amendments were coarser than the soil (Fig. 1). The particles with an equivalent diameter ≥ 0.25 mm 

represented the 98.3% for the C, the 73.1% for the Z and the 59.4% for the soil. Therefore, as 

compared with the soil, the percentage of coarse particles was larger by 38.9 percentage units with 

the C and 13.7 units with the Z. Particles smaller than 0.25 mm were detected for both the soil and 

the Z but not for the C. Thus, the C was clearly coarser than the soil. Instead, the Z and the soil had a 

similar PSD. 

Loss on ignition (LOI) was also determined for the soil, the C and the Z using 3 g (±0.006 g) samples 

weighed into porcelain crucibles. The samples were oven-dried at 105 °C for 24 h, cooled in a 

desiccator for 30 min and the dry weight (w105) was recorded. Subsequently, the samples were 

combusted in a preheated muffle furnace at 400 °C for 16 h, cooled in a desiccator, and the final 

weight (w400) was recorded. The LOI was calculated as the percentage difference between w105 and 

w400 referred to w105. The resulting LOI values were 5.6% for the soil, 31.1% for the C and 8.9% 

for the Z. These values reflect not only the oxidation of organic matter but also the thermal 
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decomposition of inorganic soil constituents such as hydrated aluminosilicates, structural water, 

carbonates, and hydrates (Nelson and Sommers, 1996). In the case of the Z, that is an aluminosilicate, 

the LOI value primarily indicates the quantity of structural water incorporated within its framework 

(Luukkonen et al., 2017). 

 

Preparing mixtures and microplots 

The two soil amendments, previously air-dried, were mixed with the soil at eight different 

percentages, pa, by weight: 0% (i.e., control soil without amendment), 5%, 10%, 15%, 20%, 25%, 

30%, and 40%. High pa values were included in this investigation even if, due to economic and 

practical reasons, smaller percentages could be used in the field (Abildayev et al., 2025; Arthur et al., 

2011; Eden et al., 2017; Kukowska and Szewczuk-Karpisz, 2025; Mohammadi et al., 2025; Pratt et 

al; 2025). This choice was made since relatively large amendment percentages could however be used 

in some circumstances, such as for greenhouse cultivation (Prisa, 2020) or other pot experiments 

(Chatzistathis et al., 2020). Moreover, considering a wide range of pa values was expected to yield a 

detailed representation of the effects of the treatment on a considered soil property, in accordance 

with other recent investigations (Bondì et al., 2022, 2024, 2025; Castellini et al., 2025).    

The dry mass of both components was determined using the following equations (Bondì et al., 2022): 

𝑴𝒔 =  
𝑽 𝛒𝒃,𝒂 𝛒𝒃,𝒔

𝛒𝒃,𝒂+𝒓 𝛒𝒃,𝒔
                  (6a) 

𝑴𝒂 = 𝒓𝑴𝒔         (6b) 

in which Ma (g) and Ms (g) represent the dry masses of amendment (C or Z) and soil, respectively, 

 b,a (g cm-3) and  b,s (g cm-3) are the dry bulk densities of the two constituents, determined using 

the core sampling method followed by oven-drying at 105 °C, V (cm3) is the sample volume, and r 

is the amendment-to-soil ratio. The air-dried masses were corrected to account for the initial 

volumetric water content of the soil.  

The soil was mixed with the amendment until a homogeneous mixture was obtained. A total of sixteen 

microplots (8 amendment rates × 2 amendments) were established in polypropylene boxes with 

dimensions of 60 cm × 40 cm and a height of 13 cm. Microplots for control were replicated twice 

considering that two different controls would be used by two research groups working on the same 

soil with different amendments and in different laboratories. Each microplot comprised an 8 cm layer 
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of the soil–amendment mixture placed above a 3 cm drainage layer composed of expanded clay 

granules supplied by GECOS (Italy). To prevent migration of fine particles from the substrate into 

the drainage layer, a thin (<1 cm) polypropylene geotextile was placed between the two layers. Two 

additional boxes were prepared with non-amended soil above the drainage layer to initially perform 

some checks of the applied experimental method for measuring infiltration.   

Mixtures were gradually transferred into the containers using a hand scoop, followed by manual 

compaction to ensure uniform settling. In particular, to ensure a uniform vertical soil distribution, the 

mixture was applied in three steps, and each layer was lightly compacted by hands and a shovel. 

Compaction was light to prevent hydraulic discontinuities between two adjacent layers as far as 

possible (Autovino et al., 2024). A single operator filled the boxes in order to favour uniformity across 

the different boxes (Bagarello et al., 2025). Microplots were then left air exposed to ambient 

laboratory conditions during the two measurement campaigns. After the last infiltration 

measurements, the boxes were exposed to open air. 

 

Soil sampling experimental methods 

Three-dimensional infiltration experiments were performed on the packed soil in a microplot by an 

MDI having a disk diameter of 4.5 cm. Two sampling campaigns were carried out. The first campaign 

(I) started immediately after preparing the microplots and its overall duration was four days. The 

second campaign (II) started nearly 30 days after concluding the first campaign and its overall 

duration was six days. At the end of the first measurement campaign, 1 L of water was uniformly 

poured onto each microplot in order to promote a uniform soil wetting and drying process during the 

time interval between the two measurement campaigns. A 30-day interval between the sampling 

campaigns was considered appropriate to try capturing short-term variations in amendment effects on 

the measured soil properties in more or less similar initial soil water content conditions. 

For each microplot, that is for a given soil/amendment mixture, infiltration data were collected at 

three different pressure head, h0, values, equal to -6 cm, -3 cm and -1 cm. Each individual infiltration 

process for an established h0 value was carried out at a different sampling point, so as to obtain all 

infiltration curves in a microplot under similar initial soil water content conditions. For a given h0 

value and a microplot, the experiment was replicated at two different, randomly chosen, sampling 

points, for a total of six MDI infiltration runs in a microplot. The soil surface at a sampling point was 

gently leveled with a trowel and small amounts of loose soil were used when necessary to improve 
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the contact between the MDI and the infiltration surface. The device was fixed to a support to keep it 

still during the run and infiltration was measured until the reservoir emptied. Readings were taken 

visually at time intervals varying from 5 s for the first 30 s to 2 min after the twentieth minute of the 

run. A cumulative infiltration, I (L), vs. time, t (T), curve was obtained at each sampling point. 

A few MDI runs were initially carried out in the two additional boxes with non-amended soil until 

the reservoir was empty. This initial check of the applied experimental methodology confirmed that 

every point of the wetting front remained within the soil volume by the end of the run. In other terms, 

the infiltration data were not noised by edge or bottom effects. 

Obtaining K0 data only requires MDI data whereas MDI and soil water content data are necessary 

for also determining S0 (Zhang, 1997). Especially for the final water content, the destructive thermo-

gravimetric method seems an appropriate method to be applied since the actually wetted soil volume 

under the device can be sampled. In light of these considerations, only K0 was determined in the first 

sampling campaign so as not to cause alterations to the soil in different positions of the microplot 

which could have compromised or hindered the second campaign of measurements. In other words, 

sorptivity was not determined in the first sampling campaign in order not to disturb excessively the 

soil in an intermediate stage of the experiment. 

The soil was sampled immediately before performing the second series of MDI runs to determine the 

dry soil bulk density,  b (g cm-3), and the initial gravimetric soil water content, wi (g g-1). Two 

undisturbed soil samples were collected by manually pressing two metal cylinders with a height of 2 

cm and a diameter of 5 cm into the soil. The initial volumetric soil water content,  i (m3m-3) was 

then determined from  b and wi. The two  b, wi and  i values were averaged to characterize the 

soil in a microplot. 

After an MDI run, the wetted soil under the device was sampled with a teaspoon to determine the 

final gravimetric soil water content, w0 (g g-1). The final volumetric soil water content,  0 (m3m-

3), was determined from w0 and the  b value for the considered microplot, determined before the 

run. The diameter of the wetted bulb at the soil surface, db (cm), was also measured along two 

orthogonal directions. A representative db value for the run was obtained by averaging these two 

measurements. 

Overall, 192 MDI runs were performed in this investigation, i.e. 2 sampling campaigns × 3 pressure 

heads × 2 replicated runs per microplot × 8 mixtures per amendment × 2 amendments. 
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After about a month of exposure of the boxes to open air, soil water repellency data were collected 

by the widely applied water drop penetration time (WDPT) test (Doerr, 1998; Letey et al., 2000). In 

particular, 60 drops of deionized water were evenly applied with a medical dropper at the surface of 

each box from a height of 10 mm and the time for their complete penetration was recorded. Two 

disturbed soil samples were also collected to determine the gravimetric soil water content, wWDPT 

(g g-1), immediately before the WDPT experiment. Therefore, a total of 16 wWDPT values were 

determined for each treatment. 

 

Calculations and data analysis 

For each MDI infiltration run, eq.(1) was fitted to the cumulative infiltration, I (mm), vs. time, t (h), 

data by minimizing the sum of the squared residuals between the measured and the predicted I values 

(Lassabatere et al., 2006) to simultaneously estimate the C1 (mm h-1/2) and C2 (mm h-1) parameters 

of the model. In a single case (second campaign with the compost, h0 = -1 cm, pa = 40%) the 

adaptation of the model to the data failed (C1 = 0). In the other cases, the relative error, Er (%), 

calculated according to Lassabatere et al. (2006) varied from 0.6% to 4.7% with a mean value of 

1.5%. According to Lassabatere et al. (2006), an Er value that does not exceed 5.5% denotes an 

acceptable fitting of an infiltration model to the data. Therefore, the fitting of the model to the 

infiltration data was satisfactory for all individual runs. The soil hydraulic conductivity, K0 (mm h-

1), and sorptivity, S0 (mm h-1/2), values corresponding to a run with a given pressure head were then 

calculated according to Zhang (1997) and Dohnal et al. (2010), i.e. using eqs.(2)-(5). The required 

soil water retention parameters for the calculations were chosen from Table 1 by Dohnal et al. (2010). 

With reference to a given soil property, the data were analyzed in order to establish i) the amendment 

effect; ii) if the effect was similar between the two amendments; and iii) if the effect changed with 

time. 

Amendment effects were tested by performing a linear regression analysis of the considered soil 

property vs. pa and determining the statistical significance of the correlation coefficient, R, by a two-

tailed t test at P = 0.05 (Glantz, 2012). The intercept of a statistically significant relationship represents 

the value of the considered soil property without any treatment whereas the slope is expressive of the 

rate at which that property varies by adding the amendment (Bondì et al., 2022, 2024, 2025; Castellini 

et al., 2025).  
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To establish similarity between the amendments and to evaluate time effects, two means of a soil 

property were compared by F and two-tailed t tests at P = 0.05. This choice was made instead of 

comparing two regression lines (Glantz, 2012) since a statistical significance of both regression lines 

between a soil parameter and pa was only detected in a few cases.   

In this investigation, a given variable (e.g., soil sorptivity or soil hydraulic conductivity at an 

established pressure head) was determined by using different percentages of amendment, pa (%) 

(from 0 to 40%) for two reasons: i) making this choice was necessary for testing the relationship 

between the considered variable and the intensity of the treatment (Bondì et al., 2022, 2024, 2025; 

Castellini et al., 2025); and ii) for a fixed amount of applied amendment (e.g., given mass per unit 

surface area and incorporation depth), it is unlikely that every point of a field soil will receive exactly 

the same treatment. Instead, some heterogeneity in the distribution of the amendment will be more or 

less unavoidable. An experiment making use of different amendment doses seems therefore 

appropriate to predict the overall response of the field soil with reference to the variables of interest.  

The WDPT data were summarized considering the five soil water repellency classes by Bisdom et al. 

(1993): wettable (WDPT < 5 s), slightly water repellent (WDPT = 5-60 s); strongly water repellent 

(WDPT = 60-600 s); severely water repellent (WDPT = 600-3600 s), and extremely water repellent 

(WDPT > 3600 s). For each microplot, the percentage of WDPT values falling in each class was 

determined. 

 

RESULTS 

For each sampling campaign (I or II), amendment (C = compost; Z = zeolite) and percentage of 

amendment, pa (%), soil hydraulic conductivity generally increased according to the sequence K-1 

(K for h0 = -1 cm) > K-3 (K for h0 = -3 cm) > K-6 (K for h0 = -6 cm) (Fig. 2). For each amendment 

and pa value, soil sorptivity, that was only determined in the second campaign, generally increased 

according to the sequence S-1 (S for h0 = -1 cm) > S-3 (S for h0 = -3 cm) > S-6 (S for h0 = -6 cm) 

(Fig. 3). Larger soil hydraulic conductivity and sorptivity values with greater (less negative) h0 values 

are physically expected. Therefore, this initial check of the data did not suggest any anomaly in the 

developed dataset. 

 

First sampling campaign 
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With the C, the relationship between K-6 and pa was statistically significant (coefficient of 

determination, R2 = 0.69, R > 0) but pa did not influence significantly either K-3 or K-1 (R2 = 0.11 

- 0.13, depending on h0; Fig. 2a). In particular, K-6 decreased by 3.1 times as pa increased from zero 

to 40%.  

With the Z, none of the tested relationships between K and pa was statistically significant (0.0001 < 

R2 < 0.15; Fig. 2b), indicating that soil hydraulic conductivity did not vary with the amount of Z 

regardless of the established pressure head. 

For each pressure head, a comparison was carried out between the K values obtained with the two 

amendments. The hydraulic conductivity of the soil treated with the Z was greater than that obtained 

using the C by 10.0-21.7%, depending on h0 (Table 2), but the differences between the two treatments 

were not statistically significant. Using the Z instead of the C implied detecting a smaller coefficient 

of variation, CV, of K for the smallest h0 value (h0 = -6 cm), a little higher CV value for the 

intermediate pressure head (h0 = -3 cm) and an appreciably higher CV value for the highest pressure 

head (h0 = -1 cm). 

Therefore, signs of a treatment effect on K were weak since they included a significant relationship 

between K and pa for only one of the six tested relationships and consistently higher values of K with 

one of the two soil amendments, but only a little and not significantly. Overall, the data suggested 

that adding an amendment at different rates or using an amendment instead of another did not 

influence K. Therefore, amending the soil was largely ineffective immediately after performing the 

treatment.  

 

Second sampling campaign 

With both amendments,  b decreased significantly as pa increased (Fig. 4a). On average, the dry soil 

bulk density differed with the used amendment by 2.2% and the difference between the two treatments 

was not statistically significant (Table 3).  

The antecedent gravimetric soil water content, wi, increased significantly with pa for both 

amendments even if the wi vs. pa relationships were rather scattered, with R2 values of 0.35 for the 

C and 0.29 for the Z (Fig. 4b). The mean wi value of the soil treated with the C was larger than that 

of the soil treated with the Z by 53.1% and the difference between the two treatments was statistically 

significant (Table 3).  
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For both treatments, the relationship between  i and pa was not significant (Fig. 4c). The soil treated 

with the C had a 43.6% larger mean of  i than the soil treated with the Z and the difference between 

the two treatments was significant (Table 3).  

Neglecting from the calculations an apparently anomalous soil water content value for the C treatment 

(Figs. 4b,c) yielded smaller differences between the treatments, equal to 34.6% for wi and 28.0% for 

 i. However, even in this case, differences between treatments were significant.  

The soil treated with the Z was more homogeneous (smaller CV values) than that treated with the C 

with reference to  b, wi and  i.  

Therefore, before performing the second sampling campaign with the MDI, the soil amended with 

the C was on average wetter than the soil amended with the Z. The  i values were nearly independent 

of pa since an increase of pa determined an increase of wi and a decrease of  b. 

  

The final gravimetric soil water content, w0, increased significantly with pa with a single exception 

since it did not vary significantly with pa for the Z and h0 = -1 cm (Figs. 5a-c). At the end of the MDI 

runs, the soil treated with the C had a significantly larger w0 value than that treated with the Z (Table 

4). In particular, w0 was larger by 18.0-20.3%, depending on h0, in the former case than the latter 

one.  

Instead, the final volumetric soil water content,  0, did not vary significantly with pa in the soil 

treated with the C, regardless of h0 (Figs. 5d-f). With the Z treatment, the  0 vs. pa relationship was 

inverse and significant, even if rather weak (0.28 < R2 < 0.30) for h0 = -3 and -1 cm and not significant 

for h0 = -6 cm. The soil treated with the C was significantly wetter than that treated with the Z by a 

percentage varying with h0 between 13.5% and 15.0% (Table 4).  

Therefore, the volumetric soil water content at the end of the run with the MDI did not vary with pa 

or it decreased as pa increased. Using the C instead of the Z determined larger  0 values regardless 

of h0. 

    

The slope of the relationship between db and pa was numerically negative in all cases, that is for the 

two amendments and the three established pressure heads (Fig. 6), but the db vs. pa relationships were 

not statistically significant with a single exception. This relationship was significant but rather weak 
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(R2 = 0.39, R > 0) for the C amendment with h0 = -1 cm. Therefore, the analysis generally suggested 

that, for given amendment and pressure head value, db did not vary with pa.  

For both amendments, db decreased monotonically as h0 increased from -6 cm to -1 cm (Table 5). 

However, the means of db obtained with a given amendment and the three h0 values did not differ 

significantly one from the other with a single exception. With the C amendment, establishing h0 = -

6 cm instead of -1 cm yielded an 8.2% higher db value. Therefore, db generally decreased with larger 

h0 values but this decrease was statistically significant for only one of the six established 

comparisons. The most common result was that, with a given amendment, db did not vary 

significantly with h0.  

For a given pressure head, the C treatment yielded larger db values than the Z one and the differences 

between the two amendments were statistically significant for all h0 values (Table 5). In particular, 

the percentage differences between the db values for the C and Z treatments varied in the 9.5-12.9% 

range depending on h0.  

Overall, there were some signs that db decreased with larger pa and h0 values but these signs were 

weak and statistically supported only in a few cases. Instead, the effect of the amendment on db was 

clearer and also significant. Specifically, using the Z amendment instead of the C one consistently 

implied measuring smaller wetted bulbs at the soil surface. 

 

With the C, all tested relationships between S and pa were statistically significant and they indicated 

that S decreased as pa increased (Fig. 3a). In particular, S-6, S-3 and S-1 decreased by 5.0, 5.8 and 

7.6 times, respectively, as pa increased from zero to 40%. Therefore, adding more C implied making 

the soil less sorptive, more appreciably with reference to the highest (less negative) pressure heads.  

With the Z, none of the tested relationships between S and pa was statistically significant (Fig. 3b), 

indicating that soil sorptivity at a given h0 value did not vary with the amount of Z.  

For each pressure head, the sorptivity of the soil treated with the Z was significantly greater than that 

obtained using the C (Table 6). Two corresponding S values differed by 59.2-69.9%, depending on 

h0. Therefore, treating the soil with the Z made the soil more sorptive as compared with a treatment 

with the C.  

The coefficients of variation, CV, of the data were smaller with the Z as compared with the C and 

differences between the two treatments were more appreciable for the higher h0 values. Therefore, 
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the soil treated with the Z was also more homogeneous than that treated with the C with reference to 

the ability of the soil to draw water. 

 

With the C, all tested relationships between K and pa were statistically significant, indicating that K 

decreased as pa increased (Fig. 2c). In particular, K-6 decreased by 6.8 times as pa increased from 

zero to 40%. A smaller decrease was detected for K-3 (by 2.5 times) and K-1 (by 2.9 times).  

With the Z, none of the tested relationships between K and pa was statistically significant (Fig. 2d), 

indicating that soil hydraulic conductivity did not vary with the amount of Z regardless of the 

considered pressure head. Therefore, using different percentages of Z did not have any effect, to a 

scale corresponding to that of an MDI run, on the ability of the soil pores to conduct water.  

The hydraulic conductivity of the soil amended with the Z was larger by 41.7-88.1%, depending on 

h0, than that of the soil amended with the C and all differences between the two treatments were 

statistically significant (Table 2). Therefore, treating the soil with the Z made the soil more conductive 

as compared with a treatment with the C. 

Even with reference to the soil hydraulic conductivity values, the soil treated with the Z was more 

homogeneous (smaller CV values) than that treated with the C regardless of h0. 

 

Comparing the two sampling campaigns 

For each amendment and pressure head, a comparison was carried out between the K values obtained 

in the two sampling campaigns to verify if a short-term temporal variability of K occurred. In all 

cases, i.e. for both amendments and the three h0 values, the soil hydraulic conductivity obtained in 

the second date was numerically smaller than that obtained in the first date (Table 2). However, there 

was a difference between the amendments.  

With the C, the K values obtained in the second date were smaller by 40.2-50.1% than those obtained 

in the first date, depending on h0, and the differences between the two sampling campaigns were 

statistically significant in all cases.  

With the Z, the K values obtained on the second date were smaller by 21.2-22.9% than those obtained 

on the first date, depending on h0, and the differences between the two sampling dates were 

statistically significant for h0 = -6 and -3 cm but not for h0 = -1 cm.  
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With a single exception (Z, h0 = -1 cm), relative variability of the K data increased from the first to 

the second sampling date.  

 

Soil water repellency 

After the second campaign with the MDI and an additional month of exposure of the soil boxes to 

open air, the gravimetric soil water content did not differ significantly between the C and Z treatments 

since the mean and the CV of wWDPT were equal to 0.22 g g-1 and 22.3%, respectively, in the former 

case and to 0.20 g g-1 and 18.0% in the latter case.  

In the absence of any treatment, the 35%-45% of the WDPT tests did not suggest any soil water 

repellency whereas the remaining 55%-65% of the tests suggested a slight water repellency (Fig. 7). 

The treatment with the C at different rates i) did not modify soil water repellency as compared with 

the untreated soil in a case, ii) suggested that the treatment improved a little soil wettability in another 

case, and iii) determined an increase of the WDPT tests indicating water repellency in five cases. 

Even in these last cases, water repellency was slight with the exception of a very few tests suggesting 

a strong water repellency. Instead, the treatment with the Z at different rates suggested that, although 

not monotonically, larger concentrations of amendment improved soil wettability. In detail, with the 

largest concentration of Z, all WDPT tests suggested wettable conditions. 

Therefore, the data overall indicated that the soil was naturally wettable or slightly water repellent. 

Addition of C did not modify appreciably soil water repellency or it determined a limited increase, 

remaining however in a situation of slight water repellency. Instead, addition of Z determined a 

decrease and also disappearance of any water repellency. 

 

Summary of the amendment effects on the soil hydrodynamic behavior 

Overall, the two amendments yielded different results. Using the C induced a decrease of near-

saturated soil hydrodynamic parameters with larger amendment rates, pa. Initially, this decrease was 

limited to some of the tested parameters but then it was detected for all parameters (Figs. 2 and 3). 

Instead, adding the Z did not influence any of the tested parameters regardless of both pa and the 

sampling date.  
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With the C, near-saturated soil hydraulic conductivity decreased appreciably in the relatively short 

time period between the two sampling campaigns (Table 2). Instead, using the Z made this decrease 

smaller.  

Nearly 1.5 months after preparing the samples, the soil treated with Z was more sorptive (Table 6) 

and more conductive (Table 2) than the same soil treated with C. Moreover, the former soil was drier 

than the latter one both before (Table 3) and after (Table 4) the MDI run. 

The effect of the amendment was also visually perceivable since, at the end of the MDI runs, the 

diameter of the wetted bulb at the soil surface was larger with the C treatment than the Z one (Table 

5). 

Therefore, the hydrodynamic response of the soil treated with the C was more dependent on both the 

time from the beginning of the experiment and the amount of the amendment used than that of the 

same soil treated with the Z. 

Both sorptivity and hydraulic conductivity are expected to be smaller in finer soils (Moret-Fernández 

et al., 2020; Yilmaz et al., 2023) and capillary forces, controlling lateral expansion of the wetting 

front around a near-point source of water, are greater in finer soils with smaller pores. Therefore, the 

soil treated with the C was functionally finer than that treated with the Z. 

Finally, soil water repellency was at the most slight in untreated conditions (Fig. 7). Addition of Z 

determined disappearance of any water repellency. Adding C did not modify or it induced a limited 

increase of soil water repellency. 

 

DISCUSSION 

Some experimental evidence that a treatment with C or other organic amendments can induce a 

decrease of the unsaturated soil hydraulic conductivity can be found in the literature (Aggelides and 

Londra, 2000; Wanniarachchi et al., 2019) and this investigation supported previous findings. 

However, we did not find data about the Z effects on hydrodynamic properties of near-saturated 

coarse-textured soils. This investigation suggested that these effects could be negligible.  

Trying to explain these results, it was preliminarily recognized that the overall duration of the 

experiment was short, that is a couple of months. Therefore, the occurrence of relevant soil 

aggregation processes promoted in some different manner by the two amendments appeared unlikely.  
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Instead, the following considerations were made: i) the soil was packed manually and some soil 

settling and compaction phenomena likely occurred during the experimental period due to gravity, 

wetting and drying (Murphy et al., 1993; Busscher et al., 2002); ii) in coarse soils, some physical pore 

obstruction due to amendment addition can be expected to occur (Villagra-Mendoza and Horn, 2018; 

Wanniarachchi et al., 2019); iii) soil pore size distribution depends on the soil particle size distribution 

(Arya et al., 1999; Arya and Heitman, 2015; Lebron et al., 2002; Nimmo, 2004). With reference to 

the particles smaller of 2 mm, the soil and the Z had a relatively similar particle size distribution 

whereas the C was overall coarser than both the soil and the other amendment (Fig. 1); and iv) using 

the C implied introducing in the soil particles that were essentially non-porous and impermeable to 

water. Instead, the used Z particles likely had pores and channels within their structure (Nakhli et al., 

2017; Satriani et al., 2024). Consequently, all other things being equal, it can be presumed that a 

particle of C might hinder flow more effectively than a particle of Z.  

In light of these considerations, a possible explanation of the results obtained in this investigation was 

the following. Relatively small sorptivity and hydraulic conductivity values were obtained with the 

C and with large amounts of this amendment since the large particles of C obstructed the relatively 

large conductive soil pores and hence, they constituted a physical obstacle to water flow. Instead, with 

the Z, appreciable obstruction phenomena did not occur, and the pore size distribution did not change 

appreciably. Hence, the treatment with the Z did not impede water transport and neither S nor K 

changed substantially after the treatment.  

In the first sampling campaign, the C effect was only detected for the smallest (most negative) 

pressure head since the smaller conductive soil pores were more easily obstructed than the larger 

pores. Soil settling and compaction phenomena occurring between the two sampling campaigns 

determined a decrease of pore sizes and also a closer contact between the soil and the particles of 

amendment. The decrease of K between the two sampling campaigns was more appreciable with the 

C than with the Z since, in the former case, settling and compaction phenomena also enhanced the 

ability of the amendment to retard flow. In the latter case, instead, settling and compaction phenomena 

were not, or were less, associated with an enhanced ability of the amendment to retard flow. Moreover, 

the Z made perhaps the soil matrix more rigid as compared with the C.  

Finally, differences between the two treatments increased from the first to the second sampling 

campaign because the hydraulic conductivity of the soil treated with the C decreased more than that 

of the soil treated with the Z.  
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This explanation shows some similarity with that by Belviso et al. (2022), which suggested that a 

particle of amendment can limit water transport into the soil by favoring development of a clay-like 

porous medium due to an increase in meso-micropores combined with macropore loss. The larger  i 

(Table 3) and  0 (Table 4) values obtained with the C than the Z suggest an improved ability of the 

soil treated with the organic amendment to retain water. Hence, the data obtained in this investigation 

are consistent with the interpretation by these authors. However, there are also some differences 

between this investigation and that by Belviso et al. (2022) since these authors considered a silty-

loam soil amended with zeolite but just this amendment did not influence soil hydrodynamic 

properties in this investigation. In other words, C but not Z addition favored development of a clay-

like porous medium. 

 

Another possible reason why soil hydrodynamic parameters became smaller with larger percentages 

of C but not with more Z was that the former amendment induced some soil water repellency that 

instead did not occur with the latter amendment.  

This explanation, that is not necessarily alternative to the previous one, was considered plausible 

taking into account that: i) an increase in soil water repellency can determine smaller values of both 

sorptivity and hydraulic conductivity close to soil saturation (Wahl et al., 2003; Ebel and Moody, 

2020); ii) an increase in soil water repellency can occur with more compost (Müller and Deurer, 2011; 

Głąb, 2014; Leelamanie and Manawardana, 2019) but the zeolite could not have the same effect. For 

example, Müller and Deurer (2011) listed zeolite as one of the possible surfactants to be used for 

alleviating soil water repellency and Gholami et al. (2024) recognized that a treatment with zeolite 

effectively mitigated the adverse hydrological effects of soil water repellency in fire affected soils; 

and iii) the WDPT data collected a few weeks after the MDI runs suggested more water repellency in 

the soil treated with C than in that treated with Z (Fig. 7).  

However, this explanation is not free from uncertainties since, with the C treatment, the K and S 

values obtained in the second campaign decreased with more amendment (Figs. 2 and 3), but more C 

did not suggest a continuous increase of soil water repellency (Fig. 7). Another more general reason 

is that, according to other investigations, the soil water repellency attributable to organic amendments 

could overall be negligible under field conditions (Castellini et al., 2024) and zeolite could also 

exhibit some hydrophobicity, depending on the Si/Al ratio and the surface hydroxyl group content 

(Tatlier et al., 2022). In other words, it cannot be excluded at all that the soil hydrodynamic response 

did not depend, or depended only a little, on soil water repellency.  
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Taking into account that WDPT and MDI data are collected at different scales (point for the WDPT 

test and small area for the MDI), developments of this investigation should be performed by also 

considering the need to determine soil water repellency and infiltration at more directly comparable 

scales.  

 

Numerical simulation of hydrological states and fluxes requires describing appropriately the spatially 

and temporally variable soil hydraulic parameters (Christiaens and Feyen, 2000; Assouline and 

Mualem, 2006; Baroni et al., 2017; Šípek et al., 2019). This investigation contributed to 

understanding how the soil should be described soon after application of a large amount of 

amendment in the upper zone of a tilled layer.  

With the C, the tilled soil should be considered as a two-layered system, with different soil 

hydrodynamic parameters for the upper amended layer and the non-amended deeper layer. Time 

changes of soil properties in the amended layer can be appreciable and hence they should also be 

considered.  

Instead, with the Z, the tilled soil could be considered vertically almost homogeneous, regardless of 

whether the soil contains the amendment or not. Further, time changes of soil hydrodynamic 

parameters can be expected to be smaller and perhaps it could not be strictly necessary taking these 

changes into account. 

Therefore, soil parameterization for numerical modelling purposes seems simpler if the Z is used as 

amendment instead of the C. Of course, this suggestion is based on a single experiment, and it is valid 

for a soil similar to the sampled one and a relatively short time period, that is one or two months after 

adding the amendment. Considering other soils and performing longer experiments could help to 

draw general conclusions. 

 

The MDI appears to be a good method for performing these developments for different reasons. The 

device is simple and cheap, and its application determines a minimal, or even negligible, disturbance 

of the sampled soil volume. Therefore, the data are expressive of the soil response and not of any soil 

alteration due to the run.  

The non-destructive nature of the run implies that the same sampled soil can also be subjected to 

subsequent determinations. In other terms, soil monitoring campaigns can easily be realized. This is 
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an important aspect of the methodology since amendment effects on soil-water relationships can be 

expected to vary with the elapsed time after the treatment (Bondì et al., 2022). 

The operating principle of the MDI is the same as that of the classical tension infiltrometer (Perroux 

and White, 1988), that can be used in the field to explore larger and more representative areas by a 

single run. Therefore, performing comparisons between laboratory and field experiments should be 

easy. 

The data obtained under close to zero, but negative pressure heads can be expected to be more 

representative of common field situations as compared with those obtained by ponding infiltration 

experiments, taking into account that ponded infiltration is an extreme case which is rarely seen in 

the field (Dohnal et al., 2016).  

Finally, the MDI can also be used for detecting soil water repellency (Lichner et al., 2018; Alagna et 

al., 2019). 

Evidently, tension infiltrometers are not perfect devices since they also have limitations such as, for 

example, the risk of poor contact between the disc and the soil that could compromise the quality of 

the data (Close et al., 1998). However, it seems plausible to suggest that the advantages outweigh the 

disadvantages. 

Finally, it has to be acknowledged that the use of two sampling points within each microplot could 

be expected to introduce pseudo-replication, which may limit the statistical independence of the 

observations. Likely, future studies should consider replicating entire microplots to improve statistical 

power and also account for packing-related heterogeneity. 

 

CONCLUSIONS 

Understanding soil hydraulic properties changes is essential for sustainable land management, 

especially in arid and semi-arid regions, where water availability is a limiting factor. The two tested 

amendments can be expected to have a different short-term impact on the hydrodynamic properties 

of a near-saturated coarse-textured soil. According to this investigation, the soil sorptivity and 

hydraulic conductivity values corresponding to high pressure head values (-6 cm < h0 < -1 cm) 

decrease with larger compost rates whereas they do not vary with different amounts of zeolite. 

Overall, adding compost makes the soil functionally finer as compared with the soil treated with 
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zeolite. Moreover, the soil amended with compost experiences more appreciable short-term temporal 

variations of soil hydrodynamic parameters than that amended with the zeolite.  

In summary, the compost can be expected to favor development of a clay-like porous medium if the 

particles of this amendment act as a physical obstacle to water flow. Development of a clay-like 

porous medium is not expected with the zeolite if the particles of this amendment do not alter 

appreciably the pore size distribution. 

Characterizing a soil profile for numerical simulation purposes appears easier if the zeolite is used as 

an amendment instead of the compost. 

From a practical point of view, using compost, especially in large percentages, can be expected to 

induce a slowdown of the water transport processes towards the deeper layers in conditions of near-

saturation of the soil, especially a few weeks after the treatment. This circumstance could help to 

maintain a water reserve usable by plants in the treated soil layer. The same conclusion cannot be 

drawn for the zeolite since, in this case, hydrodynamic processes in near-saturated soil conditions can 

be expected not to change appreciably, regardless of the amount of amendment used and the time 

elapsed since the treatment. 

Of course, trying to draw general conclusions requires testing experimentally the suggested 

interpretations, considering other soils, performing longer measurement campaigns and making use 

of other amendments.  

The experimental methodology applied in this investigation could also be applied by other research 

groups, as it seems appropriate for developing larger and more complete soil datasets. Exposing some 

soil boxes to open air for long periods and possibly sowing appropriate plant species could make it 

possible to also establish if and how the effects of the applied soil amendments vary with 

meteorological forcing and development of vegetation. 
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Figure 1. Percentages by weight of soil (So), compost (C) and zeolite (Z) particles of a given size range determined in 

duplicate (1 and 2) by sieving 

 

Figure 2. Relationship between the soil hydraulic conductivity, K, and the percentage, pa, of amendment (C = compost; Z 

= zeolite) for the three established pressure head, h0, values (-6, -3 and -1 cm) in the first (I) and second (II) sampling 

campaigns (soil hydraulic conductivity corresponding to h0 = -6, -3 and -1 cm denoted as K-6, K-3 and K-1, respectively, in 

the text; S: coefficient of correlation, R, significantly greater than zero at P = 0.05; NS: R not significantly greater than 

zero) 

 

Figure 3. Relationship between the soil sorptivity, S, and the percentage, pa, of amendment (C = compost; Z = zeolite) for 

the three established pressure head, h0, values (-6, -3 and -1 cm) in the second (II) sampling campaign (soil sorptivity 

corresponding to h0 = -6, -3 and -1 cm denoted as S-6, S-3 and S-1, respectively, in the text; S: coefficient of correlation, R, 

significantly greater than zero at P = 0.05; NS: R not significantly greater than zero) 
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Figure 4. Dry soil bulk density,  b, gravimetric, wi, and volumetric,  i, soil water content before starting the second 

campaign of MDI runs against percentage of applied amendment, pa (C = compost; Z = zeolite; S: coefficient of 

correlation, R, significantly greater than zero at P = 0.05; NS: R not significantly greater than zero) 
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Figure 5. Gravimetric, w0, and volumetric, 0, final soil water content against percentage of amendment, pa, for the two 

treatments (C = compost; Z = zeolite) and the three established pressure heads with the MDI, h0 (h0 = -6, -3 and -1 cm; S: 

coefficient of correlation, R, significantly greater than zero at P = 0.05; NS: R not significantly greater than zero) 
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Figure 6. Relationship between the diameter of the wetted bulb at the soil surface after the MDI run, db (cm), and the 

percentage, pa, of amendment (C = compost; Z = zeolite) for the three established pressure heads on the soil surface, h0 

(h0 = -6, -3 and -1 cm; S: coefficient of correlation, R, significantly greater than zero at P = 0.05; NS: R not significantly 

greater than zero) 

 

C -6 cm
y = -0.0001x + 11.909

R² = 3E-06 NS

C -3 cm
y = -0.0316x + 11.822

R² = 0.173 NS

C -1 cm
y = -0.0366x + 11.663

R² = 0.3928 S

7

8

9

10

11

12

13

14

0 10 20 30 40 50

d
b

(c
m

)

pa (%)

C -6 cm

C -3 cm

C -1 cm

a)

Z -6 cm
y = -0.0165x + 10.846

R² = 0.0667 NS

Z -3 cm
y = -0.019x + 10.516

R² = 0.0416 NS

Z -1 cm
y = -0.0295x + 10.582

R² = 0.2373 NS

7

8

9

10

11

12

13

14

0 10 20 30 40 50

d
b

(c
m

)

pa (%)

Z -6 cm

Z -3 cm

Z -1 cm

b)



 

 

229 

 

 

Figure 7. Classification of soil water repellency according to Bisdom et al. (1993) for different concentrations of compost 

and zeolite (green: wettable; yellow: slightly water repellent; orange: strongly water repellent) 
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Table 1. Properties of the amendments used in this investigation provided by the manufacturer 

Compost 

EC  

(dS m-1) 

C  

(%) 

N  

(%) 

pH 

P  

(%) 

Ash  

(%) 

2.0 48 2.6 8.4 <1.0 12.3 

Zeolite 

CEC  

(Cmol kg-1) 

SiO2  

(%) 

Al2O3  

(%) 

K2O  

(%) 

CaO  

(%) 

Fe2O3  

(%) 

230 50 17 6 6 3 

EC = electrical conductivity;  CEC = cation exchange capacity.  
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Table 2. Summary statistics of the soil hydraulic conductivity values, K-6, K-3 and K-1 (mm/h), obtained on the soil treated 

with compost, C, or zeolite, Z, by establishing, in two sampling campaigns, three different pressure head, h0, values with 

the Mini-Disk Infiltrometer (sample size, N = 16 for each dataset except for C and h0 = -1 cm in the second sampling 

campaign for which N was equal to 15) 

Statistic h0 = -6 cm h0 = -3 cm h0 = -1 cm 

First 

sampling 

campaign 

Second 

sampling 

campaign 

First 

sampling 

campaign 

Second 

sampling 

campaign 

First 

sampling 

campaign 

Second 

sampling 

campaign 

C Z C Z C Z C Z C Z C Z 

Min 5.7 12.6 1.0 7.8 36.1 34.2 14.1 15.5 62.8 52.1 28.5 48.1 

Max 24.9 27.7 16.3 33.2 63.5 81.2 45.0 68.4 126.3 207.4 81.5 106.7 

Mean 16.1 

a A 

19.6 

a A 

8.0 

b A 

15.1 

b B 

46.5 

a A 

51.1 

a A 

27.8 

b A 

39.4 

b B 

87.0 

a A 

97.4 

a A 

51.4 

b A 

76.7 

a B 

CV (%) 38.3 21.9 48.6 39.0 19.3 25.6 36.6 29.1 23.4 44.2 31.9 24.3 

Min = minimum value; Max = maximum value; CV = coefficient of variation. 

For a given pressure head and sampling date, two means followed by the same upper case letter were 

not significantly different according to an F test and a two-tailed t test at P = 0.05. Two means 

followed by a different upper case letter were significantly different.  

For a given pressure head and amendment, the lower case letter was the same when two means were 

not significantly different according to an F test and a two-tailed t test at P = 0.05, and different when 

the two means were significantly different.  
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Table 3. Summary statistics of the dry soil bulk density, b, gravimetric, wi, and volumetric, i, soil water content values 

before starting the second campaign of MDI runs for the two amendments (sample size, N = 16 for each dataset) 

Parameter Statistic Compost Zeolite 

b 

(g cm-3) 

Min 0.74 0.88 

Max 1.26 1.21 

Mean 1.02 a 1.04 a 

CV (%) 16.1 9.3 

wi 

(g g-1) 

Min 0.038 0.038 

Max 0.196 0.064 

Mean 0.070 a 0.046 b 

CV (%) 55.2 14.8 

i 

(m3m-3) 

Min 0.043 0.041 

Max 0.178 0.068 

Mean 0.068 a 0.047 b 

CV (%) 46.1 13.5 

For a given parameter, two means followed by the same lower case letter were not significantly 

different according to an F test and a two-tailed t test at P = 0.05. Two means followed by a different 

lower case letter were significantly different.  
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Table 4. Summary statistics of the gravimetric, w0, and volumetric, 0, final soil water content values after a MDI run at 

different pressure heads, h0, on a soil treated with compost, C, or zeolite, Z (sample size, N = 16 for each dataset) 

Statis

tic 

h0 = -6 cm h0 = -3 cm h0 = -1 cm 

w0 (g g-1) 0 (m3m-3) w0 (g g-1) 0 (m3m-3) w0 (g g-1) 0 (m3m-3) 

C Z C Z C Z C Z C Z C Z 

Min 0.35

0 

0.33

6 

0.36

5 

0.33

4 

0.37

0 

0.35

5 

0.39

0 

0.36

2 

0.37

7 

0.29

5 

0.41

7 

0.31

3 

Max 0.65

0 

0.41

8 

0.51

0 

0.44

3 

0.59

1 

0.43

7 

0.57

7 

0.45

8 

0.67

3 

0.44

3 

0.52

8 

0.49

2 

Mean 0.44

3a 

0.37

3b 

0.43

9a 

0.38

6b 

0.46

6a 

0.39

5b 

0.46

4a 

0.40

9b 

0.46

9a 

0.39

0b 

0.46

5a 

0.40

4b 

CV 

(%) 

20.1 6.3 8.5 8.4 15.8 5.5 9.7 7.3 18.3 9.7 7.2 12.1 

Min = minimum value; Max = maximum value; CV = coefficient of variation. 

For given pressure head and variable (w0 or 0), two means followed by a different lower case letter 

were significantly different according to an F test and a two-tailed t test at P = 0.05. 
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Table 5. Summary statistics of the values of the diameter of the wetted bulb at the soil surface after the MDI run, db (cm), 

for the two amendments and the three established pressure heads on the soil surface, h0 (sample size, N = 16 for each 

dataset) 

Parameter Compost Zeolite 

h0 = -6 cm h0 = -3 cm h0 = -1 cm h0 = -6 cm h0 = -3 cm h0 = -1 cm 

Min 10.0 10.0 9.0 9.0 7.3 9.0 

Max 13.5 13.3 12.0 12.0 12.3 12.0 

Mean 11.9 a A 11.3 ab A 11.0 b A 10.5 a B 10.2 a B 10.0 a B 

CV (%) 8.5 8.7 6.8 7.8 11.8 7.8 

For a given amendment, two means followed by the same lower case letter were not significantly 

different according to an F test and a two-tailed t test at P = 0.05. Two means followed by a different 

lower case letter were significantly different.  

For a given pressure head, two means followed by a different upper case letter were significantly 

different according to an F test and a two-tailed t test at P = 0.05.  
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Table 6. Summary statistics of the soil sorptivity values, S-6, S-3 and S-1 (mm h-0.5), obtained, in the second sampling 

campaign, on a soil treated with compost, C, or zeolite, Z, by establishing three different pressure head, h0, values (sample 

size, N = 16 for each dataset except for C and h0 = -1 for which N was equal to 15) 

Statistic Pressure head 

-6 cm -3 cm -1 cm 

C Z C Z C Z 

Min 4.1 13.0 5.3 36.8 13.0 43.7 

Max 30.2 66.2 52.6 77.4 64.8 106.5 

Mean 18.0 a 29.1 b 30.4 a 48.4 b 40.7 a 69.1 b 

CV (%) 50.6 41.8 50.2 26.2 43.0 21.2 

Min = minimum value; Max = maximum value; CV = coefficient of variation. 

For a given pressure head, two means followed by the a different lower case letter were significantly 

different according to an F test and a two-tailed t test at P = 0.05. 
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Chapter 6 – Discussion 

 

The research activities carried out during the PhD addressed a set of issues concerning how soil 

hydraulic properties are modified by natural process and anthropogenic actions. Alterations to these 

properties therefore have long-term consequences for agricultural productivity, soil conservation, and 

environmental stability, they can either enhance or impair soil functionality, leading to reduced water 

availability for crops, increased runoff and erosion risk. Thus, the ability to interpret and quantify 

changes in soil hydraulic properties is central to understanding soil resilience and vulnerability under 

contemporary agri-environmental conditions. In this framework, this PhD research contributed to the 

broader discussion on soil–water interactions by analysing a range of realistic situations 

representative of agricultural and forest systems.  

The work adopted a dynamic view of soils as systems whose hydrological behaviour evolves in 

response to both external disturbances and internal structural changes. Moreover, a deliberate site-

based approach was adopted, focusing on Sicilian soils and on issues typical of mediterranean 

environments, where water scarcity, intense rainfall events, and land degradation coexist. This choice 

allowed the investigation of soil hydraulic responses under conditions that are both environmentally 

critical and highly relevant from a management perspective. Overall, this approach supports a more 

realistic interpretation of soil functioning and contributes to the development of management 

strategies better aligned with the inherent complexity of soil processes under field conditions. 

In discussing soil alterations, a first distinction was made between modifications affecting the soil 

surface and those occurring within the soil matrix. Although conceptually different, both types of 

alteration showed to have profound and sometimes comparable effects on soil hydraulic behaviour. 

In both cases, a common outcome can be the reduction of soil hydraulic conductivity, driven by 

changes in pore continuity and effective flow pathways. For instance, the results obtained from the 

study on layered soils indicate that the presence of a less permeable layer in the upper part of the 

profile plays a dominant role in controlling infiltration processes, regardless of the hydraulic 

properties of the underlying material. Even when the subsoil was more conductive, a thin surface 

layer with reduced permeability was sufficient to limit water entry and slow down the overall 

infiltration process. Comparable indications emerged from the laboratory experiments focused on soil 

column preparation. When different compaction procedures were compared, the lowest 

hydrodynamic responses were consistently associated with methods that induced more surface 

impacts, resulting in a more compacted upper layer, leading to reduced sorptivity and hydraulic 
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conductivity, despite similar bulk densities considering the entire column. Together, these results 

underline the critical role of surface conditions in regulating soil–water interactions and highlight 

how relatively subtle modifications can propagate into substantial changes in infiltration dynamics. 

These findings have clear relevance for both agricultural and forest contexts, as they highlight how 

relatively small alterations in the upper soil layers can heavily affect infiltration and runoff processes. 

From a management perspective, this highlights the importance of preserving or restoring surface soil 

structure, particularly in environments exposed to intense rainfall or mechanical disturbance.  

Moving from surface-related modifications to internal soil alterations, the discussion shifts toward 

soils modified through the incorporation of external materials, either intentionally or unintentionally. 

In this case as well, the investigations focused on Sicilian soils, reflecting the strong site-specificity 

of the hydraulic response to amendments and contaminants. The effects of internal alterations on soil 

hydraulic properties showed to be highly variable and strongly dependent on both the intrinsic 

characteristics of the added materials and the physical and chemical properties of the receiving soil. 

Whether related to the unintended introduction of contaminants, such as microplastics, or to the 

deliberate application of agronomic amendments, both types of inputs represent anthropogenic 

modifications of the soil matrix and therefore have the potential to alter pore structure, water flow 

paths, and soil–water interactions. 

About microplastics, the results obtained for the analysed soils indicate that, under the tested 

conditions, their overall effect on soil hydraulic behaviour was limited. However, this apparent lack 

of a strong response should not be interpreted as evidence of negligible impact. As highlighted in the 

corresponding study, the hydraulic response to microplastic inclusion varied with soil type and 

applied pressure head, even when the same polymer type and concentration were considered. This 

variability confirms that no general conclusions can be drawn from a single experimental framework. 

Nevertheless, the study represents a meaningful step forward in current knowledge, as it is among the 

few investigations addressing microplastic effects under near-saturated conditions, a hydraulic 

domain that remains largely unexplored in the literature. On the other hand, results obtained for 

compost, zeolite, and biochar indicate that these materials can significantly modify soil hydraulic 

behaviour, although with contrasting effects depending on amendment type, application rate, and 

hydraulic regime. Compost addition tended to reduce near-saturated hydraulic conductivity, 

particularly at higher amendment rates, suggesting a partial obstruction of the pore network or the 

development of finer, more tortuous flow paths. Zeolite showed a more limited and less consistent 

influence, while biochar generally enhanced soil water transmission, especially under conditions 

governed by smaller pores. These findings confirm that agronomic amendments cannot be treated as 
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a homogeneous category and that their hydraulic effects must be evaluated in relation to both soil 

texture and the dominant pore size domain involved in water flow. 

From a management perspective, these findings are particularly relevant for agricultural soils, where 

amendments are often applied primarily to improve chemical fertility, organic matter content, or soil 

pH, with limited consideration of their hydrological consequences. The results presented in this thesis 

highlight that such materials can also induce non-negligible changes in soil hydraulic behaviour, 

which may either support or hinder water movement depending on the type of material and the 

application rate. Therefore, the hydraulic effects of amendments should be explicitly considered when 

designing soil management strategies, especially in mediterranean environments where water 

availability and infiltration dynamics are critical constraints. The results also suggest that certain 

amendments may be intentionally exploited to improve soil hydraulic functioning. In particular, 

biochar showed the potential to enhance hydraulic conductivity under near-saturated conditions, 

adding a further benefit to the range of positive effects already documented for this material. This 

indicates that, beyond their agronomic and chemical roles, some amendments could be integrated into 

management practices with the specific aim of improving soil hydrological performance, provided 

that their effects are evaluated in relation to local soil properties and environmental conditions. This 

perspective reinforces the need for an integrated approach to soil management, in which physical, 

chemical, and hydrological processes are jointly considered rather than treated as independent 

components. 

Across the studies presented in this thesis, methodological aspects emerged as a cross-cutting element 

that strongly influenced the interpretation of soil hydraulic behaviour. Both laboratory and field 

investigations confirmed that infiltration measurements are highly sensitive to the experimental 

framework adopted, often to a degree comparable with the effects induced by soil alterations 

themselves. In laboratory conditions, the preparation of repacked soil columns proved to be a critical 

step for ensuring meaningful and comparable results. As discussed in the context of surface 

compaction, different packing strategies can lead to distinct near-surface conditions, which in turn 

exert a dominant control on infiltration dynamics. These findings emphasize that laboratory 

methodologies cannot be treated as neutral technical steps, but rather as integral components of the 

experimental system that directly shape the observed hydraulic response. 

Moreover, automation emerged as a central element for improving experimental efficiency and 

reproducibility. Manual reading procedures, commonly adopted in infiltration measurements, can be 

time-consuming and subject to operator-related variability, especially during prolonged field 
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campaigns. The development and testing of an automated Mini Disk Infiltrometer addressed these 

limitations by providing a more standardized and efficient measurement process. Although some 

technical aspects, such as the characteristics of the porous disk, require further refinement, the 

automated system demonstrated the potential to reduce experimental uncertainty and facilitate data 

acquisition in both laboratory and field contexts. 

Overall, these methodological insights underline that progress in soil hydrology is closely linked to 

the refinement of experimental tools and protocols. By contributing to the optimization of laboratory 

procedures and exploring innovative measurement solutions, this PhD work provides a 

methodological foundation that can support future studies aimed at characterizing soil hydraulic 

behaviour under realistic and complex conditions. 
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Chapter 7 – Conclusion 

 

Overall, the studies discussed in this thesis provide a coherent picture of soil hydraulic behaviour as 

the outcome of interacting physical, structural, and management-related factors. Rather than singular 

mechanisms, the research adopted an integrative perspective, addressing soil responses under realistic 

conditions representative of common agricultural and forest scenarios. Across the different case 

studies, a recurring outcome was the marked sensitivity of infiltration and near-saturated flow 

processes to relatively small alterations in soil structure, surface conditions, or amendments inputs. 

 A first major contribution of this PhD concerns methodological aspects of infiltration measurements. 

Part of the research was devoted to improving the clarity, reliability, and reproducibility of 

experimental procedures, particularly in laboratory conditions. The results demonstrated that, when 

a shared manual protocol is applied, comparable infiltration data can be obtained by different 

operators using the Mini Disk Infiltrometer. In addition, the way repacked soil columns are prepared 

was shown to significantly influence hydrodynamic responses: preparing the soil in successive layers 

reduced variability among repeated measurements, contributing to more robust experimental 

outcomes. Although these findings are specific to the tested soil and conditions, they represent an 

important step toward more standardized laboratory methodologies. Methodological advancement 

was further achieved through the development and validation of a low-cost, automated Mini Disk 

Infiltrometer. This manufactured device, produced using accessible 3D-printing technology and 

inexpensive sensors, yielded infiltration results largely comparable to those obtained with a 

commercial instrument. This confirms the feasibility of alternative, cost-effective measurement 

solutions that can enhance experimental efficiency and accessibility in both laboratory and field 

applications. 

Beyond methodological aspects, this thesis examined how different forms of soil alteration influence 

hydraulic behaviour. Results consistently showed that modifications affecting near-surface conditions 

play a dominant role in controlling infiltration, with even thin, low-permeability layers substantially 

limiting water entry into the soil profile. The analysis of internally modified soils further 

demonstrated that anthropogenic inputs could induce contrasting hydraulic effects depending on both 

material characteristics and soil context. Microplastic experiments highlighted the relevance of 

particle shape, with fibrous forms exerting the strongest influence under near-saturated conditions, 

representing an early contribution to understanding microplastic–soil–water interactions. Similarly, 

agronomic amendments produced material-specific responses: biochar generally enhanced soil 
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hydraulic performance, whereas compost reduced unsaturated conductivity at higher application 

rates, and zeolite showed limited or variable effects. Overall, these findings emphasize the need to 

explicitly account for hydraulic impacts when soils are altered through management or external 

inputs. 

Taken together, the research conducted during this PhD advances current understanding of how soil 

hydraulic properties respond to both external disturbances and internal modifications. Rather than 

providing universal formulations, the work contributes well-documented experimental evidence that 

strengthens the conceptual framework needed to interpret soil–water interactions under realistic 

management and environmental conditions. This represents a solid basis for further developments in 

soil hydrology, water resource management, and sustainable agroecosystem planning. 

The results previously presented represent a step forward in the understanding of soil hydraulic 

behaviour under a range of realistic disturbances and management conditions. At the same time, the 

results obtained highlight several directions along which future investigations could further advance 

current knowledge. From a methodological perspective, additional research is needed to consolidate 

and extend the procedures developed in this work. The effects of soil column preparation and packing 

methods should be tested across a wider range of soil textures and structural conditions, in order to 

assess the transferability of the proposed approaches beyond the loam soils investigated here. 

Similarly, the automated 3D-printed Mini Disk Infiltrometer developed during this PhD offers 

promising opportunities for improving the efficiency and repeatability of infiltration measurements, 

but its performance should be evaluated under different environmental settings, soil types, and 

moisture conditions to fully assess its potential for both laboratory and field applications. With respect 

to soil structural alterations, further studies could explore more complex layering configurations and 

their interaction with natural rainfall regimes, particularly under repeated wetting–drying cycles. 

Extending these analyses to different pedological contexts would help clarify how the thickness, 

position, and hydraulic contrast of soil layers jointly control infiltration and runoff processes under 

Mediterranean climatic conditions. Regarding internally modified soils, future research should aim 

to deepen the understanding of soil-specific responses to anthropogenic inputs. In the case of 

microplastics, further experimental work is required to investigate the combined effects of particle 

shape, concentration, and polymer type particularly under near-saturated conditions, as well as their 

interaction with different soil matrices. Such studies would contribute to clarifying whether the 

observed effects are transient or persistent and how they evolve over time. Similarly, the hydraulic 

implications of agronomic amendments deserve further attention, particularly under field conditions 

and over longer time scales. The results obtained for biochar, compost, and zeolite suggest that 
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amendments applied for chemical or structural benefits may also induce relevant hydraulic changes, 

which should be explicitly considered in soil management strategies. Long-term and field-based 

experiments would be especially valuable to assess the persistence of these effects and their 

interaction with natural climatic forcing. 

Overall, future research building on the outcomes of this thesis should continue to adopt integrated 

and site-specific approaches, combining methodological refinement with realistic experimental 

conditions. Such efforts are essential to improve the understanding of soil–water interactions in agri-

forest systems and to support more effective and sustainable land and water management practices, 

particularly in environmentally sensitive mediterranean regions. 
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Appendix 

 

This chapter presents two experimental studies that were carried out during the PhD research and 

have reached the stage of data analysis and preliminary interpretation. 

The first study extends the laboratory investigation on amended soils to field conditions, aiming to 

assess how the effects of compost and zeolite evolve over the medium term after exposure to natural 

atmospheric agents. The second study focuses on the occurrence and development of soil water 

repellency following wildfire in a forest soil. 

Although the experimental activities have been completed, data processing and in-depth discussion 

are still ongoing. These studies are included in this chapter because they represent an essential 

component of the overall research path, and their finalisation is expected to lead to the preparation of 

manuscripts for submission to international peer-reviewed journals 

 

Field experiment on amendments 

 

Following the study on the short-term effects of compost and zeolite addition on the hydrodynamic 

properties of a sandy loam soil, presented in Chapter 5, this subsequent work was designed to assess 

the medium-term effects of these amendments in order to evaluate the evolution of their influence on 

soil hydraulic behaviour over time. Unlike the previous experiment, which focused on freshly 

prepared and tightly controlled laboratory conditions, this phase aimed to reproduce more realistic 

environmental conditions, allowing the amended soils to undergo natural weathering and ageing 

processes. The study also sought to extend the investigation to field-scale applications, thereby 

bridging the gap between laboratory findings and the complex dynamics occurring in situ. The overall 

objective was to better understand how compost and zeolite interact with the soil matrix over time, 

and how these interactions may alter the near-saturated hydraulic properties when subject to 

environmental weathering and natural wetting–drying cycles. 

Two experimental plots were created in the citrus orchard from which the original soil had been 

collected. Each plot corresponded to one amendment type (compost or zeolite) and was divided into 

four subplots receiving different amendment rates: 0%, 5%, 10%, and 15% by volume. The soil in 

each subplot was excavated to a depth of 15 cm, thoroughly mixed with the designated amendment 

(or left unamended for the control), and then returned to its original position. The plots were left 

undisturbed for approximately six months (January–June 2025) to allow the system to stabilize and 
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to permit the natural development of soil–amendment interactions. At the end of this period, 

infiltration trials were performed using the Mini Disk Infiltrometer under 3D conditions. For each 

subplot, six infiltration tests were conducted at each of the three pressure heads (h0 = −6, −3, and −1 

cm), resulting in a comprehensive dataset to evaluate the influence of both amendment type and 

application rate on the soil’s near-saturated hydraulic properties. The raw results are here reported in 

Fig. 7a-f. 

 

 

 

 

 

 

Fig 7a: cumulative infiltration curve for compost amended parcel with pressure head h0 =  -6 cm 
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Fig 7b: cumulative infiltration curve for compost amended parcel with pressure head h0 =  -3 cm 

 

 

Fig 7c: cumulative infiltration curve for compost amended parcel with pressure head h0 =  -1 cm 
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Fig 7d: cumulative infiltration curve for zeolite amended parcel with pressure head h0 =  -6 cm 

 

 

Fig 7e: cumulative infiltration curve for zeolite amended parcel with pressure head h0 =  -3 cm 
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Fig 7f: cumulative infiltration curve for zeolite amended parcel with pressure head h0 =  -1 cm 

Preliminary results from field tests conducted on compost- and zeolite-amended plots are consistent 

with the general trends observed in the previous laboratory experiment. In particular, compost 

addition tended to reduce unsaturated hydraulic conductivity, especially at higher amendment rates 

and under more negative pressure heads, suggesting a partial obstruction of the pore network or the 

onset of mild water repellency effects. In contrast with the laboratory findings, zeolite appeared to 

reduce hydraulic conductivity under field conditions, although further statistical analyses are needed 

to confirm and better interpret this behaviour. These analyses will provide a more complete and 

reliable understanding of the observed effects. This ongoing work represents a crucial step toward 

linking laboratory findings with field-scale hydrological responses, providing a more realistic 

understanding of how soil amendments may affect infiltration dynamics, water retention, and the 

sustainability of soil–water interactions in agricultural systems. 

 

Post-wildfire Water Repellency 

Wildfires represent one of the main disturbances affecting Mediterranean forest ecosystems, often 

leading to profound changes in the physical and hydrological properties of soils. Among these, soil 

water repellency (SWR) plays a key role, as it can markedly reduce the soil’s infiltration capacity, 

promoting surface runoff and increasing the risk of erosion (Imeson et al., 1992; Wang et al., 2000). 

Understanding the spatial and vertical variability of SWR after fire events is therefore essential to 
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assess post-fire hydrological response and to support soil conservation strategies and sustainable 

forest management. In this context, this work conducted during the doctoral period aims to investigate 

the occurrence and intensity of water repellency in forest soils affected by wildfires, focusing on how 

the recent fire history and the organic matter content influence the development of hydrophobic layers 

in the soil profile. 

Soil samples were collected in October 2023 from four areas within Monte Pellegrino Natural 

Reserve (R.N.O. Monte Pellegrino), located in the municipality of Palermo. The four areas were 

selected based on the historical occurrence of wildfires, with reference to the wildfire in 2016, which 

affected a large portion of the mountain, and two more localized events in summer 2023. An 

additional selection criterion aimed at targeting areas with similar forest cover, ensuring a 

hypothetical consistency in soil litter and chemico-physical properties. Thus, four soils were sampled 

(Tab. 3). 

Tab 3: Sampling areas characterization 

 SOIL A SOIL B SOIL AB SOIL C 

Coordinates 38°09’23’’N 

13°21’18’’E 

38°10’38’’N 

13°20’26’’E 

38°09’08’’N 

13°21’23’’E 

38°10’17’’N 

13°20’38’’E 

Elevation 282 m.s.l. 325 m.s.l. 289 m.s.l. 353 m.s.l. 

Exposure S-O O E O 

WIldfire 2016 2023 2016 -2023 NO 

Forest cover Present Present Absent Present 

Vegetation 

species 

C. sempervirens, 

P. halepensis 

C. sempervirens, 

P. halepensis 

P. setaceum, 

A. alba 

C. sempervirens 

P. halepensis 

Litter Present Present (burned) Absent Present 

 

Following a quick manual removal of the litter, with efforts to preserve the integrity of the soil 

surface, undisturbed samples were collected using steel cylinders with a diameter of 8 cm and a height 

of 5 cm from the top 5 cm of soil. Fifteen samples were taken from each area, along with 

approximately 4-5 kg of soil from the same depth, for textural analysis and to measure organic matter 

content. The steel cylinders were sealed on both ends with plastic caps and wrapped in plastic film; 
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once transported to the laboratory, they were air-dried until they reached equilibrium. During 

transport, one sample from Soil B was lost, so only 14 samples were considered for the Soil B subset. 

Prior to testing, each sample was carefully weighed, then water repellency was measured using the 

Water Drop Penetration Time (WDPT) approach, conducted on the surface as well as through the full 

soil profile at 1 cm increments, thereby identifying 5 layers. To achieve this, the cylinders were 

opened, placed on a plastic plunger, and held upright by wooden supports of varying heights 

depending on the profile analysed. Starting with 5 cm supports for the surface, each profile was 

characterized with 10 drops (N=150 per depth for each soil), timed individually. Once all drops 

infiltrated, the wooden supports were removed, and the sample was pushed out of the cylinder by 1 

cm using the plunger. At this point, 4 cm wooden supports were placed at the base, and the first 

centimetre of soil was carefully cut with a knife to expose the next layer for analysis. This procedure 

was repeated until reaching the -4 cm layer from the surface; in some samples it was not possible to 

characterize all layers due to the presence of large rocks that obstructed the proper cutting procedure. 

During each phase, all material was gathered to preserve the integrity of the sample content after 

testing, subsequently each sample was dried in an oven at 105°C for 24 hours to determine its initial 

water content. Additionally, the four soil types were characterized for their clay, sand, and organic 

matter content (Tab 2) 

Tab 2: Clay, sand and organic matter percentage in the fur soils. 

Soil Clay % Sand % O.M % 

A 26.02 21.84 6.1 

B 12.25 35.85 16.5 

AB 26.46 13.28 5.5 

C 27.6 14.9 13.9 

 

SOIL A: TEMPORAL COMPARISON 

The Soil A area has been the focus of several studies investigating the evolution of soil water 

repellency following the 2016 wildfire. The first assessments, conducted through field WDPT tests 

in August 2016 and May 2017 (Tinebra et al., 2019), revealed a marked persistence of extreme water 

repellency (EXH) throughout the first post-fire year. These results suggested that the recovery of the 
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soil’s wettability is strongly related to fire severity: in severely burned soils, such as Soil A, even a 

full year was insufficient for the soil to regain its pre-fire hydrological conditions. 

Subsequent investigations carried out in 2018 by Bagarello et al. (2020) confirmed a gradual decline 

in repellency intensity. While some residual repellency (classified as STR) was still detected in two 

sampling points, most of the tested sites (five out of seven) had already returned to wettable (WET) 

conditions. 

The 2023 observations for Soil A further support this interpretation, with the soil exhibiting complete 

wettability (WET class). Seven years after the fire, a full return to undisturbed conditions can be 

assumed, as the temporary alterations induced by the 2016 event—whose hydrophobic effects 

persisted for at least one year and were still partially detectable in 2018—had entirely disappeared by 

2023 

WATER REPELLENCY PROFILES 

To characterize the water repellency profiles of each soil, the WDPT data were divided into 20 subsets 

based on the soil type (A, B, AB, C) and depth layer along the profile (0, -1, -2, -3, -4 cm). 

As an exploratory analysis, the Lilliefors (1967) test was applied to each data subset to determine 

whether the distribution was normal. Additionally, the same test was applied to the logarithmically 

transformed variable to assess lognormality. In both cases, the null hypothesis of normality and 

lognormality was consistently rejected. Due to these results, each subset was characterized by a 

median value, which was assigned to a water repellency class considered representative of the subset 

(wettable soil, WET, WDPT <5 s; slightly water repellent, SLI, 5-60 s; strongly water repellent, STR, 

60-600 s; severely water repellent, SEV, 600-3600 s; extremely water repellent, EXT, >3600 s). The 

interquartile range was also measured to provide an indication of data variability within each subset. 

 

 

 

 

 



 

 

251 

 

Tab 3: WDPT of every soil profile for each sampling zone 

 Soil A (16)   Soil B (23) Soil AB (16-23) Soil C (NO) 

Median (s) 
 

Median (s) 
 

Median (s) Median (s) 

0 1 (WET) 
 

2610 (SEV) 
 

4 (WET) 1020 (SEV) 

-1 1 (WET) 
 

13020 (EXT) 15 (SLI) 2220 (SEV) 

-2 1 (WET) 9900 (EXT) 
 

30 (SLI) 900 (SEV) 
 

-3 1 (WET) 2970 (SEV) 
 

35 (SLI) 30 (SLI) 
 

-4 1 (WET) 195 (STR) 
 

32 (SLI) 12 (SLI) 

 

As shown in Tab 3, notable differences between the four soils under examination are immediately 

evident: Soil B exhibits the highest water repellency (EXT in -1 and -2 cm), followed by Soil C (SEV 

in 0, -1 and -2 cm), Soil AB (SLI in -1, -2, -3 and -4 cm), and finally Soil A, which is entirely wettable 

(WET). The interquartile range (IQR) values reveal substantial variability across all soils except for 

Soil A, which is not surprising given the nature of the phenomenon being investigated. 
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Fig 2: SWR profile of Soil A (16) 

 

 

Fig 3: SWR profile of Soil B (23) 
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Fig 4: SWR profile of Soil AB (16-23) 

 

 

Fig 5: SWR profile of Soil C (NO) 
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Figures 2–5 show the soil water repellency profiles for the four investigated soils. The x-axis 

represents the water drop penetration time (WDPT, s) on a logarithmic scale, while the y-axis 

indicates the soil profile depth. The red solid line connects the median WDPT values calculated from 

all 150 drops at each depth, whereas the black dashed lines represent the mean values obtained for 

each individual sample (10 drops per sample). Overall, the signal appears consistent among samples, 

suggesting a reliable agreement between the general mean and the individual sample means along the 

soil profiles. 

 

Fig 6: comparison of each SWR profile 

In Fig.6, soils were compared in pairs according to their organic matter content and exposure to the 

2023 wildfire. Specifically, Soils A and AB are characterized by low organic matter content, with 

only AB having been burned, whereas Soils B and C have higher organic matter content, with B 

affected by the fire and C remaining unburned. 

In the A vs. AB comparison, the burned soil (AB) exhibits greater water repellency along the entire 

profile compared to the unburned soil (A), particularly in the subsurface layers. Similarly, in the B 

vs. C comparison, higher WDPT values are observed in the burned soil (B) across most depths, with 

the strongest differences again found below the surface. These results indicate that the soils affected 

by the 2023 wildfire (AB and B) tend to be more hydrophobic throughout the profile, especially below 

the topmost centimeters. This supports the hypothesis, consistent with Caltabellotta (2022), that the 

fire primarily enhanced water repellency in the deeper layers rather than at the surface 
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