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Abstract 

In highly urbanized contexts, green roofs are increasingly studied and utilized as sustainable 

solutions for capturing and modulating runoff to achieve hydraulic and hydrological invariance. They 

reduce the total volume of runoff and mitigate the ridge flow returned to the sewer system through 

two hydrological processes: rainfall retention, which is the permanent removal of stormwater, and 

runoff detention, which is the transient storage of rainfall. Both processes are conditioned by the 

physical and hydraulic properties of the substrate or culture medium, a key aspect that is still little 

investigated. This thesis represents a contribution to fill the gap of knowledge in the field of hydraulic 

characterization of substrates for green roofs, with a view to environmental sustainability and circular 

economy. Through a comprehensive and multi-scalar methodological approach, this thesis assessed: 

i) the effects of adding different organic soil amendments, such as compost, vermicompost, and 

pruning residues, on the soil water retention curve and the related indicators of soil physical quality 

(SPQ); ii) the assessment of the retention and detention capacities of a volcanic medium suitable for 

green roof system under intense rainfall events; iii) the changes in substrate hydraulic characteristics 

of a prototype green roof plot throughout the lifecycle The soil water retention curve, θ(h), was 

determined by the tension hanging water column apparatus and the pressure plate extractors. 

Measurements of the hydraulic conductivity fuction, K(h), were conducted by either the evaporation 

method and the MiniDisk Infiltrometer (MDI). A needle rainfall simulator was applied to determine 

the retention/detention of green roof microcosms assembled with different drainable layers. ) a field 

assessment of substrate hydraulic changes throughout the lifecycle on a prototype green roof plot. 

The hydraulic conductivity curves, K(h), were determined by using the MiniDisk Infiltrometer 

(MDI). 

All the amendments applied demonstrated a positive impact on the hydraulic properties of the 

substrates, significantly enhancing the soil water retention and improving physical quality. The 

results underscore the potential of organic amendments to improve soil structure and optimize water 

management, as they increased plant-available water in coarse-textured soils and improved the 

air/water balance in fine-textured soils. However, soil texture and aging of the substrate proved to 

influence the soil physical quality, therefore careful consideration must be given to soil texture and 

the temporal variability of the beneficial effects on the soil physical quality, which tend to diminish 

over time, when the selecting selection of the amendment, determining its optimal dosage, and 

planning the application schedule. Moreover, the volcanic medium analyzed has demonstrated a 

favorable hydrological response, thus encouraging its use in combination with amendments like 

compost or vermicompost. This establishes it as an effective and sustainable choice for the mineral 

component of a green roof substrate in Mediterranean climates, especially when it is combined with 

a well-balanced mixture of organic materials such as compost or vermicompost. 
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1. Introduction 
                                                                                                                                                                        

In recent decades, there has been an exponential growth in the human population. According 

to recent statistics from the Statistical Office of the European Union (Eurostat), between 

2001 and 2020, the population of the European Union (EU) increased from 429 million to 

447 million, a growth of 4 %. This led to an increase in urban areas and urbanization 

processes with the development of impervious surfaces and resulting runoff increase. Soil 

sealing, caused by covering the ground with artificial impermeable materials such as 

concrete or asphalt, is one of the main causes of soil degradation in EU territories, negatively 

affecting the vulnerability of environmental systems and the hydrological cycle (Tobias et 

al., 2018). The European Environment Agency (EEA) has highlighted that in the past 

decade, impervious surfaces in the EU have increased by 5%. Soil sealing results in a 

reduction of the natural hydrological processes of water infiltration into the soil and 

interception by vegetation, causing a rapid transformation of rainwater into surface runoff 

that, usually, is entirely loaded on the urban drainage network (Pistocchi, 2017; Scalenghe 

and Marsan, 2009). These negative effects are particularly evident and disastrous in 

Mediterranean regions, which are increasingly and frequently affected by intense weather 

events concentrated in space and time. Recurrent and severe floods have increasingly 

overloaded the urban drainage systems in recent years with consequent huge damages in 

densely anthropizated areas. 

On July 15, 2020, the city of Palermo was hit by an intense meteoric event that brought about 

130 mm of rain over 3 hours, causing extensive damage to homes and people. Between 24 

and 26 October 2021, more than 300 mm of rain fell in the city of Catania, causing landslides 

and flooding. On November 26, 2022, an intense meteoric event, with about 126 mm of rain 

in 6 hours, hit the island of Ischia, causing 12 victims and countless material damage in the 

area. From 2 to 5 November 2023, several areas in Tuscany were struck by a devastating 

flood caused by torrential rains, leading to the overflow of rivers such as the Bisenzio, 

significant damage, and loss of life, prompting Tuscany to declare a state of national 

emergency on November 3. Therefore, experts are wondering whether the traditional “grey” 

urban drainage works will be able to cope the more and more intense rainfall events caused 

by the future scenario of climate change. 

Awareness of the seriousness of these problems has prompted a reconsideration of traditional 

engineering solutions, aiming, instead, to maintain or reestablish as much as possible the 

“natural water cycle” to ensure a good level of hydraulic-environmental protection of the 
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land. Interventions aimed at restoring “natural” drainage conditions, referred to as SUDS 

(Sustainable Urban Drainage Systems) in English literature and LID (Low Impact 

Development) in American literature, must aim to achieve both hydraulic and hydrological 

invariance (fìgure 1).  

According to the hydraulic invariance principle when a new work is constructed, the peak 

flow rate of storm runoff, discharged into the sewer system, must be less than, or at most 

equal to, the pre-existing one. Hydrological invariance, on the other hand, is that principle 

whereby the maximum volume of stormwater runoff, discharged into the sewer system, must 

be less than or, at most, equal to that returned before the intervention. Hydrological 

invariance is more complicated to achieve, it can be realized through controlled stormwater 

storage and release works overtime, associated with infiltration systems. 

 

 

Figure 1. Hydraulic and hydrological invariance. 

 

Among the interventions known as SUDS, green infrastructures, GIs, are particularly 

significant, representing an increasingly demanded and utilized sustainable solution.           

GIs play a key role in the capture and modulation of runoff. The scientific literature reports 

a reduction in water volume input to the urban drainage network of up to 80%, while more 

uncertain is the effect on flood flow rates where peak hydrogram abatement is strongly 

influenced by precipitation characteristics and those of the substrate-vegetation system 

(Gregoire and Clausen, 2011; Stovin et al., 2012). 

According to the European Commission (2016), GIs can be defined as “a strategically 

planned network of natural, semi-natural areas along with other environmental elements, 

designed and managed to provide a wide range of ecosystem services”. Unlike traditional 

infrastructures, commonly called Grey Infrastructures, GIs are designed and built to benefit 

the widest audience of stakeholders according to the “small loss-big gain” principle. 
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Naturalness and biodiversity characterize GIs, which at the same time, have other benefits 

both of a material order, such as “heat island” mitigation (Santamouris, 2014), runoff 

regimentation (Li & Babcock, 2014), soil and water pollution remediation (Elliott and 

Trowsdale, 2007), air quality improvement (Luo et al, 2015), noise pollution mitigation (Van 

Renterghem and Botteldooren, 2011), and intangible order, such as improving the quality of 

life through the enjoyment of green areas and promoting urban biodiversity (Wooster et al., 

2022). 

GIs are a key strategy of European spatial planning policies, constituting a possible “natural” 

solution to climate change challenges. In highly urbanized contexts, GIs, which improve 

natural water retention measures (NWRM) and reduce rainfall inputs, are represented by 

"green roofs" or "vertical gardens", i.e., vegetated plants made on impermeable structural 

supports, such as floors, roofs, walls of buildings or, in general, in all those cases where there 

is no ecological continuity between the green and the subsoil down to the parent rock. 

The green roof represents an essential tool for environmental mitigation and compensation 

within the urban fabrics where the high building density and the high anthropogenic 

disturbance allow little space for natural dynamics (ISPRA, 2016).  

The Italian Ministry of the Environment, as part of the 2013 National Conference dedicated 

to the “green economy,” highlighted the importance of GIs in the management and 

protection of water resources, calling for a policy of large-scale development and investment 

of GIs and recognizing the great benefit of these systems to critical environmental and 

economic-social issues, which are particularly serious in Italy due to the climate crisis, land 

consumption, and hydrogeological disorder.  

The active presence of a soil-plant system promotes, through the processes of infiltration, 

retention, and evapotranspiration, the capture of water and the return to the atmosphere of 

an important proportion of precipitation. The water-regulating capacity of GRs and runoff 

dynamics are influenced by several factors, including construction and design characteristics 

such as the number of layers and materials, type and thickness of the substrate, slope, 

location, age of the roof, and roof geometry, as well as weather and climate conditions such 

as the characteristics of the rainfall event and initial substrate moisture conditions 

(Berndtsson, 2010). GRs reduce the total volume of runoff and mitigate the ridge flow 

returned to the sewer system through two hydrological processes: rainfall retention, which 

is the permanent removal of stormwater, and runoff detention, which is the transient storage 

of rainfall (De Ville et al., 2017). Both processes are conditioned by the physical and 

hydraulic properties of the substrate or growing medium. Specifically, the retention capacity 
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of the substrate is influenced by the pore size distribution while the detention capacity 

depends on the hydraulic conductivity that defines the aptitude of the substrate to allow water 

to pass through it. Like natural soil, a GI growing medium provides physical support and 

essential nutrients for the plant. In the case of green roofs or roof gardens, the optimal growth 

substrate must ensure lightness so as not to weigh down the building structures while, 

hydrologically, it must allow rapid drainage of excess water to quickly restore the 

unsaturated conditions necessary for the plant and to ensure an optimal thermal regime 

(Charpentier, 2015). Likewise, especially in Mediterranean environments, it is desirable to 

have a substrate that has good water retention capacity to store enough water to meet crop 

needs.  

An efficient strategy for enhancing the hydraulic and physical properties of soil involves the 

use of various organic soil amendments derived from agricultural by-products, such as 

compost, vermicompost, biochar, and other recycled organic materials, which generally 

enhance water retention capacity, reduce bulk density, and increase overall porosity, while 

also stabilizing soil structure through particle aggregation and optimizing hydraulic 

conductivity, offering a sustainable solution for soil health enhancement (Aggelides and 

Londra, 2000; Eden et al., 2017). 

 This approach is fully aligned with the principles of the circular economy, as it reduces the 

reliance on external resources, minimizes waste production, and promotes the sustainable 

regeneration of natural resources (Chiarelotto et al., 2021).     

For stormwater management, it is often assumed that a green roof’s ability to retain and 

detain runoff remains consistent over time. However, much like other natural or artificial 

porous media, the growing substrate can undergo temporal changes due to a range of 

biological, chemical, and physical processes, leading to notable alterations in hydraulic 

properties such as permeability, hydraulic conductivity, and water retention capacity 

(Cannavo et al., 2014; De-Ville et al., 2018). 

The age of a green roof is expected to significantly influence its hydraulic performance, 

underscoring the importance of ongoing monitoring of the substrate's evolving properties to 

maintain optimal performance over time (Bouzouidja et al., 2018).  

Therefore, in the construction of GIs, one of the most important challenges is represented by 

the choice of growth medium. However, the aspects related to the physical and hydraulic 

characteristics of the substrate used for GIs are still little investigated, perhaps due to the 

limited implementation experiences in the Italian territory. 
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1.1 Specific objectives 
 

This thesis aims to implement knowledge in the field of hydraulic characterization of 

substrates for green infrastructure in urban areas, with a view to environmental sustainability 

and circular economy. The current direction is to develop "engineered soils," which are 

technical substrates designed to replicate the characteristics of natural soils while enhancing 

their performance. These innovative and multifunctional substrates are made to balance 

often antithetical physical and mechanical properties. 

The primary focus of the thesis was to investigate the role of the substrate hydraulic 

properties, i.e. water retention curve and hydraulic conductivity function, in determining the 

hydrological behavior of a green roof in terms of rainfall retention and detention. 

A comprehensive, multi-scale methodological approach was followed, encompassing 

various levels of analysis to ensure a thorough understanding of the subject. The specific 

objectives of the thesis (figure 2), in detail, were as: 

 

➢ Determination of the water retention curve of commercial and innovative substrates 

for urban green infrastructure. Experimental laboratory tests were performed on 

substrate microcosms (volume of 100-1000 cm3) and the effect of adding different 

organic soil amendment derived from agricultural by-products, such as compost, 

vermicompost, or pruning residues, on the hydraulic characteristics of the growing 

mixtures was investigated. 

➢ Determination of the retention and detention capacity of the green roof under intense 

rainfall events. Simulated rainfall tests were carried out on microcosms of green roofs 

(volume of 0.004 m3) arranged in different combinations of substrate and drainage 

layers. 

➢ Analysis of the functional characteristics of a substrate-vegetation system. A field 

evaluation of substrate modifications during the life cycle was conducted on the 

green roof prototype (volume of 2.2 m3) at the Department of Agricultural, Food and 

Forestry Sciences (SAAF) of the University of Palermo. 

 

The experimental activity carried out during the Ph.D., is within the framework of the       

PON “Ricerca e Innovazione” 2014-2020, in priority axis IV “Istruzione e ricerca per lo 

sviluppo”, action IV.5 “Tematica Green”.  
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Figure 2. Scheme illustrating the interconnections between the specific objectives of the thesis. 
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1.2 Historical overview 
 

The use of green infrastructures by man to cover and protect homes dates back to the birth 

of great civilizations. The archaic prototype of the "green roofs" is the hanging gardens of 

Babylon (figure 3), which due to their grandeur and majesty were one of the seven wonders 

of the ancient world. Located in the ancient city of Babylon, near modern-day Baghdad 

(Iraq), they were commissioned around 590 BC by King Nebuchadnezzar II as a gift for his 

wife Queen Amytis.                                                                                                                                       

Strabo, a Greek geographer and historian of the I century AD, gave a description of the 

hanging gardens of Babylon:  

“It consists of vaulted terraces raised one above another, and resting upon cube-shaped 

pillars. These are hollow and filled with earth to allow trees of the largest size to be planted. 

The pillars, the vaults, and terraces are constructed of baked brick and asphalt. The ascent 

to the highest story is by stairs, and at their side are water engines, by means of which 

persons, appointed expressly for the purpose, are continually employed in raising water 

from the Euphrates into the garden”. 

 
Figure 3. The Hanging Gardens of Babylon - Maarten van Heemskerck (1498 – 1574). 

 

Other evidence of the use of green infrastructures in ancient times is the tumulus tombs of 

the Etruscans, built around the IX century BC, in which the soil, removed during the 

excavation to create the tomb, was reused to cover the pseudo-dome of the tomb itself with 

vegetation, protecting and isolating the entire sepulchral structure. 

This practice was also maintained in Roman times, one thinks of Hadrian's Mausoleum and 

the Mausoleum of Augustus (130 AD) in Rome. The Romans also employed green 
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infrastructure as an integral part of their mansions, such as Villa Adriana at Tivoli (92 AD) 

and Pliny the Younger's Villa Lauretina (I century AD). 

During the medieval era, hanging greenery plays a functional role. It is mainly found in 

monasteries, where the green infrastructure was used as a vegetable garden, and in 

fortifications, where mounds of soil covered with vegetation were placed adjacent to the city 

walls to protect the structures and cushion the blows of enemy offensives during battles. 

From the XV century to the XIX century, the aesthetic and ornamental connotation prevailed 

again, and the green roof became an almost exclusive presence of villas and noble palaces. 

Examples include Villa d'Este in Tivoli (figure 4), Villa Fiesole by Giovanni de’ Medici, the 

Palace of Versailles in Paris, and the Belvedere Gardens in the Vatican. 

 

 

Figure 4. Villa d’Este in Tivoli. 

 

The modern concept of hanging green dates back to 1865, the year in which the German 

architect Von Rabitz wrote his first work on the subject, a treatise on the use, from a 

functional and ecological point of view, of hanging green. It is seen as a means to obtain 

healthy environments even in highly anthropized contexts. 

In 1923, the Swiss architect, naturalized French, Le Corbusier enunciated, in his work "Vers 

une architecture", the five axiomatic points for a modern vision of architecture, among which 

there is the "roof-garden", described as follows:  

“The roof-garden gives back to man the greenery, which is not only under the building but 

also and especially above it. Soil is placed between the joints of the roofing slabs and grass 

and plants are sown, which have an insulating function against the lower floors and make 

the roof lush and livable...”.  
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From this moment, green roofs have become an important element in compensation and 

mitigation measures in urban areas. Beginning in the 1960s, in a climate of growing interest 

in environmental issues, it became widespread in Europe, especially in Germany, a country 

where, following the Second World War (1939-1945), there were vast areas of degraded 

land that required reclamation. In 1975, FFL (Forschungsgesellschaft 

Landschaftsentwicklung Landschaftsbau), a scientific network of the green sector to restore 

and improve the living environment, was founded in Germany. Thanks to the FFL, the first 

guidelines for the design, construction, and maintenance of green roofs are obtained. 

In recent years, the green roof market in Italy appears to be growing, albeit at a slower pace 

than in other European countries. At the regulatory level, it was only in 2018 that the “Bonus 

Verde” was established, which allows for benefits and tax breaks for interventions aimed at 

the renovation of gardens and terraces, and the creation of green infrastructures and roof 

gardens. At present, vertical gardens are more common in Italy, the best known of which is 

the “Bosco Verticale,” a building-prototype of a green architecture, built in 2014 by architect 

Stefano Boeri and located in the Milan Business Center (figure 5).   

 

 

Figure 5. “Bosco verticale” in Milan. 

The European project “Clever Cities,” co-funded under the Horizon 2020 research program 

(the European Union's Framework Program for Research and Innovation), aims to test and 

promote green infrastructure and nature-based solutions (NBS) in Milan, London and 

Hamburg. NBS are defined by the International Union for Conservation of Nature (IUCN) 

as “actions to protect, sustainably manage, and restore natural or modified ecosystems that 

address societal challenges effectively and adaptively while providing benefits for human 

well-being and biodiversity.” 
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1.3 Types and stratification of green roofs 
 

In Italy, the reference standard for green roof design and management is UNI 11235 

“Istruzioni per la progettazione, l’esecuzione, il controllo e la manutenzione di coperture 

Verdi”, issued in May 2007. It constitutes a real guideline for a workmanlike 

implementation. 

Green roofs are classified according to the level of maintenance required by the system 

during its life cycle. Two categories can be distinguished in this regard: 

▪ Extensive systems  

▪ Intensive systems  

Such division is crucial as the two types exhibit distinct patterns of usage and fields of 

application. Extensive systems, one or two years after implantation require little 

maintenance consisting of one or two operations per year. These systems are designed so 

that water and nutrient supply occurs, as much as possible, through natural processes. 

Plants with a high capacity for propagation and regeneration, resistant to adverse climatic 

conditions such as drought or frost, including various species belonging to the genus Sedum, 

are used: S.album, S. cauticolum, S. floriferum, S. hybridum, S. reflexum, S. sexangulare, S. 

spurium. Many other herbaceous perennial species can be used including Festuca rubra, 

Lavandula angustifolia or Origanum vulgare.   

The substrate consists mainly of mineral components and has a small thickness, less than 15 

cm, and a weight between 75 and 150 kg m-2 under conditions of maximum saturation. 

This type of greening is used on large roofs, such as industrial buildings or parking lots, to 

replace the impervious roofs made of inert materials (figure 6). Intensive systems require 

more maintenance that consists of regular irrigation and fertilization but also mowing and 

weeding. The intensive system makes it possible to create real usable gardens on surfaces 

such as roofs or garages, having a high bearing capacity (figure 6). Thus, in these systems 

there can be a variety of wind- and cold-resistant plant species and associations: turf mats, 

herbaceous perennials, shrubs, or sometimes trees. Intensive systems are made with a deep 

layer of substrate, usually composed of a balanced mixture of mineral and organic elements. 

The thickness of the stratifications is between 15 and 60 cm and weights more than 150 kg 

m-2 under conditions of maximum water saturation. 

Regardless of the type, the UNI 11235 standard considers green roofs as a “roof system” 

that, as such, must ensure a set of minimum requirements and performance. 
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Figure 6. Example of extensive system (left) and intensive system (right). 

 

A “roof system” is composed of the aggregation of elements or layers that are always 

present, also called primary layers, and secondary layers that are present when there are 

special conditions of use or climatic context.  

The primary layers of a green roof (figure 7), from bottom to top, are: supporting element; 

sealing element; root protection element (integrated or not); mechanical protection element; 

draining element; water storage element; filtering element; substrate (or growing media); 

vegetation layer. 

 

 

Figure 7. Primary layers of a green roof. 
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1.4 Substrate: function and characteristics 

 

UNI 11235 defines the substrate, or growing media, as a layer that supports the plant 

development of a green cover. The substrate constitutes a key component of any green cover; 

it must ensure optimal plant growth conditions.                

A substrate is a three-phase system consisting of a solid phase that performs the function of 

anchoring plant root systems, a liquid phase that ensures water and nutrient supply, and a 

gas phase necessary for root aeration and the life of the microorganisms present (Hillel, 

1998). 

It is characterized by physical parameters such as density, particle size, maximum water 

volume, and maximum air volume under saturated conditions, and chemical parameters such 

as pH, electrical conductivity, or the amount of organic matter (OM). 

There is no universal growing medium; in the design phase, it is chosen according to the 

climatic conditions in which it operates and the needs of the desired plants. An optimal 

growing medium must provide permanent physical support for the plants and ensure a 

balance between free drainage and adequate retention of available water for the plants and 

nutrients (Ampim et al., 2010).  An incorrect choice of substrate can lead to compaction, 

asphyxiation of the root system, drainage reduction, and alteration of nutrients (Cascone, 

2019). 

An optimal growth substrate for green roofs must, therefore, have the following 

characteristics: 

▪ High draining capacity; 

▪ Good water holding capacity (WHC); 

▪ Low weight even in conditions of maximum saturation; 

▪ Balanced air/water ratio at maximum saturation; 

▪ Stable physical and chemical structure; 

▪ Very good frost resistance; 

▪ Reduced compaction over time; 

▪ No weeds; 

▪ Do not allow the formation of mud in conditions of maximum saturation and during 

meteoric events; 

▪ Cost-effectiveness, possibly by encouraging the reuse of waste products from 

production activities; 
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These characteristics must be maintained over time, constantly guaranteeing the water and 

nutritional needs of the cultivated plants. WHC can be improved by increasing the volume, 

depth, and OM content of the substrate. The substrates for the construction of green roofs 

are porous media obtained by mixing different components, both mineral and organic 

(Sandoval et al., 2017). The composition of a substrate can vary, for example, depending on 

the type of green roof (extensive or intensive), the target vegetation, the climatic conditions, 

and other factors such as availability and cost of components (Ampim et al., 2010). The 

mineral part of the substrate generally varies between 50% and 90% of its total volume and 

it is made up of coarse fractions of volcanic materials (pumice, zeolite) or technological 

products (perlite, expanded clays) chosen not only for their lightness but also for the 

possibility of retaining water in the intraparticle microporosity (Stanić et al., 2020).  

The organic fraction fulfills the primary purpose of fertilizing the substrate but can 

contribute significantly to increasing the crop's water availability. The basic products used 

in nurseries, being characterized by lightness, high porosity, good drainage capacity, and 

accumulation of water and nutrients, are considered good materials (Kazemi e Mohorko, 

2017). Inert minerals (expanded clay, lapilli, pumice), recycled materials (bricks, tiles), or 

the products of industrial processes, are mixed with organic matter in different 

concentrations depending on the design objectives. Peat has traditionally been used as an 

organic component in technological substrates (Handreck and Black, 1994; Paquet et al., 

1993), however, the focus has recently shifted to eco-friendly products. In the literature, 

several organic fractions with a lower environmental impact have been proposed, often 

obtained from waste materials from the agri-food processing industry such as compost, 

which improves water retention capacity and provides a high nutrient content (Benito et al., 

2005), vermicompost or coco coir. Several analyses have been carried out on the 

improvement of different substrate characteristics including biochar and super-absorbent 

polymers (Cao et al., 2014, Young et al., 2014).  
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2. Soil water retention curve (SWRC) 

The water content in the soil influences various hydrological processes, such as rainfall 

infiltration and plant water uptakes, and mechanical properties, such as compactability and 

penetrability. The soil's water content also regulates air content and gas exchange, thereby 

influencing root respiration, microbial activity, and the soil's chemical state, e.g., its 

oxidation-reduction potential (Hillel, 1998).  

Soil water content can be expressed on a gravimetric basis or on a volumetric basis. The soil 

water content, or soil moisture, expressed on a gravimetric basis, U (g g-1), is the ratio of the 

mass of water present in the soil Mw (g), to the mass of dry soil Ms (g). Thus, moisture on a 

gravimetric basis, U, is equal to: 

 

U =
Mw

Ms
                                                                  (1) 

 

Instead, volumetric soil water content, θ (m3 m-3), expresses the amount of water referred to 

the apparent soil volume unit, and is defined as the ratio of water volume Vw (m3), to total 

soil volume, Vt (m
3). Moisture on a volumetric basis, θ, is equal to: 

 

θ =
𝑉𝑤

𝑉𝑡
                                                                   (2) 

 

The soil water matric potential, h, is determined by the capillary and adsorption forces that 

act between the solid soil matrix and the water in the pores. Water is therefore retained in 

the soil, and its potential is negative (negative pressure or suction), meaning it is lower than 

that of free water, which is conventionally set to zero. The smaller is the soil moisture, the 

stronger is the matric potential. 

The empirical relationship that links matric potential, h, and volumetric water content, θ, is 

referred to as the “soil water retention curve” or soil moisture characteristic curve, SWRC 

(Hillel, 1998). SWRC describes the ability of soil to store or release water and influences 

various processes related to water and solute storage in soil, such as water supply to plants, 

and biological processes such as, for example, seed germination, microbial activity, or 

degradation of organic matter. So, knowledge of SWRC is critically important to understand 

and simulate the hydrological processes that take place in a green infrastructure (Huang et 

al., 2020).  
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Graphically, the SWRC can be represented by a highly nonlinear sigmoid. It is not unique 

and varies significantly from soil to soil, as it strongly depends on the grain size, texture, 

and structural characteristics of the soil (figure 8). 

 

 

Figure 8. Water retention curves of different textured soils (left) and hysteresis phenomenon (right), from Hillel 

(1998). 

 

For a given soil, the SWRC obtained during a drying process starting from saturated 

conditions does not coincide with that obtained by wetting an initially dry soil (figure 8). 

This phenomenon is called hysteresis (from the Greek ὑστέρησις, meaning “delay”) and 

highlights how the same value of matric potential corresponds to different values of 

volumetric water content, θ. Specifically, the highest moisture content corresponds to the 

drying process from saturation, and the lowest is related to the wetting process from the 

completely dry soil condition. Consequently, two main soil water retention curves can be 

defined: a main wetting curve, θ(h)w, that is always below the main drainage curve, θ(h)d.  

Hysteresis can be attributable to multiple causes including, for example, pore size 

unevenness, the effect of different solid-liquid contact angles during the drying or wetting 

process, air trapped inside non-conductive pores, and the phenomena of swelling, shrinkage, 

or aging (Hillel, 1998).  

The two limiting curves or main curves of drying and wetting enclose all other possible 

curves, called secondary curves, which are obtained in cases where the drying or wetting 

process occurs from partially saturated or partially dry soil. 
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2.1. Determination of the SWRC 
 

The water retention curves were determined experimentally with the tension hanging water 

column apparatus (figure 9), in the range of higher values of the matric potential (- 5 cm ≤ h 

≤ -100 cm) and with the pressure plate extractors (figure 10) for the lower values of matric 

potential (-100 cm ≤ h ≤ -15000 cm). 

Regardless of the method used, the experiment consists of equilibrating a previously 

saturated soil sample to a predetermined value of h and then determining its corresponding 

θ value by the thermogravimetric method. To determine the water retention curve, a 

succession of h values is applied to the same soil sample. Since the relationship θ(h) is 

subject to the hysteresis phenomenon, its measurement depends on the increasing or 

decreasing sequence of applied potentials. By convention, for agronomic purposes, when we 

refer to the water retention curve, we mean the main retention curve during drying or 

drainage. 

In the tensiometric method (Dane and Hopmans, 2002a), the soil sample to be analyzed, 

after being placed on the surface of the plate of a tensiometric funnel, is preliminarily 

saturated from below, to achieve complete saturation of the sample, in four gradual steps of 

24 h each, setting three successive values of matric potentials -0.2, -0.1, -0.05, followed by 

complete saturation by immersion in water. After being saturated, the sample is subjected to 

a monotonically decreasing sequence of matric potentials, set through the use of a burette 

hydraulically connected to the funnel. All the experiments for the present study were 

conducted following the same sequence of h values: -5.0, -7.5, -10.0, -15.0, -20.0 -25.0, -

30.0, -40.0, -50.0, -70.0, -100.0 cm. 

At equilibrium with each fixed h value, the volume drained into the burette is recorded. 

When the last potential of the sequence is reached, the sample is removed from the funnel, 

weighed, and dried in an oven at 105° C for 24 h, to determine its final volumetric water 

content by the thermogravimetric method. The volumetric water contents corresponding to 

the revious potentials were determined backward by adding the volumes subsequently 

drained to the final volumetric moisture. 
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Figure 9. Tensiometric apparatus for determining the soil water retention curve in the range of higher values 

of the matric potential, - 5 cm ≤ h ≤ -100 cm. 

 

With the pressiometric method (Dane and Hopmans, 2002b) a soil sample is saturated on 

the top of a ceramic porous septum that is permeable to water and not air (figure 10). The 

sample is then placed inside a pressure chamber with the bottom of the porous septum 

directly in contact with external pressure. A pressure greater than atmospheric pressure is 

established inside the chamber. The pressure difference between the upper and lower 

surfaces of the porous plate allows the water contained within the pores of the sample to 

drain until an equilibrium condition in which the soil matric potential, in absolute value, is 

equal to the applied pressure. The sample is considered at equilibrium when it no longer 

drains for at least 24 h. When equilibrium is reached, the sample is taken and dried in an 

oven at 105°C for 24 h to determine, by the thermogravimetric method, the volumetric water 

content corresponding to the applied pressure head value. With this method, it is possible to 

derive the points of the retention curve in the range of values of the matric potential of 

greatest interest for plant water supply (-100 < h ≤ -15000 cm). 

 

 

Figure 10. Pressiometric apparatus for determination of soil water retention curve in the range of lower values 

of the matric potential, -100 ≤ h ≤ -15000 cm. 
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Multiple empirical and theoretical models have been proposed in the literature to describe 

the relationship θ(h) with continuous functional forms having a specific number of 

parameters (Brooks and Corey, 1966; Durner, 1994; Fredlung and Xing, 1994; Kosugi, 

1996; Van Genuchten, 1980). Constitutive parameters are then estimated by fitting the 

assumed model to the experimental θ(h) data by non-linear fitting algorithms (Seki, 2007; 

Van Genuchten et al., 1991). 

The most popular and widely used model is the unimodal model proposed by Van 

Genuchten, VG, (1980), the equation for which is given below: 

 

𝑆𝑒 = [1 + (𝛼ℎ) 𝑛]−𝑚                                                                                           (4) 

 

𝑆𝑒 =
θ−θr

θ𝑠−θr
                                                              (5) 

 

where θs (cm3cm-3) and θr (cm3cm-3) are the saturation volumetric water content and the 

residual volumetric water content, α (cm-1) is a scale parameter, and n and m with m = 1-1/n 

are two dimensionless shape parameters. The latter constraint has the advantage of reducing 

to two the number of parameters to be estimated to describe the water retention curve from 

experimental data.  

Parameter α is related to the most frequent pore diameter, parameter n, on the other hand, is 

a measure of the heterogeneity of the pore size distribution. The latter can be inferred 

indirectly from the water retention curve and expresses the relative abundance of each pore 

size in a representative volume of soil. The derivative dθ/dh, represented as a function of the 

average pore radius expressed through the capillarity relation, allows us to know the pore 

distribution function (Reynolds, 2009). In the case of the function of VG (1980), this 

relationship has a single maximum at the inflection point of the curve. The corresponding 

modal diameter corresponds to the class of pores that is most frequently represented in the 

porous medium. Therefore, the unimodal VG model assumes that the pore distribution in the 

soil is substantially uniform, or 'monodisperse,' which may be appropriate for coarse soils 

but is inadequate for describing the behavior of complex structural soils that exhibit both 

macro- and micro-porosity, also known as bimodal porous media. 

Consequently, there is a need to model hydraulic conductivity, K (m s-1) in dual-porosity 

soils, where the interaction between macropores and micropores significantly influences 

fluid flow (Gerke and van Genuchten, 1993; Jarvis et al., 1991; Vogel et al., 2000). 
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Durner (1994) proposed modeling the water retention curve of a bimodal soil by 

superimposing two characteristic curves, one corresponding to matric porosity (i.e., the 

smaller pores that form within aggregates between individual soil particles), the other to 

structural porosity (i.e., the larger pores that form between aggregates and, more generally, 

the so-called macroporosity). The expression of the water retention curve is, in this case: 

 

Se = 𝑤1[1 + (𝛼1ℎ) 𝑛1 ]−𝑚1+𝑤2[1 + (𝛼2ℎ) 𝑛2 ]−𝑚2                                        (6) 

 

where subscripts 1 and 2 refer to matrix and structural porosity, respectively, and w1 and w2 

with w1 + w2 = 1. 

The experimental data obtained, as part of the different experimental tests, were fitted, with 

both unimodal and bimodal versions of the Van Genuchten model, using SWRC Fit software 

(Seki, 2007) or RETC software (Van Genuchten et al., 1991). 

The performance of the water retention model used, from time to time, was evaluated 

through the statisticians commonly used to quantify estimation accuracy: the coefficient of 

determination, R2, the root mean square error, RMSE, the maximum deviation, the Akaike 

information criterion, AIC. 

 

2.2.  Soil physical quality 

 
By determining the SWRC, several soil physical quality (SPQ) indices can be inferred. 

Doran et al., (1996) defined SPQ as “the ability of soil to perform multiple functions within 

the ecosystem and neighboring areas of differing use to sustain biological productivity, 

maintain environmental quality, and support plant and animal growth and health.” SPQ is 

affected by various factors, including soil structure, density, porosity, permeability, water 

retention capacity, pH, and organic matter content (Bondì et al., 2024, Appendix B). In turn, 

it influences the chemical and biological processes occurring in the porous medium (Dexter, 

2004). An agricultural soil of good physical quality must stably have a good structure, allow 

the anchoring of crops, limit erosion and compaction phenomena, promote root development 

and proliferation of soil fauna, and have a balanced content of air, water and nutrients.  

There are several parameters in the literature to assess SPQ. For example, Reynolds et al., 

(2002, 2003, 2009) proposed bulk density (BD), plant available water (PAWC), air capacity 
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(AC), macroporosity (Pmac), and relative field capacity (RFC). 

Dexter (2004), on the other hand, determined an index, namely the S-index, which is based 

on the value taken by the slope, S, of the soil water retention curve at its inflection point. 

The bulk density of dry soil, BD (g cm-3), expresses the ratio of the mass of the solid phase 

to the bulk volume of the sample (Hao et al., 2008). 

 

𝐵𝐷 =
𝑀𝑠

𝑉𝑏
                                                                (7) 

 

BD can be used as an indirect indicator of aeration and the ability to store and transmit water 

(Reynolds et al., 2008). It also influences soil permeability and porosity.                                                                                                                                       

The plant available water capacity, PAWC (cm3 cm-3), is: 

 

𝑃𝐴𝑊𝐶 = θ𝐹𝐶 − θ𝑃𝑊𝑃                                                  (8) 

 

in which θFC (cm3 cm-3) and θPWP (cm3 cm-3) are, respectively, the volumetric soil water 

content corresponding to the field capacity, (h = -100 cm), and the volumetric soil water 

content corresponding to the wilting point (h = -15000 cm). 

The air capacity, AC (cm3 cm-3), expresses the ability of the soil to provide the necessary 

aeration for root systems, and is equal to: 

 

𝐴𝐶 = θ𝑠 − θ𝐹𝐶                                                          (9) 

 

where θs (cm3 cm-3) represents the saturated soil water content.   

Macroporosity, Pmac (cm3 cm-3), expresses the soil's ability to promote drainage processes 

and root proliferation. It can be defined as: 

 

𝑃𝑚𝑎𝑐 = θ𝑠 − θ𝑚                                                     (10) 

 

where θm (cm3 cm-3) is the volumetric water content of the soil when only the matrix is 

saturated. 

Relative head capacity, RFC, is indicative of the ability of soil to store water and air in 

relation to overall porosity, expressed through θs, and is equal to: 
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𝑅𝐹𝐶 =
θ𝐹𝐶

θ𝑠
                                                          (11) 

 

Dexter's (2004) S-index is the slope of the soil water retention curve at its inflection point  

(S = tan ω, in Figure 11), that is, at the point where the curvature of the SWRC is zero (it 

changes from convex to concave). S is equal to: 

 

𝑆 =
ⅆ𝑤

ⅆ(ln(ℎ))
                                                            (12) 

 

The S-index theory is based on the premise that the shape of the SWRC is primarily governed 

by the structural porosity for matric potential values (h) ranging from saturation to the 

inflection point, and by the matric porosity for lower matric potential values. While the 

former pore domain can be influenced by soil management practices, including the use of 

amendments, the latter is largely determined by more stable soil characteristics, such as 

texture (Bondì et al., 2022, Appendix A). 

This index is easily and unequivocally determined, as it is based solely on the measurement 

of SWRC obtained by a drying process. Since S has a negative value, for practical purposes 

it is used in absolute value. 

 

 

Figure 11. The inflection point of a soil water retention curve (from Dexter and Czyz, 2007). 

 

Considering the VG model for the soil water retention curve, the pore volume distribution 

function, Sv(h), can be defined as the slope of the SWRC expressed as volumetric water 

content, θv (cm3cm-3), versus ln(h), and plotted against equivalent pore diameter, de (μm), on 

a log10 scale (Reynolds et al., 2009). 
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𝑆𝑣 =
ⅆθ

ⅆ(ln ℎ)
= −𝑚𝑛(θ𝑠 − θ𝑟)𝛼𝑛ℎ𝑛[1 + (𝛼ℎ)𝑛]−(𝑚+1)                       (13) 

 

The equivalent pore diameter, de, is estimated using the capillary rise equation (Warrick, 

2002). 

 

ⅆ𝑒 =
2980

ℎ
  ; h > 0 (cm); de (μm)                                           (14) 

 

The pore volume distribution function can be normalized, S*(h), by dividing Sv(h) by the 

magnitude of the slope at the inflection point, Svi. The normalized soil pore volume 

distribution, S*(h), is not influenced by bulk density or porosity, making it a useful method 

for comparing pore volume distributions between different porous materials being                     

0 ≤ S*(h) ≤ 1.  

Pore volume distributions can be characterized and compared by analyzing "location" and 

"shape" parameters (figure 12), where the location parameters include the modal diameter, 

dmode (µm), the median diameter, dmedian (µm), and the mean diameter, dmean (µm). The shape 

parameters include standard deviation, SD (-), that is indicative of the spread, skewness, SK 

(-), indicative of the asymmetry and kurtosis, KU (-), indicative of the peakedness (Reynolds 

et al., 2009). 

 

 

Figure 12. Example of normalized pore volume distribution (from Reynolds et al., 2009). 

 

The location parameters use de described in the form: 
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ⅆ𝜃 =  
2980𝛼

(θ
−

1
𝑚−1)

1
𝑛

                                                            (15) 

 

The median and modal de values, valid for the VG model, are given, respectively: 

 

ⅆ𝑚𝑜ⅆ𝑒 =
2980𝛼

𝑚−1∕𝑛
                                                            (16) 

 

ⅆ𝑚𝑒ⅆ𝑖𝑎𝑛 =
2980𝛼

(0.5−1∕𝑚−1)
1∕𝑛                                                   (17) 

 

The geometric mean de (dmean), standard deviation (SD), skewness, and kurtosis were 

adapted from the relationships outlined by Blott and Pye (2001) for describing particle size 

distributions, and are given by: 

 

ⅆ𝑚𝑒𝑎𝑛 = 𝑒𝑥𝑝 (
ln ⅆ0.16+ln ⅆ0.50+ln ⅆ0.84

3
)                                        (18) 

 

𝑆𝐷 = 𝑒𝑥𝑝 (
ln ⅆ0.84− ln ⅆ0.16

4
+  

ln ⅆ0.95− ln ⅆ0.05

6.6
)                                  (19) 

 

𝑆𝐾 =  
1

2
 [

ln ⅆ0.16+ln ⅆ0.84 −2(ln ⅆ0.50)

(ln ⅆ0.84−ln ⅆ0.16)
+  

ln ⅆ0.05+ln ⅆ0.95−2(ln ⅆ0.50)

(ln ⅆ0.95−ln ⅆ0.05)
]                   (20) 

 

𝐾𝑢 =  
ln ⅆ0.05−ln ⅆ0.95

2.44 (ln ⅆ0.25−ln ⅆ0.75)
                                               (21) 

 

where m = 1–1/n and d0.05, d0.16, d0.25, d0.50, d0.75, d0.84, d0.95, are equivalent pore diameters 

(μm) that can be obtained from the capillary rise equation (eq. 15) in correspondence with 

predetermined values of the soil saturation degree.  

The SD parameter quantifies the size range of equivalent pore diameters, or the "sorting" of 

pore diameters and it can take values within the range 1 ≤ SD < ∞. An SD value of 1 indicates 

that all pores are of the same diameter, while higher SD values reflect a broader range of 

pore diameters, indicating a lower degree of sorting. SK can take values between                   

−1≤ SK ≤ + 1, specifically, a SK value of 0 indicates a lognormal distribution, which is 

symmetrical on the log(de) scale. Negative SK values suggest an excess of small pores 

compared to a lognormal distribution, while positive values indicate an excess of large pores. 
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Lastly, KU falls within the range of value 0.41 ≤ KU < ∞. KU =1 corresponds to a lognormal 

distribution, values greater than 1 indicate a "leptokurtic" distribution, characterized by a 

higher peak at the center and more pronounced tails in the extremes compared to the 

lognormal curve. Conversely, values less than 1 indicate a "platykurtic" distribution, which 

is flatter at the center and has less pronounced tails in the extremes than the lognormal curve. 

The assessment of soil physical quality is based on comparing, for a given parameter, the 

measured value against one or more threshold values that distinguish between optimal, good, 

and poor-quality conditions (Reynolds et al., 2002, 2009; Olness et al., 1998; Dexter, 2004), 

shown in Table 1. 

 

 

Table 1. Optimal and poor values for soil physical quality (SPQ) parameters, as proposed in the literature. 

 

2.3. Effect of soil organic amendments on the SWRC 

 

Soil organic matter (SOM) is a dynamic component of soil, composed of detritus from both 

animal and plant origins at various stages of decomposition. SOM contributes to vital soil 

functions such as sustained biological activity, nutrient cycling, and crop productivity 

>1.30 (inadequate soil aeration)

<0.90 (inadequate plant anchoring)

Drewry et al., 2001

Drewry and Paton, 2005

<0.6 (“water limited” soil)

>0.7 (“aeration limited” soil)

Ku - 1.13 - 1.14 - Reynolds et al., 2009

˗0.43 to ˗0.41

-

-

Reynolds et al., 2009

Reynolds et al., 2009

d mode μm 60.0 - 140.0 - Reynolds et al., 2009

d median μm 3.0 - 7.0 - Reynolds et al., 2009

Reynolds et al., 2009-0.7 - 2.0μmd mean

SK

SD -

-

400 - 1000

Dexter, 2004

Dexter and Czyz, 2007
≤0.020

≤0.04

<0.10

Parameter Unit Optimal value Poor value References

<0.10
Drewry, 2006

White, 2006

Hall et al., 1977

Cockroft and Olsson, 1997

Olness et al., 1998

 Reynolds et al., 2007

RFC 0.6 - 0.7

AC >0.14

P mac ≥ 0.07

BD 0.9 - 1.2

cm
3
 cm

-3

g cm
-3

cm
3
 cm

-3

 Skopp et al., 1990

 Doran et al., 1990

S-index ≥ 0.050

PAWC ≥ 0.20cm
3
 cm

-3

-

-
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(Veum et al., 2014; Lal, 2021). The quantity and quality of organic matter directly affect 

numerous physical properties of the soil such as water retention capacity, porosity, and 

aeration (Dazzi, 2013). “Additionally, SOM is important to both soil structure and the 

potential for soil erosion, to sorption of mobile plant nutrients and retention of pesticides, 

and the CO2 balance between agro-ecosystems and the atmosphere” (Christensen et al., 

1997).  

Degradation of organic matter can compromise soil fertility and functionality, a phenomenon 

that can be caused by various anthropogenic disturbances, including intensive agricultural 

practices, soil tillage and compaction by agricultural machinery, deforestation, and 

waterproofing interventions (Bedolla-Rivera et al., 2023). This degradation affects the soil's 

physical, chemical, biological, and ecological components, leading to an overall decline in 

soil quality and potentially reducing its ability to support essential ecosystem functions and 

services (Albiach et al., 2001). 

To counteract this phenomenon, applying organic amendments could be one of the most 

effective agronomic practices. Indeed, it has been extensively proven that these amendments 

positively impact soil quality and improve water availability, which in turn leads to increased 

crop yields (Eden et al., 2017; Arthur et al., 2011; Kranz et al., 2020). Their application 

enhances soil structure, nutrient content, and moisture retention, ultimately contributing to 

more productive and resilient agricultural systems. The literature highlights a wide range of 

organic soil amendments available to improve soil water availability, including various types 

of animal manures, crop residues, tree leaves, grass clippings, food processing wastes, and 

sewage sludges, which can be residues or by-products of both agriculture and industrial 

processes (Magdof and Weil 2004). Peat, coir fiber dust, compost, and biochar, have been 

shown to significantly enhance the physical-chemical soil properties (Dong et al., 2022; 

Ibrahim et al., 2021; Ampim et al., 2010).  

Compost types encompass a variety of materials, including sewage sludge and municipal 

waste (Sadeghi et al., 2014), maize and sewage sludge (Glab et al., 2020), pruning waste 

(Benito et al., 2006), farm crop residues (Ibrahim and Horton, 2021), yard waste (Curtis and 

Classen, 2009), orange juice processing by-products (Palazzolo et al., 2019), as well as 

various mixtures of these materials. 

Glab et al. (2018) investigated the impact of adding co-composted mixtures of maize, 

sewage sludge, and biochar on the hydrological and physical quality of loamy sandy soil. 

Compared to the untreated control, the amended soil showed significant improvements in 
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physical properties with beneficial effects that were influenced by the compost application 

rate and the specific type of feedstock used.  

Castellini et al. (2022) evaluated the short- and medium-term effects of compost addition on 

the physical and hydraulic properties of a clay soil by considering three different compost 

application rates (T): fertilizer (T2 = 1.5 kg m-²), amending (T3 = 15 kg m-²), and organic 

(T4 = 75 kg m-²), all compared to a control (T1). Compost application at higher rates (75 kg 

m-² and 15 kg m-²) improved water retention and reduced bulk density in a clay soil, while 

at the lower dose (1.5 kg m-²) the effects were not significantly different from the control. 

Higher compost rates also increased AC and PAWC, while decreasing RFC and BD. 

Recently, vermicompost has been increasingly used as an organic soil improver, as it 

supports sustainable management practices and promotes the recycling of organic waste. 

Vermicompost, also called worm humus, is the result of the bio-oxidation and stabilization 

processes of organic material (e.g., food waste, horticultural waste, poultry droppings, food 

industry sludge, and so on) operated by earthworms, which makes it possible to obtain an 

organic material that is highly rich in humic acids thus representing a sustainable source of 

macro- and micro-nutrients. Several positive effects are documented in the literature, such 

as the constitution of a sustainable source of macro- and micro-nutrients (Zhao et al., 2017), 

promoting the survival of soil bacteria and reducing the number of soil fungi (Hou et al., 

2023), increase in total porosity (Hallam et al., 2021), improvement of water infiltration 

(Fischer et al., 2014), decrease in bulk density (Baghbani-Arani et al., 2021), improvement 

of water use efficiency (Ebrahimi et al., 2021). However, only a few studies have fully 

explored the effects of adding vermicompost on soil water retention (Ma et al., 2022). 

 

Pruning wastes have recently been utilized as organic soil amendment, though practical 

experience and studies in this area remain limited (Benito et al., 2006; Auteri et al., 2022). 

The pruning waste from cactus pear (Opuntia ficus-indica (L.) Mill.) paddles, resulting from 

agricultural activities, presents notable advantages due to its local availability, which 

contributes to its cost-effectiveness and sustainability. This species thrives in many semi-

arid regions and is highly widespread in Central America and the Mediterranean basin, 

currently resulting in the disposal of 13–15 t ha-1 of biomass per year (Enea, 2017).  

Cactus pear cladodes are succulent plant organs consisting of chlorenchyma, the outer layer 

in which photosynthesis occurs, and parenchyma, the innermost layer whose main function 

is to retain water. Both layers contain mucilage, a hydrocolloid that forms stable 

(honeycomb-like) lattices capable of holding large amounts of water. This feature allows 
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Cactaceae to thrive in harsh climatic conditions, making cactus pear an interesting and 

valuable agricultural by-product with potential as an organic soil amendment. 

 

A point that has not been investigated in detail is related to the effect of the soil water 

retention curve hysteresis on soil pore volume distribution functions and capacitive soil 

physical quality (SPQ) indicators. Generally, the estimation of these parameters has been 

conducted based on data θ(h) obtained from desorption experiments, under the simplified 

assumption that hysteresis can be neglected in field conditions, as its influence is often 

masked by heterogeneity and spatial variability (Haverkamp et al., 2002).  

The desorption SWRC reflects the soil's ability to store water and transfer it from wet to dry 

periods, across a relatively long-time scale. Instead, the adsorption SWRC, i.e., the soil water 

retention curve determined during a wetting process, can provide valuable insights into the 

soil's capacity to store water over shorter time scales related to the infiltration process. 

However, to the best of our knowledge, the wetting SWRC has never been employed to 

determine SPQ.  

With this premise, Bondì et al. (2022; Appendix A) investigated the reliability of capacity-

based indicators of SPQ and pore size distribution parameters in assessing the effectiveness 

of compost amendments on sandy loam soil. They evaluated the effects of water retention 

hysteresis on the estimation of SPQ. 

A 5-months-aged compost from orange juice processing wastes (75%) and garden cleaning 

(25%), previously sieved at 2 mm and dried, was mixed to a sandy-loam soil in 7 different 

proportions by weight: 0% (or soil without amendment), 10%, 20%, 30%, 50%, 75% and 

100% (or pure compost). Fourteen samples were prepared, and obtained by compacting the 

dry mass into metal cylinders with a diameter and height of 5 cm. 

A typical hysteretic behavior has been found in the wetting–drainage water retention curves, 

which has affected the estimation of capacity-based indicators of SPQ and pore volume 

distribution parameters of a sandy-loam soil amended with compost. Compost amendment 

was effective in modifying the soil pore distribution system as the water entry potential 

increased and the air entry potential decreased at increasing the percentage of compost. 

Therefore, compost has a positive effect on the hydrological and agronomic response of the 

soil, as it favors both water infiltration during wetting and water retention during drying, 

increasing in both cases the availability of water for crops as also detected by RFC and 

PAWC that increased with the percentage of compost added to soil.  
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Understanding the temporal persistence of the benefits of compost amendment is a crucial 

aspect for planning the most effective soil management practices. At this aim, a further 

investigation was conducted by Bondì et al., (2024; Appendix B) to evaluate the short-term 

effects of compost amendment on the physical and hydraulic properties of sandy loam soil. 

A total of forty-two samples were prepared according to the same procedure outlined in 

Bondì et al. (2022, Appendix A). In November 2021, soon after preparation, 14 samples, 

two for each mixture, were analyzed to determine the soil water retention curve at time M0. 

The remaining samples were placed directly on the surface of the extensive green roof plot 

at the University of Palermo, exposing them to atmospheric agents, and analyzed after six 

(M6) and twelve months (M12).  

Temporal variability affected all assessed SPQ indicators, revealing significant differences. 

The maximum benefits were noted in the first six months. In particular, the compost 

application dose negatively affected SPQ indicators related to macro- and mesoporosity, 

such as Pmac and AC, while positively influenced SPQ indicators linked to plant water 

availability, such as PAWC and RFC. Compost also reduced soil compaction and modified 

the porosity system, resulting in smaller and less heterogeneous pores, thus improving the 

soil's water retention capacity. 

In Castellini et al. (2024, Appendix C) the short-term effects of vermicompost addition on 

the water availability of five different textured soils, from sandy loam to clay loam, were 

analyzed. Soils were preliminary air-dried and sieved at 2-mm, mixed at 19 different 

amendment proportions by weight: from 0 (i.e., soil without amendment) to 43%. A total of 

95 repacked soil samples were prepared, compacting the dry mass into metal cylinders with 

a diameter and height of 5 cm. Preliminarily, the hydrophobicity of vermicompost was tested 

by the water drop penetration time, WDPT, test. It was found that the water repellency 

depended on the initial moisture conditions, being easily wettable at field capacity but 

strongly to severely hydrophobic at lower moisture levels. Anyway, soil water repellency 

was negligibly affected by vermicompost in real field conditions. 

Soil physical quality was effectively affected by vermicompost addiction with different 

results depending on soil texture: greater water availability for plants in coarse soils and a 

more balanced air/water ratio in fine soil. Minimal effects were found in the intermediate 

soil. 

A further study by Bondì et al. (2024, Appendix D) explores the impact of adding powdered 

cactus pear pruning waste (PCPPW) on the hydraulic properties of benchmark soils, aligning 

with the principles of a circular economy. Two soils with different textures (sandy loam and 
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clay loam), previously air-dried and sieved to 2 mm, were mixed in 13 different proportions 

of amendment by weight: from 0 to 50%. 26 repacked soil samples were prepared, 

compacting the dry mass into metal cylinders with a diameter and height of 5 cm. 

In both soils, bulk density significantly decreased with the increasing percentage of soil 

conditioner. Similarly, the drainable water content decreased as the amount of soil 

conditioner increased in both cases. In sandy loam, the PAWC increased to a maximum of 

0.26 cm³cm-³ with a content of r = 20%. A similar trend was observed in clay loam, where 

the maximum PAWC of 0.23 cm³cm-³ corresponded to content of r = 30%. 
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3. Hydrological cycle: theory and modeling 

 
The water present in the terrestrial globe describes a closed cycle, called the water cycle or 

hydrological cycle. It originates from the continuous water flow between the land and the 

atmosphere, during which it undergoes state transformations and qualitative changes while 

keeping its global mass constant in practice. The water cycle consists mainly of three phases: 

precipitation, evapotranspiration, and condensation (Paci, 2011). The energy contribution of 

solar radiation activates the processes of formation and transport of steam, the formation of 

runoffs from precipitation is, on the other hand, a process of an essentially gravitational 

nature.  

The hydrological balance constitutes the mathematical schematization of the principle of 

conservation of mass that is, a quantitative evaluation of natural flows and stocks in the 

different forms (liquid, solid, gaseous) in which water manifests itself in its cycle on earth, 

(Munafò, 2022). 

Therefore, in a given time interval the change in water content stored in a given volume of 

soil must be equal to the difference between water inputs and losses: 

 

𝛥𝑊 = 𝑊𝑖𝑛 − 𝑊𝑜𝑢𝑡                                                         (22) 

 

The hydrological balance is regulated by several variables (precipitation, atmospheric 

humidity, solar radiation, wind, soil, vegetation) and can be schematized through the 

following equation: 

 

Δ𝑊 = (𝑃 + 𝐼 + 𝑈) − (𝑅 + 𝑆 + 𝐸 + 𝑇)                                     (23) 

 

where ΔW is the change in water content in the active layer of soil explored by the roots, P 

is the precipitation water, I is the water supply through irrigation, U is the capillary rise, R 

represents the surface runoff, S is the amount of water that is loss by deep percolation 

(drainage), E is the evaporation from the soil, T is the transpiration by vegetation. All 

variables are expressed, for the time interval considered, in terms of volume per unit area 

(mm). 

In the traditional approach to soil water balance modeling, the complex dynamics of water 

movement and distribution within the soil profile are overlooked. This approach typically 

models the soil as a static reservoir, representing water storage by a simple range between 
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two fixed limits. The permanent wilting point, generally assumed as the volumetric water 

content corresponding to h = -150 m, defines the lower boundary, which is the minimum soil 

moisture level at which plants can no longer extract water, leading to physiological stress 

and, ultimately, wilting. The upper boundary is determined by the field capacity, generally 

assumed as the volumetric water content corresponding to h = -1 m, represents the maximum 

amount of water soil can hold after gravitational drainage ceased. Therefore, this constitutes 

a one-dimensional approach, in which water flows are predominantly vertical. The 

Thornthwaite reservoir model (Thornthwaite, 1948) represents the first complete and 

formalized hydrological balance.  

Afterward, the reservoir model gained traction and has been included in the FAO’s 

guidelines for estimating crop evapotranspiration under conditions of water stress, as 

outlined in FAO Irrigation and Drainage Paper No. 56 (Allen et al., 1998). This approach 

has also been incorporated into the AquaCrop model, which simulates the effects of water 

availability on crop growth and performance.  

More recently, a reservoir model concept has been adopted by Kasmin et al. (2010), who 

proposed a process-based rainfall-runoff model for simulating retention and detention in a 

green roof (figure 13). Rainfall retention refers to the permanent removal of stormwater, 

while runoff retention refers to the transient storage of rainfall (De Ville et al., 2017). 

 

 

Figure 13. Schematization of the reservoir model (from Kasmin et al., 2010). 

 

The Kasmin model is developed to estimate the temporary water storage capacity of a green 

roof by employing a straightforward storage routing approach, the equation for which is 

outlined below: 

 

ℎ𝑡 = ℎ𝑡−1 + 𝑄𝑖𝑛𝑡𝛥𝑡 − 𝑄𝑜𝑢𝑡𝑡𝛥𝑡                                     (24) 
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in which Qin and Qout represent, respectively, the flow of rainfall into and out of the growing 

medium layer, and h represents the stored moisture depth. Qout is given by: 

 

𝑄𝑜𝑢𝑡𝑡
= 𝑘ℎ𝑡−1

𝑛                                                       (25) 

 

in which k and n are the reservoir routing parameters, representing the scale and exponent, 

respectively. In eqs. (24) and (25), h is expressed in mm, Q in mm min-1, while k is expressed 

in mm(1-n) min-1 and n is a dimensionless parameter.  

 

3.1. Hydrological behavior of a green roof 

 
The hydrological behavior of a green roof is strongly conditioned by the water holding 

capacity, i.e. the ability to temporarily store incoming rainwater, resulting in a delay and 

reduction of the peak flood output. The water holding capacity of a green roof is a significant 

aspect of the potential contribution of green infrastructure to stormwater management (Yio 

et al.,2013). It is a phenomenon conceptually analogous to that of "lamination" exerted by a 

storage capacity. 

The water holding capacity can be estimated using physically-based models (e.g.: 

HYDRUS-1D) based on an accurate hydrological parameterization of the stratified system 

consisting of the crop growth substrate and the underlying drainage element, or it can be 

determined experimentally through simulated rainfall tests. The latter possibility has been 

analyzed and studied in the framework of the present thesis. 

 

To this end, several green roof microcosms were constructed using cylindrical samples with 

a diameter of 20 cm. These were created by combining various commercial substrates with 

different drainage systems. 

The meteoric events were simulated using an experimental installation consisting of two 

load cells for the continuous monitoring of the water content of the microcosm and for the 

measurement of the drainage volume and by a needle rain simulator (figure 14). 
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Figure 14. Experimental installation: at the top the needle simulator, on the counter, and at the bottom the two 

load cells for measuring the water content and volumes drained from the microcosm of the green roof. 

 

The two load cells (AZ 0-10) used are of the preamplified type with 0-10 Vdc output signal 

and full scale of 100 kg (measurement error on the f.s. ≤ ± 2%). The signal acquisition was 

carried out automatically through a CR1000 datalogger, manufactured by Campbell 

Scientific® (figure 15). 

 

  

   
Figure 15. Load cell and acquisition system. On the right the experimental calibration report for cell no. 1. 

 

The calibration report allows the electrical output signal to be transformed into a weight 

value. For the experimental determination, masses of known weight in the range 0 - 60 kg 

were used, detecting the corresponding voltage value (mV) at the output of the datalogger. 
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The relationship between the two quantities was linear with the values of the coefficient of 

determination R2 = 1 and the value of the Root Mean Square Error (RMSE) less than 0.017 

kg. The calibration reports for the two cells were as follows: 

 

Cell n.1                                      y = 1.84431x + 0.21724                                                  (26) 

 

Cell n.2                                      y = 1.8881x - 0.0085                                                       (27) 

 

The rain simulator consists of an airtight chamber, fed by a height-adjustable loading tank 

(figure 14), on the bottom of which there are n = 45 hypodermic needles, distributed over an 

area of 314 cm2. The diameter of the drop can be adjusted by varying the size of the needles. 

In the case in question, 22 G-type needles with a nominal external diameter of 0.7 mm were 

chosen. 

The calibration of the simulator was carried out preliminarily, to determine the relationship 

between the rainfall intensity, i (mm h-1), and the water head established in the loading tank, 

H (cm). The previously calibrated No. 1 load cell was used for the measurement of rainfall 

intensities.  

Several tests were carried out in which increasing/decreasing sequences of water heads (0 < 

H < 12 cm) were applied to explore rainfall intensity values up to 180 mm h-1. The explored 

range of rainfall intensity includes the maximum rainfall intensity in the duration of 10 min 

recorded in the period 2002-2021 for the Palermo area (figure 16).  

The calibration report was linear with a coefficient of determination, R2, equal to 0.9986. 

 

Figure 16. Maximum rainfall intensity (mm h-1) for the duration of 10 min recorded in the period 2002-2021 

at Palermo Uditore weather station managed by Sistema Informativo Agrometeorologico Siciliano (SIAS). 
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Through simulated rainfall experiments, Bondì et al. (2023, Appendix E) evaluated the 

hydrological response of a volcanic medium, VM, derived from ash deposition following 

recent volcanic eruptions of Mount Etna (Italy). Owing to its lightweight properties and 

sustainability, this material seems well-suited for the development of "engineered soils" that 

can serve as substrates for green roofs. Simulated rainfall experiments were carried out on 

microcosms (V ≈ 3000 cm3) to evaluate the detention and retention capacities of the VM 

under dynamic conditions. Three drainage layers were considered: a preformed stratified 

system called "MediDrain MD 25" (MD), a layer of expanded clay balls (EC), and a mineral 

layer consisting of expanded perlite (EP). The microcosms underwent infiltration tests with 

a constant rainfall intensity of 60 mm h-1, applied for one hour. The first rain event was 

conducted on an air-dried sample to assess the hydraulic performance of a green roof under 

very dry summer conditions. A second rain event, conducted 24 hours later, aimed to 

investigate the hydrological response of the green roof under wet conditions, approaching 

field capacity. Furthermore, to enhance the physical and hydraulic properties of the VM, the 

particle size distribution was adjusted by artificially increasing or decreasing the coarse 

fraction, and the effects on pore size distribution were evaluated from the experimental 

assessment of SWRC. 

Under initial dry conditions, the green roof was able to detain between 19.3% and 46.0% of 

the total rainfall, consistent with findings reported in the literature. The delay in the runoff 

formation was found to be maximum, i.e. 0.38 h, for the VM-EC combination. When starting 

from initially wet conditions, the detention capacity decreased but still accounted for 

approximately 10% of the total rainfall. Finally, reducing the coarse fraction of the VM 

decreased macroporosity and increased mesoporosity, thereby improving the drainable 

water capacity, which positively impacted the substrate's detention capacity. 

In conclusion, VM can be considered an effective and sustainable mineral component that, 

when combined with organic materials such as compost or peat, forms an ideal substrate for 

extensive green roofs in Mediterranean climates. 
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4. Hydraulic conductivity of green roof substrates 
 
A crucial property of a green roof substrate is its hydraulic conductivity. Hydraulic 

conductivity, K (m s-1), expresses the substrate's ability to transmit water. 

The saturated hydraulic conductivity of porous media governs the partition of rainfall into 

infiltration and surface runoff, playing a crucial role in effective stormwater management by 

directly influencing the substrate’s detention capacity and its rate of water absorption and 

retention. 

It primarily depends on the geometry of the pores, including their size, shape, and 

interconnections, as well as the soil's water content (Hillel, 1998). 

When the soil is fully saturated, meaning all pore spaces are filled with water, the hydraulic 

conductivity reaches its maximum value, known as saturated hydraulic conductivity, Ks. 

This condition represents the soil's highest potential for water transmission, as the 

continuous liquid phase allows for the most efficient water flow. Thus, Ks constitutes a key 

parameter for describing water fluxes and solute transport within the soil (Rienzner and 

Gandolfi, 2014). 

However, in most cases, the soil is only partially saturated. Under these conditions, the 

conductivity decreases, as air fills some of the pore spaces, disrupting the continuity of the 

water flow. The hydraulic conductivity of partially saturated soil is thus dependent on its 

moisture content, which varies with environmental conditions such as rainfall, evaporation, 

and plant uptake. As the water content decreases, and consequently the soil’s matric 

potential, h, drops, hydraulic conductivity decreases due to the draining of larger pores.  

Typically, under saturated conditions, K is higher in coarse-textured soils and/or highly 

porous, or well-aggregated soils, while it is lower in fine-textured, compacted, and dense 

soils. However, due to the sorting of conductive pores, the unsaturated hydraulic 

conductivity of a coarse soil may drop well below that of a fine soil at water contents close 

or below the field capacity.  

Accurate estimation of hydraulic conductivity is crucial for simulating water flow by 

physically based models, like HYDRUS model, which solves the non-linear Richards 

equation (1931) for water fluxes into the vadose zone (Haverkamp et al., 1994). 
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4.1. Methods  
 

Among the multiple methods available for measuring soil hydraulic conductivity, which 

vary on the basis measurement scale (laboratory vs. field), the geometry of flux (1D vs. 3D) 

and the flow process (steady-state vs. transient), the focus has been put on three techniques: 

the MiniDisk Infiltrometer (MDI), the evaporation method, and steady-state unit hydraulic 

gradient (UHG) method. 

The MDI, manufactured by Decagon (Decagon Devices, Inc., Pullman, WA), is a simple, 

cost-effective, portable miniaturized tension infiltrometer, making it highly practical for 

field use. It enables fast and accurate measurements, providing valuable data on soil water 

movement without the request for complex equipment or extensive setup.  It needs small 

amounts of water, approximately 135 mL, to function, which makes it particularly efficient 

and suitable for field settings where water resources may be constrained. The MDI is handy 

for studying water infiltration in soils, offering insights into the hydrological behavior of 

various substrates in real-world conditions.  

It consists of a single plexiglass tube, approximately 3 cm in diameter and 30 cm in height, 

divided into two chambers by a sealed partition (figure 17). The upper chamber, or bubble 

chamber, controls the pressure head via a suction control tube, while the lower chamber, or 

water reservoir, is designed like a graduated cylinder, and contains 95 mL of water, which 

infiltrates into the soil at the selected pressure head, h,  through a porous sintered stainless-

steel disk, with a diameter of 4.5 cm, located at the bottom of the infiltrometer (figure 17). 

To ensure proper hydraulic connection between the disk and the soil, a layer of contact fine 

material is often placed beneath the infiltrometer. 

When the MDI is placed on the soil surface, the rise of the first air bubble into the reservoir 

indicates the start of the infiltration process. Following a transient phase, where the 

infiltration rate initially decreases, the flow stabilizes, reaching a constant steady-state 

infiltration rate, is (mm h-1). The water flow rate is then monitored by observing the water 

level on the graduated scale of the reservoir. 
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Figure 17. Scheme of MiniDisk Infiltrometer (by Decagon Devices, Inc., Pullman, WA). 

 

The evaporation method, also referred to as the Wind method (Wind, 1968), is a well-

established and extensively applied technique for simultaneously determining the hydraulic 

conductivity and the water retention properties of unsaturated soils in the matric potential 

range of 0 to -8 m. 

The experimental setup consists of a precision balance for determination of the sample's 

weight, along with two or more porous microtensiometers, with a diameter between 2 and 6 

mm, connected to pressure transducers for the measurement of matric potential. 

Additionally, the system includes an automated data acquisition and recording system, 

ensuring precise and continuous monitoring of the experimental parameters throughout the 

testing process (figure 18). 

The experiment involves subjecting a soil sample, initially saturated or nearly saturated, to 

a controlled evaporation process. Following saturation from below, the sample is allowed to 

drain freely for a minimum of twelve hours, with the upper end covered to prevent 

evaporation (Bagarello and Iovino, 2010). It is recommended to initiate the experiment at a 

matric potential slightly below zero, as this ensures the continuity of the air phase within the 

sample (Wendroth et al., 1993). The sample is sealed at the bottom and placed on the 

balance, with the top surface exposed to the atmosphere. 
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It is important to consider that the evaporation process occurs at a rate influenced not only 

by the hydraulic properties of the soil but also by the environmental conditions under which 

the test is conducted. For this reason, it is recommended to conduct the experiment under 

controlled temperature and humidity conditions to make the results from different samples 

comparable. 

 

Figure 18. Experimental setup for the Wind evaporation method (from Autovino et al., 2024). 

 

During the transient phase, simultaneous measurements are taken at various time intervals 

to monitor both the matric potential at different depths and the total water content of the 

sample. The analysis of the measurements is conducted in two stages: first, the water 

retention curve, θ(h), is determined using an iterative procedure considering the sample 

weight and the average pressure head readings of the microtensiometers, and then the 

hydraulic conductivity function, K(h), is calculated through a modified version of the 

instantaneous profile method, which assumes knowledge of the average water content of the 

entire sample, ensuring a comprehensive characterization of the soil's hydraulic properties. 

 

The steady-state unit hydraulic gradient (UHG) method enables the laboratory determination 

of hydraulic conductivity near saturation. A steady-state water flow condition is established 
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in a soil sample which is subjected to the same predetermined pressure head value at both 

the surface and the bottom of the soil sample.  

The equipment described by Bagarello et al., (2007) was utilized. The lower end of the 

sample is placed in contact with a porous ceramic plate having an air entry value of −400 

mm, connected to an outflow tube (figure 19), which can be adjusted in height to ensure a 

uniform distribution of the pressure potential along the sample, i.e., unitary hydraulic 

potential gradient. The upper pressure head is maintained by the porous disk of a tension 

infiltrometer device. As a result, the flow occurs solely due to gravity. Under steady-state 

conditions, the sample hydraulic conductivity is equal to the flow density measured a the 

tension infiltrometer reservoir. 

 

 

Figure 19. Experimental setup for the steady-state unit hydraulic gradient (UHG) method (from 

Bagarello et al., 2007). 

 

The assumption is that, under steady-state conditions, the pressure head remains constant 

along the vertical axis and over time, allowing the measured value of K to be associated with 

an unequivocally determined value of h. The knowledge of the soil water retention curve, 
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independently determined for the same soil, enables the association of the measured K value 

with the corresponding volumetric water content of the soil, θ. 

 

4.2. Hydraulic characterization of commercial substrates for green roofs 

 
Two commercially available substrates for green roof realizations, Terra Mediterranea 

(TMT) and AgriTERRAMR (ATV), produced respectively by Harpo Verdepensile (Harpo 

spa, Trieste, Italy) and Perlite Italiana srl (Corsico, Milan, Italy), were hydraulically 

characterized in a study conducted by Autovino et al. (2024, Appendix F). The first 

substrate is composed of a mixture of 80% mineral materials, including lapillus, pumice, and 

zeolite, and 20% organic materials, such as peat and compost. The second substrate 

comprises a mineral fraction (75–80%) that includes lapillus, pumice, and expanded perlite, 

while the organic fraction (20–25%) consists of peat, bark, coconut fiber, and organic 

conditioners.  

The water retention curve, θ(h), and hydraulic conductivity curve, K(h), were determined 

using a laboratory procedure consisting of a transient evaporation experiment combined with 

a steady-state UHG test.  

Both direct and inverse estimations of K() and (h) relationships in the form of unimodal 

or bimodal Van Genuchten (VG) models were performed. For the numerical inversion of the 

transient evaporation experiments, Hydrus-1D was applied. 

The results highlighted that the evaporation method, whether direct or inverse, is inadequate 

for estimating the near-saturated hydraulic conductivity of heterogeneous pore media like 

the substrates under study.  

A significantly more accurate description of the K(h) function was achieved only when the 

inverse method was coupled with UHG data and the bimodal VG model was considered. 

 

4.3. Effect of aging on a commercial substrate for green roofs   
 

Hydraulic conductivity exhibits significant spatial and temporal variability, even in areas of 

limited surface extent, stemming from a complex interaction of factors that influence water 

movement through porous media (Bagarello and Iovino, 2010; Deb and Shukla, 2012). 

According to Nielsen et al. (1973), hydraulic conductivity is primarily influenced by intrinsic 

factors related to soil formation, affecting long-term variability, and by extrinsic factors such 

as land use and management practices, which typically drive short-term changes. Intrinsic 
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variability, driven by pedogenesis, is often characterized by regionalization, with nearby 

areas exhibiting greater similarity than those located further apart (Dane and Topp, 2002). 

In contrast, extrinsic variability can manifest more rapidly and may not follow a regionalized 

pattern. Among the extrinsic factors, fluctuations in moisture content are significant, as they 

alter the degree of saturation within the soil or substrate, thereby affecting its permeability. 

Additionally, changes in pore structure play a crucial role in determining hydraulic 

conductivity. For instance, root growth can lead to local compaction, thereby reducing pore 

volume, whereas the decay of dead roots can create channels that increase pore space, 

enhancing hydraulic conductivity (Schwen et al., 2011). The process of self-filtration, 

involving the mobilization and re-deposition of particles within the porous medium, can lead 

to a more compact and less conductive lower layer (Dikinya et al., 2008).  

Environmental conditions, such as temperature, precipitation patterns, and seasonal cycles, 

also contribute to dynamic variations of soil hydraulic conductivity.  

Aging of a green roof substrate, marked by the gradual degradation of its physical, chemical, 

and biological properties, alters its hydraulic conductivity, leading to reduced water retention 

and detention capacity due to compaction, changes in porosity, nutrient depletion, and 

organic matter accumulation, ultimately compromising the roof’s efficiency in stormwater 

management (Berndtsson, 2010). In their comprehensive review of green roof literature, Li 

and Babcock (2014) found that few studies have examined the impact of green roof aging 

on hydrological performance, a gap partly due to the lack of long-term data and the influence 

of climatic variability on observed changes. 

Therefore, all these factors must be carefully considered when assessing the hydraulic 

behavior of such systems. An accurate assessment is essential to understand how the 

substrate performs under different humidity conditions and to optimize its performance in 

various climates and operative scenarios. 

 

It is in this context that the study conducted by Bondì et al. (2023, Appendix G) fits in, 

aiming to address the knowledge gap regarding the processes underlying the short-term 

changes in green roof detention capacity. The study was conducted in the extensive green 

roof plot established at the University of Palermo established in 2019. This plot was 

constructed using the Terra Mediterranea (TMT) supplied by Harpo Verdepensile (Harpo 

spa, Trieste, Italy), the same commercial substrate characterized by Autovino et al., (2024, 

Appendix F). Seasonal variations in the saturated and near-saturated hydraulic conductivity, 

corresponding to h values of -0.5 and -3.0 cm, were investigated using the MiniDisk 
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Infiltrometer (MDI), which allows for a relatively simple, rapid, and cost-effective 

measurement of the infiltration rate with minimal disturbance to the surface layer, also 

preserving the functional connection of the conductive pore system with the surrounding 

medium. 

Field infiltration experiments were conducted on the experimental plot in December 2017 

(T0), October 2018 (T1), and summer 2022 (T2) to assess short- and long-term variations in 

infiltration characteristics. The steady-state infiltration rate, is (mm h⁻¹), was estimated from 

the slope of the regression line fitted to the linear portion of the cumulative infiltration, I 

(mm), versus time, t (s), curve. A minimum of five consecutive data points for I vs. t were 

used for the regression. From T0 to T1, is increased by a factor of 2.4 under near-saturated 

conditions and by a factor of 1.9 under quasi-saturated conditions.  

From measurements of bulk density and texture carried out at the same time, at different 

depths of the substrate, it was possible to ascertain that the increase in infiltration speed is 

attributable to the washing away of the finest particles from the surface of the substrate 

towards the deeper layer. After five years (T2), the hydraulic characteristics of the substrate 

continue to evolve, although at a reduced rate. Specifically, the steady-state infiltration rate 

under unsaturated conditions tends to decrease, approaching values closer to those observed 

at the beginning (is = 51.9 mm h-1 for T2 versus is = 37.5 mm h-1 for T0). In contrast, the 

steady-state infiltration rate under saturated conditions continues to increase, reaching 

approximately twice the initial value (is = 267.7 mm h-1 for T2 versus is = 147.8 mm h-1 for 

T0). 

The experiment detected changes in the steady-state infiltration characteristics of the 

growing substrate resulting from particle self-filtration induced by rainfall.  

Over the lifespan of the green roof, the contribution to flow from macropores (larger than 1 

mm) increases, while that from smaller pores decreases, due to pore occlusion caused by 

root development and hydrophobicity from vegetation exudates and decaying materials. 
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5. Conclusions  

The increasing spread of soil sealing has significantly disrupted the natural hydrological 

processes of water infiltration and interception by vegetation. This has led to a rapid 

transformation of rainfall into surface runoff, typically diverted entirely into urban drainage 

systems. Soil sealing also contributes to the loss of organic matter, a critical component for 

maintaining soil health and productivity. In Mediterranean regions, this phenomenon has 

been a driving force behind disastrous events caused by intense rainfall. Addressing this 

issue requires urgent attention and the implementation of sustainable urban planning 

practices to mitigate the environmental and societal risks associated with altered 

hydrological processes. In urban environments, green infrastructures (GI) are an increasingly 

sought-after solution for enhancing the resilience of urban areas by capturing and regulating 

runoff. However, one of the key challenges in its implementation is the selection of an 

appropriate substrate, which is critical to its overall effectiveness and sustainability. 

The main objective of this thesis was to investigate the hydraulic properties of the substrate 

through a comprehensive, multiscale methodological approach, specifically focusing on the 

water retention curve and hydraulic conductivity function, both of which influence the 

hydrological response of green roofs being closely connected to, respectively, the substrate’s 

retention and detention capacities. The retention capacity refers to the substrate's ability to 

permanently store incoming rainwater whereas the detention capacity pertains to transient 

storage of rainfall. Both of them contribute to delaying and reducing peak flow of stormwater 

events. 

 

In the first part of the thesis, the effects of various organic soil amendments derived from 

agricultural by-products, such as compost, vermicompost, and pruning residues, were 

evaluated with regard to soil water retention curves and soil physical quality. All the 

amendments studied demonstrated a positive impact on the hydraulic properties of the 

substrates. As found in the Appendix A, , the incorporation of compost effectively alters, in 

the short term, the pore distribution of sandy loam soil with an increase of the fraction of 

structural porosity (i.e.,macropores) and a decrease ofthe fraction of textural porosity (i.e., 

micropores). This amendment positively impacts the soil's hydrological and agronomic 

responses by promoting water infiltration during wetting and retention during the drying 

process, thereby increasing water availability for crops. From Appendix B it can be deduced 

that all SPQ indicators were affected by temporal variability with the maximum benefits that 
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were obsereved in the first six months of application. Specifically, indicators linked to the 

macro- and mesoporosity (Pmac and AC) decreased with the compost amendment dose 

whereas indicators linked to plant water availability (PAWC and RFC) increased. 

Furthermore, compost has reduced, over time, soil compaction and modified the porosity 

system, resulting in smaller and less heterogeneous pores, thus improving the soil's water 

retention capacity. 

Vermicompost also positively influenced the physical quality of five amended soils of 

varying textures (from sandy loam to clay loam) studied in Appendix C, with effects 

differing by soil texture. Specifically, it increased water availability in coarse-textured soils 

and improved the air-to-water ratio in fine-textured soils, while minimal and not statistically 

significant results were observed in soils of intermediate texture. Vermicompost also 

exhibited hydrophobicity that depended on the initial moisture conditions; it was found to 

be wettable at field capacity but strongly hydrophobic when air-dry. However, when 

incorporated into soil even at the highest application ratio (r = 43%), vermicompost 

minimally influenced hydrophobicity thus concluding that its effect on water availability can 

be considered negligible in practice. 

As illustrated in Appendix D, the amendment with the powdered cactus pear pruning waste 

was investigated in the perspective of a circular economy approach aiming at reusing the 

residues of crops widespread in Sicily. It effectively reduced the bulk density of both 

amended sandy loam and clay loam soils and increased the water availability for plants, 

enhancing the overall soil quality for cultivation. 

The selection of the soil amendment, its optimal dosage, and the timing of applications 

should carefully consider soil texture and the temporal variability of its beneficial effects, 

which tend to diminish over time. Furthermore, each soil improver has shown the capacity 

to enhance one or more physical quality parameters of the soil while potentially being less 

effective for others. 

In conclusion, all these findings underscore the potential of organic amendments to 

significantly enhance the soil structure and improve water retention.. Their short-term effects 

offer valuable insights for increasing the fraction of water available for crops in arid 

environments or during extended dry periods, such as those that occur in the summer months 

of the Mediterranean regions. 

 

In the second part of the thesis, the hydrological behavior of the green roof substrate was 

assessed, focusing on its retention and detention capacities. Particular attention was given, 
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in Appendix E, to evaluating the hydrological response of a volcanic medium collected from 

street sweeping on Mount Etna. This material, which meets the principles of a circular 

economy, demonstrated a favorable hydrological behavior under different types of drainage 

layer and initial moisture conditions.  Therefore, it can be recommended as an effective and 

sustainable choice for the mineral component of a green roof substrate in Mediterranean 

climates, especially when it is combined with a well-balanced mixture of organic materials 

such as for example, those considered in this thesis: compost and vermicompost.   

 

The last part of the thesis is focused on the laboratory and field determination of the substrate 

hydraulic conductivity which is closely linked to the detention capacity of a green roof. An 

accurate experimental determination of the hydraulic conductivity curve, K(h), was found 

to be highly dependent on the laboratory methodology and the data fitting model applied. In 

Appendix F, it is demonstrated that combining several techniques, in this case, the UHG 

method with the inverse evaporation method, yields the highest accuracy. 

Hydraulic conductivity is a dynamic property of the porous medium that may be influenced 

by environmental conditions such as temperature, precipitation patterns, and seasonal cycles. 

The assessment of seasonal variations in saturated and near-saturated hydraulic conductivity, 

conducted in Appendix G, highlighted short-term changes in the steady-state infiltration 

characteristics of the growing substrate. These changes were attributed to the particle self-

filtration induced by rainfall and to the reduction in the bulk density of the upper layer, 

overall resulting in a more conductive porous medium. After five years of green roof 

operation, field conductivity did not increase further, indicating that the washout/clogging 

process was either completed within a season or counteracted by other processes, such as 

root development and hydrophobicity. 

Field monitoring of infiltration is an essential tool for detecting changes in water detention 

properties, which could compromise the environmental benefits of green roofs by reducing 

stormwater mitigation and water storage capacity. 

 

In conclusion, the set of results obtained in this thesis contribute to move forward the 

knowledge on the hydraulic functioning of growing substrates for urban green infrastructure. 

A thorough assessment is essential to understand the substrate's behavior under varying 

moisture conditions and optimize its performance across different climates and operational 

scenarios. Organic amendments have proven to be highly effective in enhancing the overall 

physical quality of the soil and mitigating the loss of soil organic matter. Their performance 
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can be further optimized by incorporating strategically selected mineral components to 

improve the substrate's hydrological response. However, a deeper understanding requires 

further investigation, particularly on the influence that plants may play in the hydrological 

response of green roofs. 
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