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ABSTRACT

The terraced cultural landscape of the Cinque Terre has experienced a marked acceleration in
geo-hydrological instability phenomena over the last decades. This critical trend is attributed to
a synergistic convergence of two primary factors: changes in the pluviometric regime, directly
correlated with climate change, and the abandonment of traditional cultivation practices, which
historically concurred to the balance between human activity and geomorphological slope
processes. The resulting instability, which manifests as both large-scale collapses and localised
failures of the dry-stone wall terrace systems, not only compromises land safety but also
threatens the integrity of the landscape, which is recognised by UNESCO as a World Heritage
Site.

The stability of the terraced slopes of the Cinque Terre has been the subject of numerous
scientific studies, which have mainly investigated the factors influencing the triggering of
rainfall-induced shallow landslides at the basin scale. While these contributions have broadened
knowledge on the resilience of these human-modified slopes using innovative methodologies
for susceptibility assessment and post-event analysis, they highlighted a persistent gap in the
literature. Specifically, there is a lack of studies that have analysed in detail and quantitatively
the interrelationships between hydrological conditions, land use, and other influencing factors.
A deep understanding of these dynamics is essential for accurately defining the factors driving
slope instability and for developing effective and targeted mitigation strategies, which are
crucial for counteracting the progressive degradation of this invaluable cultural landscape.

To this end, the present study, using data retrieved from the "Stone Wall for Life" project's
activities, aims at filling this gap by adopting a quantitative multi-scale approach to investigate
the factors and conditions that influence the terraced slope stability, with a specific focus on the
role of vegetation. The multi-scale methodological approach involved numerical modelling
conducted on three experimental sites that exhibit varying land-use conditions (i.e., cultivated
and abandoned scenarios). The study involved a preliminary stability analysis aimed at
quantifying the influence of slope-scale stability factors through a shear strength reduction
analysis. This preliminary analysis identified the characteristics of the material at the dry-stone
wall foundation as an important controlling factor of the slope stability. Subsequently, the
research proceeded towards a detailed local-scale investigation, focused on individual dry-stone
wall terrace systems. To construct robust numerical models, in-situ hydrological and
mechanical monitoring data collected in the frame of the "Stone Wall for Life" project were

used. The models enabled flow analyses, stability analyses, and notably, coupled flow-




deformation analyses. The flow analyses, integrated with stability analysis, allowed for the
validation of the hydrological model and the definition of the factors regulating dry-stone wall
stability and their relationship with the phases of the hydrological cycle (i.e. drying and wetting
phases). The coupled flow-deformation analysis was fundamental for the validation of the
mechanical model, enabling the comparison between numerically simulated horizontal stresses
acting on dry-stone wall and those recorded in situ. This validation was essential for
investigating the role of vegetation in terms of compressive stress regime that develops at the
interface between the dry-stone wall and the backfill. The innovative aspect of this work lies in
the analysis of the contribution of vegetation to soil stability, which was modelled exclusively
through the increase in soil resistance produced by suction generated by plant roots following
evapotranspiration process. The obtained results provided useful contributes for the definition

of evidence-based landslide risk mitigation strategies.




CHAPTER 1 - INTRODUCTION

1.2 STATE OF THE ART

Climate change is redefining geohydrological dynamics in many coastal regions, and the
Cinque Terre (NW Italy) is no exception. Indeed, in recent decades, there has been a gradual
increase in global precipitation and temperatures (Climate Data, 2021; Dastgerdi et al., 2022),
leading to a higher frequency of flooding, landslides, and soil erosion events (Seneviratne et
al., 2012; Watts et al., 2021). Such events exemplify the stability problem of the terraced
structures that dominate the UNESCO landscape of the Cinque Terre, a century-Old Testament
to the invaluable relationship of coexistence between humans and the environment.

Therefore, this paragraph aims to explore the state of the art of studies focused on understanding
and mitigating the impacts of these phenomena on the territory, analysing the most innovative
investigation methodologies.

Recent variations in rainfall patterns and their impact on the Cinque Terre region have been the
subject of in-depth scientific investigations, particularly following the extreme rainfall event
occurred on October 25, 2011. This event, which affected eastern Liguria and northern Tuscany,
recorded exceptional cumulative precipitation (up to 539 mm/24 h at Brugnato and 382 mm/24
h at Monterosso al Mare), characterized by an estimated return period exceeding 100 years
(Cevasco et al., 2013; D’Amato et al., 2013, Brandolini et al., 2018). The event triggered
thousands of shallow landslides, widespread erosional and depositional processes, and
numerous flash floods. The consequences were catastrophic, resulting in 13 fatalities, the
evacuation of approximately 1200 people, and severe infrastructural damage (Cevasco et al.,
2013).

In response to these extreme instability events, numerous studies have been conducted with the
aim of identifying areas susceptible to slope instability and developing susceptibility maps to
delineate potential instability zones and implement mitigation strategies (Brandolini et al.,
2014; Schiliro et al., 2018; Raso et al., 2018, 2020; Di Napoli et al., 2020; Raimondi et al.,
2020).

In this context, Raso et al. (2019) proposed a detailed landslide inventory for the Cinque Terre
area. This study quantified the extent of slope instability processes, providing a fundamental
basis for adopting effective mitigation strategies. The authors identified a total of 405
landslides, predominantly classified as debris slides (33.3%), which often represent the main

cause of instability for dry-stone walls. Other significant phenomena included rockfalls (18.5%)




and debris flows (12.6%), predominantly observed in the western sector of the Cinque Terre,

between the municipalities of Monterosso and Vernazza (Figure 1.1).
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Figure 1.1 - a) Landslide inventory map of the Cinque Terre National Park. b) Landslide distribution in

the Manarola area (from Raso et al., 2018).

Several studies (Cevasco et al., 2014; Schiliro et al. 2018, Raso et al., 2018) revealed that the
extreme rainfall event of October 25, 2011, triggered a wide range of landslide phenomena in
the Cinque Terre area, especially in the territory belonging to the Vernazza and Monterosso al
Mare municipalities. It is important to emphasize, however, that this event did not directly affect
the Manarola area with new instability detachments. In fact, the instabilities identified and
mapped in the Manarola area, as highlighted by Di Napoli et al. (2021), predate the October 25,
2011, event. Furthermore, these same instabilities are exclusively concentrated along the
coastal strip, with no significant instability phenomena observed in the inner areas (Figure 1.1).
Parallel to this, the study conducted by Di Napoli et al. (2020) significantly advanced the
understanding of the potential distribution of landslide phenomena across the entire Cinque
Terre area. The authors developed a landslide susceptibility map using the Ensemble Modelling
methodology. This innovative approach integrates predictions generated by multiple Machine
Learning algorithms, optimizing the model's predictive accuracy.

Through these detailed analyses, the authors demonstrated that coastal areas are the most
exposed to potential geomorphological instability, where high steep slopes represent a primary

predisposing factor (Figure 1.2). Moreover, susceptibility was also found primarily correlated




to other two predisposing factors: namely the abandonment of traditional dry-stone wall
terraces and the obstruction of drainage channels. These conditions are often a direct
consequence of the abandonment of traditional agricultural practices and the subsequent
degradation of the land, highlighting the complex relationship between natural and

anthropogenic factors in the dynamics of instability.
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Figure 1.2 - Landslide susceptibility map of Cinque Terre National Park (from Di Napoli et al., 2020).

The comparison between the data presented by Di Napoli et al. (2020) and the prior
observations of Raso et al. (2018) clearly outlines the territory susceptibility to instability.
Coastal areas unequivocally exhibit a high vulnerability to instability phenomena, with
evidence of detachment episodes occurring even in recent times.

Regarding the internal areas, the study by Raso et al. (2018) confirmed that these zones were
not affected by new detachment events during the last phenomenon analysed. Despite this
apparent recent stability, Di Napoli et al. (2020) nonetheless classify the internal areas as zones
with high susceptibility to landslide initiation. In this context, the primary predisposing factors
increasing their vulnerability are predominantly linked to anthropic activity.

Concerning this, numerous studies have investigated the factors predisposing to instability in
this peculiar slope morphology, identifying the abandonment of agricultural terraced slopes as
one of the primary contributors to instability. Before analysing the problems arising from such
abandonment, it is crucial to understand the reasons that led to their construction and

development.




Agricultural terracing techniques are rooted in ancient times and developed independently in
various geographical areas in response to the need to cultivate lands characterized by steep
slopes. The primary objective of such systems was twofold: to create flat surfaces on slopes to
extend cultivable areas and, concurrently, to promote increased water infiltration and a
significant reduction in soil erosion processes caused by surface runoff.

Despite their numerous benefits in terms of agricultural production and soil conservation,
terraced slopes require constant and intensive high-effort maintenance. Precisely, because of
the demanding nature and low mechanization of these agricultural systems, beginning after
World War I and definitively after World War 11, the development and promotion of industrial
activities led to a progressive abandonment of agriculture, which was particularly pronounced
in these steep areas (Tarolli et al., 2019).

The abandonment of these practices now represents one of the primary causes of the
deterioration of terraced structures and the consequent increase in landslide risk.

Initial studies on the influence of terrace abandonment on slope stability in the Cinque Terre
area began in 1989 with the work of Carl & Richter (1989). Specifically, this work qualitatively
identified the gradual process of slope abandonment, particularly from the perspective of
natural vegetation growth and its related influence on hydrological and stability conditions. The
authors stated that the onset of the abandonment process leads to a predictable vegetative
succession that develops over approximately 60 years. According to the study, the landscape is
initially covered by grass and herbaceous plants, followed by denser shrubs such as brambles
and ferns, eventually progressing to pioneer tree formations like holm oaks and pines during
the most advanced stages.

According to the authors, these vegetation changes are not merely an aesthetic transformation
but profoundly alter the soil's water regime. Abandoned terraces progressively lose their water
storage capacity, leading to a decrease in soil moisture content and a reduction in the potential
infiltration rate. Consequently, effective rainfall significantly diminishes, and the soil,
sometimes compacting due to the accumulation of fine particles and clay, becomes less capable
of retaining water, increasing the risk of runoff, with a direct consequence on dry-stone wall
collapses. These collapses are primarily linked to deteriorated drainage systems resulting from
the abandonment process and runoff from the upper parts of the slope, which generates an
increase in soil pressure behind the wall. It has been observed that wall collapses increase
significantly with the duration of abandonment.

Following these initial qualitative observations, the more recent work by Brandolini et al.

(2018) provided a detailed and quantitative analysis of the landslide dynamics that affected the
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municipality of Vernazza in October 2011. This study specifically investigated the response of
terraced slopes to intense rainfall, focusing on the relationship with land abandonment by
quantifying the volumes of mobilized debris during the event.

Through a comparative investigation based on pre- and post-event LiDAR data and aerial
photographs, the authors demonstrated that abandoned terraced slopes mostly contributed to
the total quantity of debris. They found that 87,000 m® of debris was detached by shallow
landslides from a terraced areas of approximately 2.8 km?; the largest debris volumes (60.6%
of the total eroded volumes, namely 52,000 m?) originated from abandoned terraces with dense
vegetation cover (ATD). A further significant portion, namely 28.5% (approximately 24,800

m?), was mobilised from abandoned terraces with sparse vegetation cover (ATP).
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Figure 1.3 - Relationships between time of terrace abandonment (years), slope degradation (landslide

volumetric index—LVIer) and vegetation growth (%) (from Brandolini et al., 2018).

Furthermore, the authors asserted that terraces abandoned for a relatively short period (less than
25-30 years), classified as ATP, represent the most critical land-use class in terms of hazard.
Indeed, these areas exhibited erosion rates approximately 2-3 times higher than both long-term
abandoned terraces (ATD, over 25-30 years) and still-cultivated terraces (CT) (Figure 1.3). This
finding suggests that the period that elapses between land abandonment and the significant
establishment of a stable natural vegetation cover could represent the phase of greatest
vulnerability for the stability of terraced areas.

The research problems concerning the influence of land use on landslide initiation in the Cinque

Terre area has been further investigated by subsequent studies, including those conducted by




Cevasco et al. (2013), Schiliro et al. (2017), Agnoletti et al. (2019), and Pepe et al. (2019).
These studies have consistently highlighted a higher incidence of shallow landslide events in
abandoned areas. Such observations reinforce the hypothesis that the abandonment of land
management practices and the consequent uncontrolled vegetation development can
significantly contribute to an increased vulnerability of the terraced landscape to landslides risk.

Some of the main results of these studies are summarized in Figure 1.4.
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. Figure 1.4 - Landslide frequency distribution in relation to land use: a) from Agnoletti et al., (2019), the
category “succession on terrace”, is composed by both wood and shrub cover; b) from Cevasco et al.,

(2013); ¢) Pepe et al., (2019).

Further investigations by Cevasco et al. (2014), based on the analysis of landslide events that
occurred on October 25, 2011, explored the predisposing factors influencing the initiation of
these phenomena, such as bedrock lithology. Specifically, the impermeable clay complex (i.e.,
made up mainly of shales and limestones) showed a landslide percentage of 43,3%, while the

more permeable lithologies (i.e., mainly fine-grained sandstones) showed a slightly higher
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landslide percentage of 47,7%. However, the authors asserted that the most significant factor

influencing slope stability was land use (Figure 1.5).
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Figure 1.5 - a) Stratigraphic and geotechnical models related to engineering- geological units. The letters S
and P refer to the type of substrate (arenaceous and pelitic), while T and W indicate the type of land use
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of landslides in relation to geological setting and c) land use (from Cevasco et al., 2014).

The problem of agricultural terraced slope degradation following the abandonment of
traditional agricultural practices is not peculiar to the Cinque Terre area but represents a widely
recognised and studied challenge globally. Numerous studies conducted in diverse geographical
contexts have investigated the consequences of terraced slope abandonment on their stability,
highlighting recurrent and generalisable issues.

Multiple research efforts, including those by Llorens et al. (1992), Harden et al. (1996), Diaz et
al. (2007), Lesschen et al. (2008), Stanchi et al. (2012), and Moreno et al. (2019), while
analysing specific geographical contexts, converge in demonstrating how the cessation of
terrace maintenance leads to significant soil degradation and a marked increase in erosive
processes. According to the authors, such degradation develops through the deterioration of

dry-stone wall structures, obstruction of drainage systems, and alterations to the vegetative
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cover, factors which compromise the stability of the slopes and increase their vulnerability to
landslides and erosion.

These studies did not merely observe the problem but also identified the specific degradation
mechanisms that are activated. For instance, in 1996, Harden et al. (1996) demonstrated that
runoff and erosion rates on abandoned land in the Ecuadorian Andes are significantly higher
than on cultivated land. This observation aligns with subsequent studies that quantified the
intensity of the problem.

Subsequently, in 2007, Diaz et al. (2007) identified piping erosion (or tunnel erosion) as the
primary instability phenomenon on terraced slopes in southern Spain, a process that evolves
into gully formation. This analysis is supported by Lesschen et al. (2008), who found that over
half of abandoned fields in southeast Spain show moderate to severe erosion, with calculated
rates reaching up to 87 tonnes per hectare per year. These data clearly quantify how the loss of
maintenance can translate into increased soil vulnerability to atmospheric agents.

In a broader review concerning Southern Europe, Stanchi et al. (2012) confirmed that the
progressive abandonment of terraces leads to erosion and slope failures. They also highlighted
that this process generates a generalised loss of soil consistency and mechanical properties,
triggering various forms of instability, such as landslides and piping erosion.

More recently, Moreno et al. (2019) reiterated that piping erosion is the main instability
phenomenon on terraced slopes in southern Spain, reaffirming a concept previously highlighted
by Diaz et al. (2007).

The urgency of the problem is further underscored by the rapidity with which the structural
decay of terraces manifests after abandonment. Stanchi et al. (2012) confirm, similarly to the
findings of Cevasco et al. (2014), Brandolini et al. (2018), and Agnoletti et al. (2019) for the
Cinque Terre area, that widespread collapse of dry-stone walls can be observed in relatively
short periods, often after merely 12-15 years from the cessation of agricultural activities. This
temporal evidence, emerging from various independent studies, highlights not only the intrinsic
vulnerability of these structures in the absence of maintenance but also that this vulnerability is
greatly enhanced, especially in the years immediately following abandonment.

In the national context, the phenomenon of terraced slope abandonment and its implications for
stability have been the subject of several scientific studies. Among these, research conducted
by Camera et al. (2014), Preti et al. (2018b) and Crosta et al. (2003) stands out for its focus on
evaluating hydrological circulation within the terrace-dry-stone wall system and the

interference of such dynamics with the stability of the wall structures.
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In particular, the study by Camera et al. (2014), conducted on terraced slopes in Valtellina
(Northern Italy), investigated the role of hydrological circulation within the terrace-wall system.
To this end, the authors employed manual tensiometers and piezometers to monitor subsurface
water conditions. The collected data were subsequently used to initialise a hydrological model,
developed at the single-terrace scale using the SEEP/W module of GeoStudio. The results of
this study highlight how the collapse of dry-stone walls and terraced slopes in the analysed area
is predominantly correlated with the formation of perched water tables. Such water tables cause
saturation of the infill material, compromising the stability of the structures. The authors also
emphasise how this problem is significantly exacerbated by the presence of walls not subjected

to regular maintenance (Figure 1.6).
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Figure 1.6 - The development of groundwater tables within the slope leads to increased pore water
pressures. These pressures are lower behind a) well-maintained walls compared to those with a b) lack of

maintenance (from Camera et al., 2014).

Conversely, the study by Preti et al. (2018b) acknowledges that wall collapse can originate from
soil saturation due to the formation of a perched water table, even though it is not considered
the only possible mechanism. Indeed, the authors propose a new model to understand water
circulation within terraced systems. Specifically, their study considers the terraced slopes of
Chianti (Tuscany, Central Italy). In the context analysed by the study, it was observed that
water, whether from precipitation or irrigation, rapidly infiltrates the superficial soil layer,
extending to approximately 0.5 m in depth. This layer, characterised by a high sand fraction
and high hydraulic conductivity, facilitates the infiltration process.

The authors identified the presence of a highly heterogeneous and spatially discontinuous soil

and subsoil structure within the terraces. This heterogeneity promotes the formation of
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preferential flow paths and subsurface conduit systems (piping systems). Consequently, water
does not percolate uniformly, saturating the entire terrace body, but rather propagates rapidly
through these preferential channels as fast subsurface flow. Therefore, contrary to the
hypothesis put forward by Camera et al. (2012) in the previous study, Preti et al. (2018b) assert
that the water flow generated by subsurface conduit systems tends to accumulate behind the
dry-stone walls. This accumulation is favoured by both the surface topography and the presence
of discontinuities and preferential pathways in the subsoil immediately adjacent to the wall
structures.

This localised accumulation leads to a significant increase in pore water pressure, which exerts
critical stress on the wall, inducing a sequence of events that result in instability. The field
evidence collected by the authors, which shows collapses confined to the wall elements
themselves rather than the entire soil mass of the terrace, decisively supports the hypothesis of
focused and localised hydraulic pressure against the wall elements, rather than generalised soil

saturation (Figure 1.7).

Evapotranspiration
4= Surface infiltration (100 mm/hr)
Ploughed layer infiltration (10 mm/hr)

Preferential pathways infiltration
(500 mmvhr)

4= Surface flow (20 m/h)

Shallow subsurface flow
(5000 mm/hr)

4= Pipe flow (> 5000 mm/hr)
4mm Deep subsurface flow
Exfiltration

mmm Water accumulation behind the wall

Figure 1.7 - Conceptual sketch of water circulation on a terraced slope and the process leading to water

accumulation behind the wall, according to Preti et al. (2018a).

The various studies cited within this paragraph have consistently identified the instability of
terraced slopes as an issue primarily correlated with land use dynamics and the abandonment
of terraces. Indeed, these factors significantly influence hydrological circulation within the
complex terrace-wall system, altering its equilibrium conditions.

Building on this consolidated scientific knowledge, other studies have progressively addressed

their research towards the development of proactive risk management strategies. In this context,
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monitoring emerges as a fundamental tool for: 1) quantifying the issues underlying instability
phenomena, thereby providing objective data; i) implementing and validating hydrological and
mechanical stability models; and iii) delineating and optimising mitigation strategies for these
phenomena.

To this end, a recent study conducted in the Monterosso al Mare area, within the Cinque Terre
National Park, by Fiorucci et al. (2023), had as its primary objective the understanding of
hydrological dynamics in terraced soils, both in the short and long term, and their influence on
slope stability. To achieve this, the authors implemented a hydrological monitoring system in
the study area. This system involved the installation of sensors for measuring soil moisture and
water potential, alongside a meteorological station for collecting climatic data.

The analysis of a two-year monitoring period allowed the authors to highlight several
significant results. A clear correlation was observed between variations in soil water content
and suction with seasonal events, indicating a cyclic dependence on annual climatic conditions.
Furthermore, the authors emphasized that the soil texture, predominantly coarse-grained and of
anthropogenic origin, facilitates rapid infiltration of rainwater into the soil profile, leading to
abrupt and significant changes in volumetric water content. This behaviour implies an almost
immediate hydrological response of the system to precipitation, which represents a critical
factor for the stability of terraced slopes.

The collection and analysis of hydrological monitoring data play a crucial role in creating
hydrological models representative of a specific site. These models are indispensable tools for
assessing the stability of structures such as terraces, as highlighted by the studies of Preti et al.
(2014, 2018b). In the cited studies, data from soil moisture and water potential monitoring
instruments allowed for the calibration of a hydrological model describing water circulation in
the investigated area. The authors stressed that this modelling was fundamental for defining
water circulation dynamics and, subsequently, evaluating their influence on terrace stability
through finite element analysis. In this manner, it was demonstrated that instability in these
areas develops directly behind the retaining wall, primarily due to water accumulation.

A similar situation was addressed in the study by Camera et al. (2014), which focused on the
terraced slopes of Valtellina. In this case too, data obtained from hydrological monitoring
instruments were employed to construct a reliable hydrological model, which then enabled a
stability analysis. The authors concluded that the instability of retaining walls in these areas
occurs due to the formation of a superficial water table following prolonged rainfall events.
According to their analysis, this instability originates from soil saturation, with the failure

surface developing within the soil and propagating towards the wall (Figure 1.8).
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These examples unequivocally demonstrate how an approach based on accurate monitoring
data and robust hydrological modelling is essential for understanding instability mechanisms in

terracing systems and for developing effective mitigation strategies.

a b

failure mechanism shear strain at failure

(total displacements) M 1.6 max shear strain
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Figure 1.8 — a) Deformation and b) failure surfaces that develop behind the wall due to the accumulation

of pore pressures (from Camera et al., 2015).

In conclusion of this review on the state of the art concerning the problem, it is clearly evident
that the Cinque Terre area has experienced a growing incidence of slope instability phenomena
in recent decades, as testified by scientific literature. These events, although predominantly
localised along the step coastal slopes due to extremely high gradients, also frequently occur in
inland areas. This issue is strictly correlated with the abandonment of agricultural terraces.
The instability of terraced slopes is recognised as a problem of global significance. The increase
in such phenomena in recent decades has been significantly amplified by the greater frequency
of extreme pluvial events, characterised by high intensity and short duration, attributable to the
effects of climate change. Although such events are commonly identified as triggering factors,
it is widely accepted in the literature that the process of terrace abandonment can act as a critical
predisposing and/or preparatory factor. This process, which occurred in several phases during
the past two centuries and is still ongoing, leads to severe alterations in hydrological circulation
and surface runoff.

In more arid regions, the lack of surface water regulation following abandonment induces
marked linear erosion processes. In the Italian context, such as the Cinque Terre’s site, the
process of terrace abandonment primarily influences the hydro-mechanical efficiency of dry-
stone walls. Based on the previously cited studies, this can lead to a destabilisation of the wall,
which can have a dual origin: the formation of a perched water table behind the wall, which

saturates a portion of the soil, increasing pore pressures and causing collapse; or, alternatively,
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collapse can result from a localised accumulation of water in the filling zone immediately
behind the structure.

Therefore, it is evident that a lack of maintenance leads to a progressive modification of
hydrological conditions within the terraced system which, in conjunction with extreme climatic
phenomena, can culminate in the destabilisation of dry-stone wall structures. This firstly

manifests through the appearance of localised bulges and ultimately with wall collapses.

Finally, the studies conducted highlight that land use management represents a crucial factor in
the mitigation of instability phenomena. In this regard, there are studies in the literature that,
although not specifically focused on terraced slopes, demonstrate the effectiveness of
appropriate soil management practices in positively influencing the root development of
vegetation. This development, in turn, imparts greater mechanical stability to the soil due to the
reinforcement provided by the roots, significantly contributing to the mitigation of instability
phenomena.

In this context, studies by Bordoni et al. (2014, 2021) underscore the critical role of correct
management and maintenance of vineyard cultivations. Such practices directly influence root
development, consequently impacting root reinforcement and density. Their research has also
identified a correlation between root depth and the depth of potential failure surfaces.

This concept is further supported by numerous studies in the literature that focused on the
contribution of root reinforcement to slope stabilisation in areas prone to shallow landslides.
Recent works by Chok et al. (2015), Murgia et al. (2022), Masi et al. (2023), and Galeazzi et
al. (2024) all highlight the role of plant root systems in stabilising slopes susceptible to shallow
failures. These are just some of the studies addressing the topic of root reinforcement on slope
stability. In this regard, in the work by Mao, Z. (2022), the author proposes a scientific review
that summarizes and critically analyses the current state-of-the-art in the literature, offering a
classification and perspective on the subject. Specifically, the paper analyses the similarities
and differences between models belonging to two distinct approaches: the Wu and Waldron
Model (WWM) and the Fibre Bundle Model (FBM). Based on this analysis, the author proposes
new criteria for a more robust and representative classification of Root Reinforcement (RR)
models.

Finally, a less explored approach, mainly due to the complexity of the variables involved,
concerns the influence of apparent cohesion conferred to the soil through suction. This

cohesion, defined as "hydrological", develops in the soil as a result of plant evapotranspiration
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processes. Among the authors who have explicitly addressed this topic, the studies by Tarantino
et al. (2023) are particularly relevant.

Similarly to what has been observed in previous studies, the stabilising effect of suction-induced
cohesion is significant on slopes characterised by shallow landslides, where the failure surface
develops just below the rooting depth. For the purpose of this work, the authors state that plant
evapotranspiration represents a fundamental hydrological process that exerts a significant
influence on the soil's water regime and, consequently, on its geotechnical stability.

This process involves the absorption of water from the soil by plant roots and its subsequent
release into the atmosphere as vapour. This process leads to a progressive decrease in the water
content within the soil profile. Such a reduction induces an increase in soil suction precisely in
the vicinity of the root systems. The authors have highlighted that the increase in suction
contributes to an increase in the effective stress in the soil, improving its mechanical properties
and conferring a stabilising effect. The study also highlighted that the reduction in water content
leads to a decrease in the unsaturated permeability of the superficial soil layers. Consequently,
a reduced superficial permeability slows down the rapid infiltration of rainwater, which is
particularly important during intense precipitation events. The authors note that this slowing of
infiltration is crucial, as it promotes the maintenance of matric suction in the deeper soil
horizons. In its absence, rapid saturation of the layers would nullify suction, thus reducing shear
strength and significantly increasing the risk of instability and failures.

Other studies, such as the one by Chirico et al. (2013), evaluate the role of vegetation on slope
stability in soils with a transient unsaturated regime, considering both the geo-mechanical effect
and the hydrological effect of root reinforcement. The authors' objective is to provide
indications on the relative weight of these two mechanisms. The study results show that the
hydrological effect exhibits strong seasonal variability, while the mechanical effect displays
limited temporal variability, and they did not find a close correlation between seasonal variation
and root reinforcement.

It is fundamental to underline that the effectiveness of this process, understood as both
hydrological and mechanical reinforcement, depends on vegetation maintenance. Well-
maintained vegetation is essential to ensure the continuity of evapotranspiration processes and,

consequently, the maintenance of apparent cohesion and soil stability.
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1.2 RESEARCH OBJECTIVES

Existing literature has extensively documented the influence of varying land use on the
development of landslide phenomena at the catchment scale. These investigations have been
conducted both in the Cinque Terre area and in numerous national and international contexts
(see, among others, Llorens et al., 1992; Harden et al., 1996; Diaz et al., 2007; Lesschen et al.,
2008; Stanchi et al., 2012; Cevasco et al., 2013, Brandolini et al., 2018; Raso et al., 2018;
Schiliro et al., 2018; Agnoletti et al., 2019; Moreno et al., 2019; Pepe et al., 2019; Di Napoli et
al., 2020; Raimondi et al., 2023; Raso et al., 2020).

These contributions have focused on two main approaches: the implementation of landslide
susceptibility maps for predictive analysis at the basin scale (e.g., by using both data-driven and
physically based approaches) and the examination of the role of land use in instability
phenomena that have already occurred. A unanimous finding from this literature review is that
relatively short-term land abandonment can play a crucial role in influencing terraced slope
instability.

Despite the extensive documentation at the catchment scale, there is a small number of slope-
scale studies conducted specifically in terraced areas that aimed at quantifying the influence of
land use on the overall slope stability. Most of the studies integrating the effect of vegetation
(particularly root reinforcement) into stability analyses focused on natural slopes (Chok et al.,
2015; Murgia et al., 2022; Masi et al., 2023; Galeazzi et al., 2024).

However, the results obtained in these contexts cannot be directly extended to terraced areas.
The construction of terraces induces substantial modifications to the slope morphology and
significant alterations to hydrological circulation. These structural and hydraulic variations
represent key factors that make the geomechanical behaviour and hydrogeological response of
terraced slopes intrinsically different from natural ones, requiring a specific study approach.
The situation is different for studies undertaken at the single slope scale to detail the influence
of terrace abandonment and its consequences in terms of hydrological circulation on the
stability of the individual terrace-dry-stone wall system (Camera et al., 2014; Preti et al.,
2018b). Indeed, some studies in the literature have investigated the hydrological consequences
of terrace abandonment, evaluating the pore pressures that develop behind the wall when the
efficiency of its drainage system is modified by abandoned conditions.

The current state-of-the-art concerning terraced slopes reveals a significant gap in studies that
comprehensively integrate hydrological, geotechnical, and climatic monitoring for the

quantitative analysis of factors influencing the stability of terraced systems at both the hillslope
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scale and the individual dry-stone-wall terrace system scale. In particular, there is a noted
deficiency in investigating the hydrological dynamics developing on slopes in response to
variable water regimes, as well as in quantifying the contribution of vegetation to stability
analysis.

Based on this evidence, the present study aims to expand knowledge in this field, with a specific
focus on the Manarola area (Cinque Terre). As highlighted in the literature (Brandolini et al.,
2018), instability in these areas manifests either as a phenomenon affecting the entire hillslope
or as a localised failure of the individual dry-stone-wall terrace system. Therefore, the main
objective of this work is to investigate the quantitative influence of factors conditioning stability
in these areas, adopting a multiscale approach (hillslope scale and local scale).

Specifically, within the field of local-scale analysis, the primary objective is to quantify water
circulation through hydrological monitoring systems. This quantification is essential for
constructing reliable hydrological models that account for the influence of different land-use
conditions across various hydrological phases.

Subsequently, the focus shifts to the identification and evaluation of factors influencing the
stability of these areas. This is achieved through numerical modeling, which includes flow
analysis and fully coupled hydro-mechanical analyses. Particular emphasis is placed on the
differential role of vegetation cover.

The coupled models enable the definition of interactions between the soil and its structure,
quantifying this relationship by means of total horizontal stress values, as a function of the
different hydrological and land-use conditions.

The development of these models is based on the analysis of data acquired via hydrological and
mechanical monitoring systems installed at selected sites, representative of the different local
land-use conditions: cultivated, long-term abandonment, and short-term abandonment.

In this study, the contribution of vegetation is modeled exclusively as additional soil cohesion
(matric suction) induced by the evapotranspiration processes typical of unsaturated soils. This
cohesion, which derives from water suction, increases the soil shear strength. The effect of
mechanical root reinforcement was deliberately excluded from this work because the primary
objective of the research is to evaluate the factors influencing the stability of terraced slopes in
relation to hydrological dynamics. Conversely, mechanical root reinforcement is generally
considered quantitatively constant in the short term, as it does not vary as a function of
hydrological phases. Instead, it solely depends on the plant type, its vital state, and the slope
geometry, as extensively documented in the literature (Preti 2006; Hales et al., 2009; Epis,

2010; Bordoni et al., 2014, 2021). The analysis conducted under unsaturated soil conditions
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assigns a predominant weight to evapotranspirative processes compared to the mechanical
contribution of the roots. This methodological choice proves to be not only more representative
of short-term dynamics but also more conservative. As highlighted by Chirico et al. (2013),
while the mechanical root reinforcement remains almost constant between the wetting and
drying periods, the cohesive contribution due to evapotranspiration is reduced during wetting
phases. Adopting this lower value therefore ensures a stability assessment in a conservative
scenario.

The totality of these analyses allows, firstly, for a detailed assessment of the hydrological
circulation and, secondly, for the definition and quantification of the factors influencing the
stability of the terraced slopes as a function of the different hydrological phases, with a

particular focus on the role of vegetation.

1.2.1 Principal aims and activities of the “Stone Wall for Life Project”

The 'Stone Wall for Life' project is an initiative of fundamental importance, co-financed by the
European Union's LIFE Programme, dedicated to the recovery and restoration of terraced
systems characterised by dry-stone walls and associated hydraulic regulation works. The
scientific rationale of the project lies in the necessity to increase the resilience and resistance of
fragile territorial contexts that are at high hydrogeological risk, with a primary focus on the
Cinque Terre National Park area in Italy. The main objective is to recover and maintain the
structural integrity of these historical artefacts, which are essential for slope stability and for
counteracting the detrimental effects of extreme weather events, which are increasingly intense
due to climate change. Therefore, a crucial action of the project is the reconstruction of
extensive sections of dry-stone walls that are in an advanced state of degradation and
abandonment.

Beyond the immediate structural intervention, the project pursues long-term monitoring
objectives aimed at quantifying the beneficial effects of the restored walls on the territory's
capacity to adapt to climate change. This empirical data forms the basis for the subsequent
development of climate adaptation plans, specifically intended for local administrations, with
the aim of providing preventative and mitigation strategies that are replicable. To this end, the
project includes studies aimed at assessing the potential replicability of the methodological
approach in other sites that share analogous geomorphological conditions, both within the Park

area itself and in different European territorial contexts.
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To achieve these objectives, in-depth field observations and site-specific analyses were
conducted within the scope of this project to identify study areas that were fully representative
of the diverse conditions of land use and degradation. Once the sites were selected, the
methodology involved a detailed physical-volumetric and geotechnical characterisation of the
subsoil and the wall structures. Subsequently, the most suitable instruments for the
hydrological, mechanical, and climatic monitoring of the sample sites were chosen and
installed. The installation and management of this complex instrumental network were carried
out in close institutional collaboration with the Applied Geology group of the Department of
Earth, Environment and Resources at the University of Naples Federico II, ensuring a high
degree of scientific rigour in data acquisition.

The present PhD research has been strategically positioned within this operational and scientific
framework, leveraging the wealth of characterisation and monitoring data collected within the
LIFE project. The central objective of the thesis is the development of reliable numerical
models that utilise this empirical data for calibration and validation. These models aim to
simulate the hydro-mechanical behaviour of the terraced systems, thereby providing essential
quantitative and predictive results. The final contribution of the PhD research is twofold: on the
one hand, to strengthen the scientific understanding of the stability mechanisms of dry-stone
walls; on the other hand, to provide mitigation and prevention tools directly usable by local

administrations to effectively combat hydrogeological risk in terraced contexts.

1.3 STRUCTURE OF THE THESIS

This thesis is divided into seven chapters, each one addressing a specific aspect of the conducted
investigation.

Chapter 1 outlines the research context, presenting the state of the art and defining the specific
objectives of the work.

Chapter 2 provides a detailed description of the study area, exploring its geographical,
geological, geomorphological, and hydrographic characteristics. Particular attention is
dedicated to terraced systems. After a general overview of the context, the chapter focuses on
analysing case studies, identifying and describing their specific features. For each site, the
morphological and geological characteristics are defined, along with the structure of the dry-
stone walls. This in-depth investigation allows for a comprehensive description of the dry-
stone-wall terrace complex, evaluating parameters such as terrace slope, soil stratigraphy, wall

type and state of preservation, in addition to the different types of vegetation cover.
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Chapter 3 describes the investigation methodologies in detail, organised into paragraphs for
clarity. The chapter begins by illustrating the adopted monitoring system, describing the sensors
and their installation procedures. The chapter proceeds with a description of the methodology
adopted for a slope-scale investigation, with a particular focus on the preliminary slope stability
analysis. This analysis was performed using the Finite Element Method (FEM), and
specifically, the Shear Strength Reduction (SSR) analysis. Based on the information obtained
from the preliminary stability analysis, the study focused on a detailed, local-scale analysis of
the individual terraced systems that characterize the three investigation sites. The main
objective is to develop a reliable hydrological model using monitoring data and then validate it
through a transient flow analysis in the GeoStudio software. Before illustrating the adopted
methodology, a theoretical section was presented describing the hydrological and mechanical
behaviour of unsaturated soils, with particular attention to Rankine's theory of earth pressure
and the role of evapotranspiration. Based on the hydrological model's validation, the limit
equilibrium slope stability methodology was applied, using the GeoStudio Slope/W module, to
evaluate the impact of pore pressure variations at the three investigation sites on limiting the
stability of the slope. The chapter proceeds with a detailed description of the methodology
adopted for the development of a coupled hydro-mechanical analysis in PLAXIS. This
approach is crucial for simultaneously investigating the cause-and-effect relationship between
hydrological variations that induce ground deformation and the subsequent generation of
horizontal stresses at the soil-structure interface.

The results of the previously conducted analyses are described separately in Chapters 4, 5, and
6 to offer a clearer and more organised overview. Specifically, Chapter 4 presents the results of
the site characterisation tests, the interpretation of which allowed for the development and
construction of the engineering-geological model.

This model was fundamental as a basis for setting up the finite element stability analysis at a
slope scale, the results of which are presented in Chapter 5. In Chapter 5, the results of the slope
stability analysis for the different site conditions are presented. Based on these results, the
procedure that allowed the transition from a global-scale analysis to a detailed analysis is
illustrated.

A quality assessment of the acquired monitoring data was conducted before proceeding with
the hydrological modelling. The data quality assessment allowed for the development of a
reliable hydrological model, which was calibrated using valid experimental data. This model
was then used for the hydrological simulations performed with the GeoStudio software. The

modelling validated the calibrated hydrological model and defined a precise dynamic of

23



hydrological circulation on the slopes, focusing in particular on the development of pore water
pressures and their influence on the slope's limit equilibrium. Based on these results, factors
such as site characteristics and land use conditions that influence the development of more
critical relative stability conditions were investigated.

Chapter 6 details the results of a coupled flow and deformation analysis performed using the
PLAXIS software. The primary objective was to develop a robust hydromechanical model by
integrating the previously validated hydrological model with the mechanical response of the
soil. This model was essential for investigating how changes in water flow (i.e., the flow
regime) directly influence soil movements and pressures (i.e., the deformation response). To
ensure the model's reliability, the numerical modelling results, expressed as total horizontal
stresses, were compared against the total pressure data recorded in situ (via pressure cells at site
850). This comparison was fundamental for studying the interactions between the flow regime
and the system's deformation response, and for evaluating the lateral pressures exerted on the
back of the wall structure. Finally, the mathematical model was employed to isolate and
quantify the influence of a single factor: namely evapotranspiration (ET), which is closely
linked to the type of vegetation present. By leveraging the specific hydrological and geometrical
conditions of site 850, the analysis allowed for an assessment of the extent to which different
types of vegetative cover modify surface water regimes and, consequently, alter the lateral
pressures acting on the wall structure. Essentially, the study quantified how vegetation can act
as a control element for earth pressures on the wall.

Finally, the concluding chapters present critical discussions of the results obtained and the
conclusions of the research, critically analysing the role of this work within the broader
scientific community and outlining possible future prospects.

Following the concluding chapter, two appendices are included for documentary purposes.
These consecutively present the standardized methodological protocols employed for the
geotechnical characterization campaign (in-situ and laboratory tests) and the resulting raw and
processed data. This data constitutes the fundamental information corpus for the development
of the geotechnical model and subsequent numerical analyses. The decision to relegate these
methodologies to an appendix is motivated by the fact that they are established, publicly

available investigation procedures.
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CHAPTER 2 - STUDY AREA

2.1 GEOGRAPHICAL SETTING

The toponym "Cinque Terre" denotes a 20 km stretch of rocky coastline in eastern Liguria, NW
Italy, situated between the Mesco and Monesteroli headlands within the Province of La Spezia.
This toponym is historically derived from its five constituent villages: Monterosso al Mare,
Vernazza, Corniglia, Manarola, and Riomaggiore (Terranova, 1989).

The present study focuses on the area known as the "amphitheater" of Manarola, a village
(Figure 2.1) representing one of the jewels of the Cinque Terre. This segment of the eastern
Ligurian coast is universally recognized for its exceptional landscape and cultural value.
Manarola's geographical location is intrinsically linked to its identity and distinctive
morphological characteristics. The village is situated approximately 70 km southeast of Genoa
and 8 km northwest of La Spezia, nestled between the villages of Corniglia to the northwest
and Riomaggiore to the southeast. Its inhabited core develops on a rocky promontory that boldly
extends into the Ligurian Sea, part of the Mediterranean Sea basin. The prevailing climate in

the area is typically Mediterranean.
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Figure 2.1 - Geographical setting of the Manarola study area within the Cinque Terre National Park.
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This site embodies a typical landscape unit of the vineyard areas within the Cinque Terre
National Park. Since 1997, the Cinque Terre have been included in the UNESCO World
Heritage List as a Cultural Landscape, while in 1999 it was declared National Park.

According to UNESCO's guidelines, this category encompasses "landscapes that represent the
combined work of nature and of humankind, and that illustrate the evolution of a society and
its settlement over time, under the influence of the physical constraints and/or opportunities
presented by its natural environment and of successive social, economic and cultural forces."
The amphitheatre's morphological setting is the result of a synergy between natural
geomorphological dynamics and human activity which, over past centuries, shaped the territory
by creating terraces. These narrow and almost flat surfaces sustained by dry-stone walls were
made cultivable, particularly for viticulture. This anthropogenic system plays a crucial hydro-
geomorphological role as well. Indeed, agricultural terraces contribute to mitigating the slope's
steepness, facilitating adequate rainwater drainage and significantly reducing the risk of surface
runoff and soil erosion (Bernini et al., 2021).

Despite its proximity to the sea, the Cinque Terre exhibits an orography typical of hilly-
mountainous environments. The slopes are exceptionally steep, valleys are deeply incised, and
the small hydrological basins are fed by ephemeral watercourses (Cevasco et al., 2015).

From a climatic perspective, these areas experience hot, dry summers and mild winters. The
average annual temperature ranges between 14.5 and 15.5 °C, peaking at an average of 22—-24.5
°C in July and August, and reaching a minimum of 7-8 °C in January. The average annual
rainfall is 1040 mm, with the highest precipitation levels typically occurring from October to
December (Brandolini et al., 2017).

Owing to these unique geological, geomorphological, and climatic conditions, the Cinque Terre
region has been traditionally shaped by distinctive land-use practices. Over the centuries, large
extent of the natural slopes has been terraced for the cultivation of olive groves, orchards and,
pre-eminently, vineyards. This ingenious system has created a unique coastal landscape and
terroir, internationally recognized for the production of esteemed wines such as “Vermentino”
and “Sciacchetra” (Brandolini et al., 2017). However, these cultivation practices have
undergone a significant decline since the end of the nineteenth century and mostly during the
last century, primarily due to rural exodus. The progressive abandonment of terraced areas has
favoured a substantial increase in soil erosion and slope degradation. Currently, it is estimated
that only about 33% of the terraces remain cultivated (Raso et al., 2021). The preservation and

restoration of these terraces represent a crucial challenge for landscape conservation, prevention
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of slope degradation, and the sustainability of traditional agricultural activities in the Cinque

Terre.

2.2 GEOLOGICAL SETTING

The Cinque Terre National Park, covering an area of 38 km?, is located in the easternmost part
of the Liguria region, in northwest Italy. Geologically, this area constitutes a NW—SE oriented
segment of the Northern Apennine orogenic chain. This chain formed over an extended period,
from the Late Cretaceous to the present day, as a result of the convergence between the
European Plate and the northern promontory (Adria) of the African Plate. During the subduction
phases, an accretionary prism developed (Terranova et al., 2006; Brandolini, 2017) (Figure 2.2).

EUROPA AFRICA

A

Europa Oceano Ligure-Piemontese Africa
Dominio Elvetico-Delfinese Dominio Pennidico Dominio Austroalpino

Figure 2.2 - Geological evolution of the Northern Apennine chain (from Bosellini, 2005).

This accretionary prism is characterised by deposits from the Ligurian-Piedmontese oceanic
basin that were involved in the subduction process, forming the tectonic nappes. These nappes
are representative of the following palacogeographical environments that characterised the

Ligurian-Piedmontese Ocean basin (Bosellini, 2005) (Figure 2.3):
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Internal Ligurian Domain: it represents the deepest and most internal portions of the oceanic

accretionary prism. These were the first units to be deformed and overthrust during subduction.

External Ligurian Domain: it corresponds to oceanic or transitional successions, deposited in
more external positions within the Ligurian-Piedmontese basin, which overlies the preceding

units of the Internal Ligurian Domain.

Sub-Ligurian Domain: these units represent transitional successions, which are overthrust by
the Ligurian units and are often considered as deposits from basins more proximal to the Adria

continental margin.

Tuscan Domain: this domain represents the sedimentary succession of the Adria continental
margin (i.e., the Tuscan Platform). The Tuscan Nappe, characterised by carbonate and turbiditic
formations, is detached from its basement and overthrust eastwards by the Ligurian and Sub-

Ligurian units.

SW NE
Unita Antola Liguridi Esterne

Epiliguridi
2\

Subliguridi  Unita
(Canetolo) Toscane

Figure 2.3 - Conceptual sketch of the Ligurian-Emilian Apennine geological evolution (from Elter P.,

1994).

The geological structure of this area is complex and highly tectonised, primarily due to
subduction processes that have induced significant both brittle and ductile deformations.
Examples of these tectonic structures encompassing the entire Cinque Terre area include the
tectonic contact between the Canetolo Shale and Limestone Formation and the Macigno
Formation, as well as a large south-westward verging antiform fold, developed during the
Tertiary orogenic phases.

The principal tectonic units outcropping in the Cinque Terre National Park are listed below,
following a top-to-bottom sequence, i.e., from the oldest units to the most recent deposits

(Figure 2.4).
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Internal Ligurian Domain

Gottero Unit: it outcrops in the westernmost sector of the National Park, consisting of a
turbiditic sequence (Late Cretaceous — Early Palaeocene), which includes quartz-
feldspathic and micaceous sandstones with thin argillaceous interbeds, and occasionally
polygenic conglomerates.

Bracco-Val Graveglia Unit (or Bracco Unit): it outcrops in the westernmost sector,
primarily consisting of ophiolitic rocks (Middle Jurassic), such as cherts, gabbros, and

serpentinites.

External Ligurian Domain

Ottone Unit: it is located in the western part of Monterosso al Mare and in the central
sector of the National Park, predominantly composed of pelitic rocks.

Monte Veri Unit: it is characterised by grey-black laminated clays with lenses and
blocks of “Palombini limestones” and fine sandstones, and the presence of lenses of

polygenic ophiolitic breccias and granitic breccias.

Sub-Ligurian Domain

Canetolo Unit: it outcrops in the central part of the Cinque Terre, particularly in the
Vernazza basin and along the coast between Corniglia and Manarola. It is composed of
clays with intercalations of limestones and silty-arenaceous turbidites (Palacocene —
Early-Middle Eocene) and fine arenaceous turbidites (Late Oligocene).

Marra Unit: it outcrops in the western part of Monterosso al Mare and in the central
sector of the National Park showing shales with limestones and silty-sandy turbiditic

rocks.

Tuscan Domain

Tuscan Nappe (Macigno): it occupies most of the Cinque Terre territory and it is
primarily made up of thick arenaceous-argillaceous turbidites, known as the Macigno
Formation (Late Oligocene). It widely outcrops along the coast and especially in the

Manarola area.
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Figure 2.4 - Tectonic sketch map of the Cinque Terre National Park, showing the six Tectonic Units (from

Bernini et al., 2021).

Specifically, the Manarola study area is characterised by the presence of the Tuscan Nappe unit
and of the Canetolo unit.

In this area, the Tuscan Nappe consists of an arenaceous-silty turbiditic flysch, made up of
medium- to coarse-grained sandstone beds with thin siltstone interlayers, and of a fine-grained
arenaceous turbiditic flysch with siltstones (the "Macigno Fm., MAC" strictu sensu and the
"Riomaggiore Banded Sandstone Lithofacies, MACa"). The Canetolo Unit, conversely, is
represented by fine-grained arenaceous turbidites (the "Ponte Bratica Sandstone Fm., ARB")
and shales with limestones and arenaceous-silty turbidites (the "Canetolo Shale and Limestone
Formation, ACC") (Bernini et al., 2021).

From a geo-structural perspective, the area is characterised by the tectonic contact between the
Canetolo Shale and Limestone Fm. and the Macigno Fm. This contact is interpreted as a high-

angle reverse fault (Abbate, 1969) (Figure 2.5).
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Figure 2.5 - Geological map of the study area (from Bernini et al., 2021).

2.3 GEOMORPHOLOGICAL SETTING

From a geomorphological perspective, both the orientation of the coastline and the drainage
network are largely influenced by tectonic lineaments (i.e., fault and fracture systems),
primarily with NW—SE and NE-SW orientations, and secondarily N-S and E-W.

The watercourses are short, steep, exhibiting ephemeral hydrological regimes, marked by a high
erosive capacity and by significant sediment transport potential, resulting in the formation of
short and deeply incised valleys.

Consequently, due to the high steepness of its slopes, with over 50% of the terrain characterised
by gradients ranging from 30° to 40°, and its hydrological regime, the geomorphological
landscape of the Cinque Terre is dominated by gravitational processes and surface runoft, both

linear and areal. Along the coast, the gravitational processes interact with marine erosion,
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leading to the presence of several large coastal landslides with heights ranging from 5 to 100 m

(Figure 2.6).

() —— i f ' =

Figure 2.6 — Examples of gravitational processes along the Manarola coast (from Brandolini et al., 2017).

Because of the intense rainfall that regularly affects the area and the high steepness of the slopes,
which are typically covered by thin (on average 1-2 m thick) eluvial-colluvial deposits, shallow
landslides and debris flows are widespread throughout the Cinque Terre. Shallow landslides are
primarily represented by earth and debris slides that often evolve into flows, with a failure
surface often coinciding with the contact between the detrital cover and the bedrock. Such
landslides particularly affect terraced slopes (Cevasco et al., 2007; Pepe et al., 2019; Raso et
al., 2019).

These geomorphological characteristics are extensively widespread across the entire Cinque
Terre, and particularly within the municipality of Manarola. The area of Manarola is
characterised by extensive slope portions and slope debris that have been profoundly modified

by human actions through the construction of terraces (Figure 2.7).
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Figure 2.7 - Geomorphological map of the study area (from Raso et al., 2021). The study area of Manarola

is indicated in blue.

Specifically, the settlement is surrounded by an amphitheatre-shaped slope, entirely terraced,

primarily dedicated to the cultivation of olive groves and vineyards, from which the

“Sciacchetra” Cinque Terre DOC wine is produced (Figure 2.8).
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Figure 2.8 — View of the morphology of the Manarola terraced amphitheatre.

However, a significant portion of these terraces has undergone agricultural abandonment, with
a consequent growth of the vegetation cover towards shrubs and forest formations.

The study area is predominantly characterised by anthropogenic landforms. In particular,
terraces represent 60-65% of the territory, with bench widths varying from 2 to 4 m and heights
ranging between 1.5 and 2.5 m. These terraces have modified the slope geometry and,
consequently, the minor drainage network that drains the hillside. The presence of terracing
leads to the creation of other anthropogenic landforms such as dry-stone walls, underground

cisterns, artificial drainage channels, and pathways (Figure 2.9).
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Figure 2.9 - Map of anthropogenic structures in the Manarola area (from Bernini et al., 2021).

Within the study area, slope instability processes are associated with the partial or total collapse
of retaining walls (Figure 2.10). Generally, following the initial failure, the evolution of the
instability can lead to further wall collapses, aligned along the maximum slope gradient, both

downslope and upslope.

Figure 2.10 - Examples of wall collapses in the study area, developing along the line of maximum slope
(from Bernini et al., 2021).

Regarding fluvial processes, the drainage network in the area under examination is entirely
artificial, with no identifiable natural channels. Occasionally, small artificial channels

(approximately 10-20 cm wide) are found at the base of the walls, conveying water laterally
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and then downslope (Figure 2.11). Generally, the main drainage network comprises small
artificial channels, shaped both parallel and perpendicular to the walls on the slope, with a
variable width between 0.5 and 1 m, and very often coinciding with the pathways. Furthermore,
the sub-horizontal terraced surfaces exhibit a notable decrease in elevation towards their frontal
and lateral edges (Figure 2.11). This gradient has been designed with the objective of promoting

surface runoff.

Figure 2.11 - On the left, a drainage channel at the base of a wall is illustrated; on the right, the sub-

horizontal inclination of a terrace is visible (from Bernini et al., 2021).

Terraces sparsely covered by vegetation and cultivated areas lacking grass are affected by
splash erosion and sheet erosion. In some cases, erosive forms resembling rills and gullies affect

the terrace surface located upslope of a collapsed wall (Bernini et al., 2021).

2.4 AGRICULTURAL TERRACE CHARACTERISTICS

Terracing is an agricultural practice of ancient origin, with examples dating back to the Roman
era, primarily used as gardens for Roman villas. During the Early Middle Ages and the
barbarian invasions, the practice of terracing was once again encouraged for the development
of agriculture. Historical sources indicate that the Ligurian terraced landscape reached its
maximum expansion between the 18th and 19th centuries, due to demographic increase and the
repopulation of rural areas. This led to the widespread cultivation of specialised crops such as
vines, olives, and subsequently lemon groves (Brancucci et al., 2000).

The soil on terraced lands is not naturally present; instead, it is created through arduous
transformations of the original landscape. This process involves a profound re-elaboration of

the natural slope profile.
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The process begins with the preparation of the laying surface, which is cleared of protruding
stones. Subsequently, a dig is excavated into the weathered rock basement to create a counter-
slope base, namely the so-called "scarpa" in Italian (important for the wall's stability). After
this procedure, the first row of stones, which forms the foundation of the wall structure, is
positioned. Subsequent stones are arranged in superimposed horizontal layers named as "corsi"
in Italian (Brancucci et al., 2000) (Figure 2.12). The construction process ends with the creation

of horizontal or slightly inclined surfaces, which permit cultivation.
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Figure 2.12 - Main stages of slope terracing (from Brancucci et al., 2000).

The small voids created between rock elements are filled with smaller stones to allow for
effective water drainage and to prevent the passage of fine soil. Subsequently, between the wall
and the excavated material, debris, gravel and small pebbles are placed to form a protective
drainage layer for the wall. Once the established level is reached, this drainage layer is covered

with compacted soil (Figure 2.13).
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Key elements constituting a dry-stone wall terraced system (from Brancucci et al., 2000).

In particular, the foundation is highly important as it represents a key element in conferring

stability to the retaining masonry. The characteristic of the foundation depends on the nature of

the substratum:

Rock substratum: soil and highly weathered rocks that might hamper effective
anchoring are removed. If the basement has a negative inclination (i.e., tending to cause
the wall base to slide downslope), to counteract the soil pressure, either a step is created
to place the foundation elements on a horizontal plane or a slightly inclined upslope
base.

Weak substratum (e.g., soil layer): the foundation base must be horizontal or slightly
inclined upslope (approximately 10% gradient). If the soil is compact, excavation can
be to 20-30 cm deep; otherwise, it is necessary to deepen the excavation until a more
compact layer is reached (Besio, 2004). The geometry of the base depends on the wall's
height; thus, up to 1.50 m high walls typically have a foundation with a width of 50 cm,
while for wall heights between 2 and 3 m, the foundation is approximately 70 cm (Besio,

2004).

The construction procedures explained above are designed to enable the wall to resist the

pressures from the original soil material and the reworked drainage material behind the wall, as

well as those from water infiltration during/after rainfall events. The drainage function operated

by both the dry-stone wall and the backfill is fundamental for counteracting and dissipating the

pore pressures that arise during intense pluviometric events.

Therefore, when terraces are no longer maintained, especially for prolonged periods, a

progressive alteration of the soil's mechanical characteristics occurs, and, in particular, a

modification of the drainage function efficiency. This phenomenon negatively impacts the
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retaining wall's capacity to resist the increased horizontal pressures exerted by the soil. In most
cases, these conditions degenerate into a localised collapse of the structure.

In the study area, the dry-stone walls were generally founded on a geological substratum
attributable to the Macigno Fm. In the literature, this formation has been identified as
particularly suitable for agricultural activities, with a specific suitability for vineyards
(Terranova et al., 2006). Within the study area, based on data from previous studies (Raso et
al., 2021), it has been possible to subdivide the terraced surfaces into three main classes (Figure

2.14).

Figure 2.14 — Examples of different land-use conditions identified along the terraced slopes: 1) cultivated
vineyard (green); 2) terrace in an early stage of abandonment (orange); 3) terrace abandoned for decades

(red).

Cultivated Terraced Area

This category includes terraces currently cultivated, characterised by vineyards, olive groves,
and citrus groves. Approximately 50% of the terraced areas in Manarola fall into this category
(Figure 2.15).

Terraced Area Covered by Shrubs

These areas can be considered recently abandoned (about 20 years). They approximately consist

of 37% of the terraced areas and are covered by shrub vegetation.
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Terraced Area Covered by Forest Tree Species
These terraced lands are considered to have been abandoned for decades, featuring dense forest
cover. Approximately 13% of the terraced areas in Manarola fall into this category (Figure

2.15).

L

Figure 2.15 - Characteristics of cultivated (left) and abandoned terraced slopes (right) in the study area.

On the right, examples a complete wall collapse are shown (red circle).

2.5 EXPERIMENTAL SITES

This research project, as previously illustrated in Paragraph 1.2.1, falls under the umbrella of
the wider Stone Walls for Life project. The initial phases of this project primarily involved
identifying suitable experimental sites for achieving the preliminary objectives, which focused
on the detailed investigation of the differential response to precipitation events in terraced sites
characterised by varying land use.

To achieve this objective, and based on meticulous observations and strategic considerations,
the research activity within the LIFE project concentrated on identifying three specific
experimental sites, located in the northern sector of the slope above the settlement of Manarola
(Figure 2.16). The selection of these areas was guided by a series of methodological and
logistical criteria aimed at optimising the study's scope.

Firstly, the accessibility of the sites was considered, a factor that significantly impacts field
analysis operations and the installation of monitoring equipment. These aspects are crucial for

the subsequent and accurate data collection.
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Figure 2.16 - Location of the experimental sites in the Manarola study area. The study area is delineated

by the red polygon.

A crucial element in the selection of these sites is their capacity to represent the three primary
land-use scenarios typical of the area, all encompassed within an area of just a few hectares.
This allows for a direct comparison between different land management practices, summarized

as follows:

Site 846: it represents a terraced area that has been abandoned for decades, providing an

example of the ultimate stage affecting terraced slopes.

Site 915: it represents a terraced area under active cultivation. The dominant crop is a vineyard,

which reflects the traditional agricultural practices of the region.

Site 850: it represents an abandoned terraced area since several decades, which has been
restored by using traditional terrace building techniques; this site was deployed to study the

initial phases of spontaneous revegetation after abandonment and its impact on stability.

The close proximity between the experimental sites is particularly advantageous for the

instrumental setup, especially for the installation of the meteorological station. Indeed, this
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station was strategically positioned at the centre of the investigation area; in this way, the
acquired climatic data are highly representative for all three experimental sites.

Furthermore, the location of these experimental sites on the same slope offers optimal study
conditions, as they show very similar geological and morphological contexts, thereby allowing

for a consistent comparison of monitoring data.

2.5.1 Site 846

Site 846 constitutes an emblematic example of abandoned terraced structures within the Cinque
Terre landscape. This experimental area was selected for its ability to comprehensively
represent the long-term consequences following the cessation of anthropic management and
maintenance activities. The abandoned site occupies the highest position along the slope,
approximately at an elevation of 130 m a.s.1. (cadastral parcel 846).

The geometrical features of the site consist of a sub-horizontal terrace (approximately 24°
slope) extending for about 10 m in length (Iength of the investigated segment) and 4 m in width.
The superficial soil cover consists of reworked eluvial-colluvial soils. This deposit directly
overlies an arenaceous bedrock belonging to the Macigno Fm.. The vegetation cover is
dominated by spontaneous species, including brambles (Rubus spp.), gorse (Genista spp.), and
shrubs, with the presence of larger trees such as holm oak (Quercus ilex).

The retaining dry-stone wall has an average height of approximately 1.9 m and an average width
of around 50 cm. Its construction relies on the use of angular blocks of local sandstone, directly
derived from the Macigno Fm. The distribution of block sizes (measured along the block major
axis) appears almost homogeneous along the entire extent of the wall, ranging from a minimum
of 5 cm to a maximum of 35 cm. The majority of the blocks fall within the 15 cm to 20 cm size
ranges. The occlusion of the interstices between the blocks by fine-grained material constitutes
a clear indicator of the state of aging of the wall structure. The selected dry-stone wall is affected
by slight signs of deformation (e.g., bulges) while it does not show significative indicators

and/or signs of incipient of collapse (Figure 2.17).
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Figure 2.17 — Characteristics of the dry-stone wall terraced system at Site 846: 1) lateral view of the

abandoned terraced area covered by spontaneous vegetation; 2) detail of the sandstone blocks constituting

the wall; 3) monitored terrace section.

2.5.2 Site 915

Site 915 stands out as an example of a resilient agricultural practice outlined by the presence of
the “pergola” type vineyards, a typical management practice for terraces that optimises farming
production by mitigating the effects of adverse environmental conditions, especially the action
of wind (Figure 2.18). Agricultural practices at this site are restricted solely to weed cutting,
with all forms of soil tillage strictly excluded.

The terraced platform has a width of 4 m with an inclination of 17°. The soil cover consists of
loose and/or poorly compacted coarse and anthropically reworked eluvial-colluvial deposits.
This material rests directly on the arenaceous bedrock belonging to the Macigno Fm.

The retaining dry-stone wall has an average height of 1.7 m and an average width of
approximately 50 cm. The masonry structure is characterised by the use of angular rock blocks.
The presence of fine-grained material within the interstices between the blocks is a clear
indicator of the structure's state of ageing and degradation. Furthermore, the blocks comprising
the wall exhibit chromatic disuniformity, with a tendency towards a grey colour. This colour
difference can be correlated with the presence of rocks that have not yet undergone the full

process of weathering. This heterogeneity suggests that the stones were incorporated into the
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structure at a time subsequent to the original construction, most likely during maintenance,
restoration, or repair interventions on the wall. Over time, such interventions involved the
replacement of damaged or deteriorated blocks or of partially collapsed sections of the wall
(Figure 2.18). The arrangement of the blocks within the wall is heterogeneous. Indeed, block
sizes (measured along the block major axis) vary significantly, with minimum measurements
between 5 and 7 cm and maxima that can reach 45 cm. Most blocks exhibit a length ranging

between 20 and 30 cm (Figure 2.18).

Figure 2.18 - Characteristics of the dry-stone wall terraced system at Site 915: 1) View of the terraced

vineyard; 2) Details of the dry-stone wall structure and of the “pergola” type vineyard cultivation.

2.5.3 Site 850

Site 850 is representative of the intermediate condition between cultivated and decades-
abandoned land-use scenarios. Indeed, during the investigated monitoring period, this site
represents an initial stage of terrace abandonment, characterized by the growth of spontaneous
vegetation, primarily weeds, reaching heights of 50-60 cm during the growing seasons.

The peculiarity of this site, compared to the others previously analysed, lies in the complete
reconstruction of the dry-stone wall. The intervention in question was carried out as part of the
STONE WALLS FOR LIFE project. As previously illustrated in Paragraph 1.2.1, the primary
objectives of this project included the restoration and reconstruction of dry-stone walls that
were in an advanced state of deterioration. For this reason, the terracing of Site 850 was

included among the areas selected for dry-stone wall reconstruction, which was executed in
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strict adherence to traditional building techniques. The dry-stone wall reconstruction involved
the use of allochthonous blocks of unweathered sandstone-marly limestone. However, in some
layers, rock blocks recovered in situ from the previous wall or found during preliminary
construction operations were recycled. The reconstructed wall has a height of 1.8 m and an
average width of 50-60 cm.

The terrace platform, which is located upslope of the wall, has an inclination of 13°, an
approximate width of 3 m, and a lateral continuity of about 6 m. The topsoil is approximately
two metres thick, resting on an arenaceous substratum belonging to the Macigno Fm. (Figure

2.19).

Figure 2.19 - Characteristics of the dry-stone wall terraced system at Site 850: 1) Lateral view of the
terrace; 2) Frontal view of the new masonry rebuilt using traditional building methods; 3) Details of the

different sandstone-marly limestone blocks forming the wall.
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CHAPTER 3 - MATERIALS AND METHODS

3.1 MONITORING FRAMEWORK

The in-situ monitoring system is divided into two main components: a hydrological monitoring

system and a mechanical monitoring system (Figure 3.1).

Hydrological Monitoring: for the characterisation of hillslope hydrological, instrumentation
capable of monitoring key parameters was installed. This installation provides an essential
dataset for understanding soil hydrological responses to climatic events and water movement
within the hillslope profile. Specifically, this instrumentation includes soil water potential

sensors, soil moisture sensors, and a weather station.

Mechanical Monitoring: this approach enables the detection of lateral pressures induced by
the soil mass on the wall and their temporal variations in response to changes in hydrological
conditions, providing crucial information on the structural stability of the terraced areas.
Specifically, total pressure cells have been installed, between the backfill soil and the wall,

which directly measure the total stresses exerted by the ground.
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Figure 3.1 - Location of the three monitoring sites, presented in both planimetric and oblique view.
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Hydrological monitoring was implemented across all three investigation sites to acquire a
comparative overview of hydrological responses under different land-use conditions while

mechanical monitoring was carried out exclusively at Site 850 (Figure 3.2).

Figure 3.2 — Location of monitoring sites: a) blue symbols indicates the sites where hydrological sensors

were installed; b) red symbol shows the site where mechanical monitoring instruments were installed.

3.1.1 Water potential sensor

To measure soil matric potential, the TEROS 21 sensor (METER Group), designed for
continuous, long-term field measurements and for being maintenance-free, was used.

The sensor is based on the principle of frequency domain reflectometry (FDR) dielectric
measurement coupled with a porous matrix. It consists of two engineered porous ceramic discs,
each with a specific water retention curve, and of a capacitive sensor that measures the dielectric

constant of the porous material (Figure 3.3).
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Figure 3.3 - Structure of the TEROS 21 Sensor (METER Group 2021a).

The TEROS 21 sensor primarily allows for the measurement of two key soil parameters:

e Soil Matric Potential (Wm): this parameter, typically expressed in kiloPascal (kPa),
represents the energy with which water is held in the soil by matric forces (i.e., adhesion
and capillarity). It is a direct indicator of water availability for plants and the direction
of water movement within the soil profile. Unlike volumetric water content alone,
matric potential is independent of soil type (within certain limits) for a given retention

curve, allowing for meaningful comparisons between sites with different textures.

e Soil Temperature (T): temperature measurement is essential for compensating thermal
influence on water potential and for more complex thermo-hydraulic studies. The sensor

operates within a typical range of -40°C to +60°C.

The operating principle is based on the equilibrium between the water potential of the
surrounding soil and that one within the ceramic matrix. When the sensor is installed in the
ground, water moves between the soil and the ceramic until the water potential equalises. At
this point, the sensor measures the water content of the ceramic matrix via its dielectric constant.
By knowing the water retention curve of the ceramic (calibrated in the laboratory) (Figure 3.4),

the measured water content is converted into the soil matric potential.
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Figure 3.4 - Moisture characteristic curve of TEROS 21 ceramic derived from mercury porosimeter data

(METER Group 2021a).

The TEROS 21 sensor is manufactured to be robust and durable, suitable for harsh
environmental conditions and for long-term monitoring. The sensor features an epoxy
overmolding that makes it resistant to the most extreme field conditions, ensuring a long
operational life. Furthermore, the porous ceramic discs are designed with a wide pore size
distribution, which significantly extends the measurement range of water potential compared to
sensors based on ceramics with more uniform porosity. These materials do not degrade and do
not require periodic recalibrations in the field.

The instrument has a length of 9.6 cm, a width of 3.5 cm, and a diameter of 3.2 cm, dimensions
that facilitate its in-situ installation at various depths (Figure 3.4). Its rapid response is ensured
by a 150 ms measurement interval, allowing for near real-time acquisition of water potential
variations. The dielectric measurement frequency is 70 MHz, a value that contributes to the

accuracy of the dielectric constant readings of the porous medium (METER Group, 2021a).
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Figure 3.4 - Detailed technical scheme of the TEROS 21 soil water potential sensor, illustrating its key

components and dimensions in both plan and cross-sectional views (Stasi et al., 2025).

The TEROS 21 sensor has been specifically designed to cover a wide range of water potential
measurements, spanning from conditions close to soil saturation, approximately -5 kPa, to states
of extreme drought, corresponding to very low potentials, close to the permanent wilting point
or dry air, reaching values up to -100,000 kPa. This extended range makes it suitable for
monitoring both moist and arid soils. The sensor's resolution is 0.1 kPa, ensuring considerable
sensitivity in detecting even small variations in water potential. Furthermore, the sensor
transfers information externally via an SDI-12 connection cable. The SDI-12 connection in the
TEROS 21 sensor is a standardised serial communication protocol used to interface sensors
with data loggers and data acquisition systems (METER Group, 2021a).

Despite its advantages, the correct functioning of the TEROS 21 is strongly dependent on the
quality of its installation. In particular, optimal contact between the sensor's ceramic matrix and
the surrounding soil is crucial for obtaining accurate readings. Inadequate contact can lead to
imprecise measurements, especially in soils characterised by high sand content or the presence
of coarse fragments (skeleton), which can create air voids around the sensor. To mitigate this
risk and ensure the reliability of readings, it is highly advisable to prepare a "paste" or slurry of
soil and water for use at the time of installation. The application of this paste ensures that the
sensor is completely enveloped by fine soil, maximising the contact area and facilitating

hydrological equilibrium between the sensor and the soil (METER Group, 2021a).
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3.1.2 Soil moisture sensor

To measure volumetric water content (VWC) and soil temperature, the TEROS 11 sensor,
manufactured by METER Group was used. It consists of a frequency domain/capacitance
sensor based on the relationship between the apparent dielectric constant of the medium (soil)
and its water content.

The TEROS 11sensor features a main body made of dark epoxy resin, which gives it a solid
appearance and significant resistance to weathering and aggressive soil conditions. This
structure has three stainless steel needles, approximately 5.5 cm in length, sharpened to
facilitate penetration into the soil without causing excessive disturbance. Two of these needles

are positioned laterally, while a third, slightly shorter, is located centrally (Figure 3.5).

Figure 3.5 - Structure of the TEROS 11/12 Sensor (METER Group, 2021b).

The TEROS 11 allows for the measurement of:

e Volumetric Water Content (VWC): represents the percentage of soil volume
occupied by water.

e Soil Temperature: temperature across the soil profile.

The operating principle of the TEROS 11 sensors is based on capacitance/frequency domain
technology operating at 70 MHz, which is chosen to minimise the effects due to soil texture

and salinity, ensuring accuracy in most mineral soils.
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Soil is a complex mixture of solid particles, water, and air. Each of these components has a
different dielectric constant: water ~80, solid particles 2-5 (varies depending on composition),
and air 1. Since water has a significantly higher dielectric constant than the other components,
even small variations in soil water content cause large variations in the apparent dielectric
constant (g,) of the entire medium (METER Group., 2021Db).

The operation of this instrument is founded precisely on this basic principle. Specifically, the
stainless-steel needles (probes) are inserted into the soil. These needles act as electrodes of a
capacitor. When the sensor is powered, it generates a high-frequency electromagnetic field (70
MHz) that extends into the volume of soil surrounding the probes (METER Group., 2021Db).
Water, having a much higher dielectric constant (approximately 80) compared to soil solid
particles (2-5) and air (1), significantly influences the apparent dielectric constant of the
medium. The TEROS 11 sensor's microprocessor calculates the charging time and derives a
raw value that depends on the dielectric constant of the material it is inserted into. Subsequently,
this raw value is transformed into VWC using a specific calibration equation (METER Group.,
2021b).

In terms of dimensions, the sensor has a length of approximately 9.4 cm, a width of about 2.4

cm, and a height, including the needles, of approximately 7.9 cm (Figure 3.6).

2,4 cm
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I

Figure 3.6 - TEROS 11 sensor technical details (METER Group, 2021b).

The VWC measurement ranges are broad: from 0.00 to 0.70 m*m? (0-70% VWC) with
calibration for mineral soils, and further to 0.0 — 1.0 m*m? (0-100% VWC) for soilless
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substrates. The measured apparent dielectric permittivity (€,) varies from 1 (air) to 80 (water).
Temperature is detectable from -40 °C to +60 °C (METER Group., 2021Db).

A typical accuracy of £0.03 m*/m? (3% VWC) is recorded with generic calibration in mineral
soils, which improves to £0.01-0.02 m*/m? (£1—2% VWC) with specific medium calibration.
The sensor operates at a dielectric measurement frequency of 70 MHz. The time required for a
single measurement is approximately 25 ms.

Connection to the data logger is made via a robust 3-conductor cable. The standard length is 5
metres, which is fundamental for power supply and data transmission. Communication between
the sensor and the data logger also occurs, in this case, via the SDI-12 digital protocols.

A significant advantage of this sensor is the ease of installation. This aspect is crucial for

minimising the formation of air voids around the sensing elements.

3.1.3 Tangential and radial pressure cells

The Tangential and Radial Pressure Cells are instruments used in the field of geotechnical and
structural monitoring. They are fundamental for measuring the opposing action between two
adjacent surfaces, detecting the stress state and the total pressures that the surface, ground, or
material exert on the cell.

Rectangular hydraulic cells, also known as NATM (New Austrian Tunnelling Method) cells,
were used to monitor the tensional states on dry-stone walls. This device consists of two
rectangular stainless-steel plates (width 100 mm and length 200 mm), soldered at the edge to
form an iron interspace, which is filled with deaerated oil and connected by a stainless-steel
tube to an electric pressure transducer. In particular, at the lower end of the cell, there are two
connectors. One connector is used for the initial filling, i.e., to fill the cell's internal cavity with
de-aired oil under vacuum during production (Figure 3.7). This ensures no air is inside, which
could compromise measurement accuracy. The second connector links the cell's internal cavity
to the pressure transducer (Figure 3.7). This second tube features a manometer at its end for re-

pressurisation operation (Pizzi Instruments, 2020) (Figure 3.7).
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Figure 3.7 - Structure of tangential and radial pressure cells. a) Initial pressure tube; b) re-pressurization

tube where the pressure gauge is inserted at the end (Pizzi Instruments S.r.L.).

The operating principle is based on pressure transmission; that is, the two steel plates receive
the load exerted by the adjacent ground or structure, which in turn is transmitted to the de-aired
oil. The oil transmits the pressure through a small tube (usually stainless steel) to an electrical
pressure transducer which converts it into an electrical output signal (mA), proportional to the
pressure.

The pressure cells were calibrated by the manufacturer within a measurement range of 0 to 10
bar. Figure 3.8 shows the calibration graphs, which illustrate the relationship between the
electrical output signal from the pressure cell and the applied pressure. The calibration graph
thus serves as a conversion key, essential for the accurate interpretation of the raw data.

CURVA DI TARATURA CURVA DI TARATURA
CcPO3 CP04

Metri H,0
Metri H,0

mA mA

Figure 3.8 - Manufacturer-issued calibration certificates for the installed pressure cells.

The overall accuracy remains below 0.35% of the Full Scale (F.S.) while the operating
temperature is typically between -20°C and +60°C, or in some cases, between -20°C and +80°C

(Pizzi Instruments S.r.1., 2020).
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One of the most critical aspects of this device is the necessity of a vacuum filling with de-aired
oil, requiring extreme care during re-pressurization to prevent the formation of air bubbles
within the system, which could seriously compromise measurement accuracy. Another
limitation is temperature dependence: although designed to operate within a specific
temperature range, extreme variations can affect their performance, sometimes necessitating

compensation.

3.1.4 Weather station

The installation of a weather station aims to monitor precipitation and other essential
atmospheric parameters to investigate the soil's hydrological behaviour which, in synergy with

other instrumentation, allow to evaluate the evapotranspiration flux (Figure 3.9).

Figure 3.9 - Weather station installed in the study area.

Weather measurements are accomplished with the ATMOS 41 all-in-one station (METER
Group 2021c¢), which is equipped with various instruments which are integrated into a single,

small form-factor unit:

e Resistance Thermometer: it measures air temperature, recording maximum and
minimum values and calculating their average for a given period (measurement returned
in °C).

e Barometer: for the measurement of atmospheric pressure, providing the maximum and

minimum values recorded during the monitoring period (measurement returned in hPa).

55



o Hygrometer: it measures the relative humidity of the air, also reporting the maximum
and minimum values for the period under examination. Measured in %, this value
expresses the ratio between the actual amount of water vapour present in the air at a
given moment and the maximum amount of water vapour the air could contain at the
same temperature and pressure.

e Anemometer and Wind Vane: the anemometer measures wind speed (measured in m/s),
while the wind vane indicates its direction (measured in °).

e Rain Gauge: it allows for the measurement of both the quantity of precipitation
(expressed in mm) fallen within a specific time interval and its intensity (expressed in
mm/h).

e Solar Sensors: for the measurement of solar radiation (measured in W/m?).

The measurements specifications of each mounted weather sensor are summarized in Table 3.1.

Table 3.1 - All-in-one ATMOS 41 weather station sensors measurement specifications

Range Resolution Accuracy
Solar radiation 0-1750 W/m? 1 W/m? +5% of measurement typical
Precipitation 0-400 mm/h 0.017 mm +5% of measurement from 0 to 50 mm/h
Vapor pressure 0-47 kPa 0.01 kPa Varies with temperature and humidity
Relative humidity 0-100% RH 0.1% RH Varies with temperature and humidity
Air temperature —50 to 60 °C 0.1°C +0.6 °C
Humidity sensor —40 to 50 °C 0.1°C +1.0 °C
temperature
Barometric pressure 1-120 kPa 0.01 kPa +0.05 kPa at 25 °C
Horizontal wind speed 0-30 m/s 0.01 m/s The greater of 0.3 m/s or 3% of measurement
Wind direction 0°-359° 1° +5°

Data acquisition occurs through a structured process. Each meteorological parameter is detected
by a specific sensor that converts physical quantities into electrical signals. These signals are
subsequently transmitted to a data logger. The data logger is responsible for the digitalisation,
processing, calibration, and storage of analogue signals at predefined time intervals, in this case,
on an hourly basis. The station's operational autonomy, even in the absence of access to the
electrical grid, is guaranteed by rechargeable batteries powered by solar panels. Data stored in
the data logger are accessible and can be retrieved via specific management software. The

signals coming from the above-described sensors are acquired by a CR310 datalogger
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(Campbell Scientific, Inc.) supplied by a gelatin-based hydrogel electrolyte battery, which in

turn is powered by a photovoltaic panel.

3.1.5 Installation procedures

In the subsequent sections, a detailed description of the installation procedures followed for
each type of instrument in each experimental site is described.

Prior to installation, a thorough site evaluation was conducted to identify optimal installation
points, considering geomorphological specificities (slopes, slope morphology),
hydrogeological features (presence of preferential flow paths), and land use (vegetation type).
This was done to select area representative of the expected hydrological and geotechnical
conditions. Based on these considerations, three representative installation sites were identified

(Figure 3.10).

Figure 3.10 - Location of the three experimental monitoring sites.

For each investigation site, the instrumentation was positioned on the terrace platform uphill of
the reference dry-stone wall (Figure 3.11).

A trench approximately 50-60 cm wide and 120-150 cm long was excavated. Trenches were
excavated approximately in the middle of the terrace tread. Based on the consistent outcomes
of the engineering-geological investigations, approximately 0.9-1.0 m deep trenches were

excavated (Figure 3.13). Specifically, the excavation depth was determined according to the
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depth required to reach the weathered bedrock for each specific site. To minimise the alteration
of the surrounding natural soil structure, the excavation was performed exclusively using
manual tools. The dimensions of the trench were chosen to ensure straightforward instrument

installation and a subsequent effective and coherent restoration of the ground.

Figure 3.11 - The yellow arrow indicates the area upstream of the retaining wall, where the sensors were

installed for each experimental monitoring site.

The depths of the sensor installation were chosen based on the soil stratigraphy visible along
the trench sidewalls. To ensure optimal hydraulic contact between the TEROS21 sensor and
the surrounding ground, some excavated native soil was moistened to achieve a better
interaction with the sensor's ceramic surfaces. To this purpose, a hydraulic contact matrix was
prepared around the sensor by using the finer fraction of the native soil (obtained through
sieving) mixed with water. The resulting compound was then carefully packed around the

sensor (Figure 3.12).
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Figure 3.12 - Preparation of a fine material and water slurry which was packed around the TEROS21

sensor.

Subsequently, to insert the instrument into the trench wall, a knife was used to remove a small
portion of soil, creating a small pocket into which the sensor was inserted, ensuring the soil was
well compacted around it. During installation, care was taken not to embed the sensor close to
roots. Once the sensor was inserted into the ground, its cable was protected by enclosing it into
a protective sheath (flexible PVC tubing) up to the connection point with the datalogger. This
protection is essential to prevent damage from animals, agricultural equipment, or atmospheric
agents.

Similarly, volumetric water content sensors (i.e., TEROS 11) require optimal contact between
the instrument and the soil.

Accordingly, considering a homogeneous vertical side of the trench, the sensor was inserted
(with a horizontal orientation) by pushing it into the undisturbed ground being careful to avoid
roots or pebbles that could potentially bend the needles or affect both the sensor functioning
and readings.

Upon completion of the entire sensor installation, the soil removed during excavation was
meticulously backfilled to preserve as much as possible the native bulk density and the previous
soil stratigraphy. This operation minimises any alteration to the natural water flow within the
soil profile.

At site 915 the pairs of TEROS 11 and TEROS 21 sensors was positioned at depths of
approximately 20, 30 and 50 cm, while at sites 846 and 850 at depths of approximately 30, 50
and 70 cm (Figure 3.13 and Table 3.2). At Sites 850 and 846, sensors were strategically
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positioned on the downslope-facing (or valley-oriented) trench wall. This placement was
specifically designed to detect the ingress of water originating upslope and moving towards the
wall. The sole exception to this arrangement is Site 915, where the monitoring instruments were
installed upslope of the trench. This alternative approach was necessitated because the
morphological irregularity of the excavation face precluded the possibility of installing the

sensors directly onto the wall.
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Figure 3.13 - Sketch and arrangement of soil hydrological sensors within trench pits dug in each study

site.

Table 3.2 - Overview of the key installation features for the monitoring equipment at each study site. SM:

Soil Moisture (sensor), WP: Water Potential (sensor), Tr_L: Trench Length and Tr_D: Trench Depth.

SM_Sensor_Depth WP _Sensor_Depth
Installation | Tr_L | Tr_D - N - - Root_Depth
Date SMO01 SM02 SMO03 | WP01 WP02 WP03
cm cm cm cm cm cm cm cm cm
St_846 16/02/2023 90 ~ 80 30 50 70 30 20 70 70
St 915 16/02/2023 130 | =90 20 30 50 20 30 50 50
St_850 02/08/2023 150 | =70 30 50 70 30 50 70 20
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All sensors were connected to a datalogger for automatic data acquisition powered by a

photovoltaic panel (Figure 3.14).

Figure 3.14 - Multiparametric monitoring systems and dataloggers installed at each monitoring site.

Eventually, the weather station was installed approximately in a central position relative to the
three experimental sites to ensure that the collection of representative meteorological data

(Figures 3.15 and 3.16).
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Figure 3.15 - Location of the weather station.

Figure 3.16 - Installation of the weather station.

Finally, at site 850 the installation of the pressure cells behind the wall was undertaken, with
the aim of monitoring the total pressures that develop behind the wall due to soil thrust.

The initial phase of pressure cell installation involved the creation of the base layer, i.e., the
wall's foundation. This foundation was laid directly on the bedrock, as illustrated in Figure 3.17.
The tabular rocks used for the foundation had approximate dimensions of 50-70 cm in length

and approximately 50 cm in width (Figure 3.17).
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Figure 3.17 - Excavation operations placement of rock blocks for the wall’s foundation on the weathered

bedrock.

Two cells (i.e., CP03 and CP04) was arranged immediately behind the wall with the flat
surfaces oriented vertical. The lower sides of the cells were positioned on a thin layer of non-
shrink sand cemented grout and then sealed. The free part of the cell plate was covered with an
additional layer of mortar (Figure 3.18). Uniformity and absence of discrepancies in the cells'

positioning were verified using a spirit level, as shown in Figure 3.18.

Hl

Figure 3.18 — Installation of pressure cells behind the wall.

During the construction, the space immediately behind the stone blocks of the wall was
progressively filled with coarse-grained soil material and pebbles to promote drainage (Figure

3.19). The backfill of the terrace was progressively created using native soil which was sieved
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on site to remove large pebbles and cobbles. Eventually, the geometry of the terrace tread was

restored in order to keep the surficial water flows as much as possible in their original condition.

Figure 3.19 - Detail of the backfill material used during wall construction.
Two pressure cells were placed at a height of 10 and 90 cm from the dry-stone wall foundation,

respectively (Figure 3.20).

1.80 m

Figure 3.20 — Sketch of the installed pressure cells.
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3.2 SLOPE-SCALE STABILITY ANALYSIS

To delineate a preliminary overview on the stability conditions of the selected terraced area, a
slope-scale stability analysis was conducted. This analysis was carried out using a detailed
engineering-geological model, based on the results of laboratory and in-situ investigations,
made available by the “Stone wall for life” project. This approach allowed for a general
evaluation of the various factors (e.g., geotechnical and morphological variables) mostly
conditioning the overall terraced slope system response. In particular, the attention was focused
on three key aspects: i) the variation in soil cohesion attributable to the contribution of
vegetation; i1) the morphological characteristics of the terraced slope and iii) the influence of

the stratigraphic setting.

3.2.1 Strength reduction stability analysis - ADONIS

The ADONIS software was used, which is a numerical calculation tool based on the Finite
Element Method (FEM) (Mikola, 2017), a technique widely used in the modelling of
geotechnical behaviour of soils and structures.

The FEM is a discrete numerical method used to solve partial differential equations that govern
complex physical problems for which direct analytical solutions do not exist. The fundamental
principle consists of dividing a continuous domain of interest into a finite set of sub-domains,
known as finite elements, which are interconnected at discrete points called nodes. The primary
unknown variables of the problem (e.g., displacements in stability analysis) are associated with
each node. The method proceeds by formulating the governing equations for each individual
element, then assembling them into a global stiffness matrix that represents the entire system.
The assembly process is guaranteed by the continuity of the variables at the nodes shared
between adjacent elements. The solution of this large system of linear equations simultaneously
provides the values of the unknown variables for all nodes in the domain. In summary, the FEM
transforms a continuous problem (e.g., the stress field distribution) into a discrete algebraic
problem, approximating the solution with a high degree of precision.

Within the ADONIS software, the Strength Reduction Method (SRM), an advanced numerical
technique used in the field of soil mechanics and geotechnics to evaluate slope stability, is
implemented. SRM simulates the evolution of the stress and deformation state of a slope
starting from an initial equilibrium configuration. This is achieved through a progressive and

controlled reduction of the shear strength parameters of the geotechnical materials.
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SRM operates iteratively reducing the soil's shear strength parameters (i.e., effective cohesion
(c") and friction angle (¢') by Strength Reduction Factor (SRF). This process continues until the
slope's failure condition is reached, which is identified by the divergence of the numerical
solutions. The Factor of Safety (FOS) of the slope is then defined as the value of the SRF at
failure.

SRF is directly implemented in the equations of the Mohr-Coulomb failure criterion, which
describes the stress conditions under which a cohesive and frictional material reaches failure as
follows:

7, =c¢' + 0, tan(p") (1)

where 17 is the shear strength at failure, c is the effective cohesion (i.e., the intercept at the linear
failure envelope), o,’ is the effective normal stress on the failure plane, and ¢’ is the effective
friction angle.

This equation indicates that soil shear strength increases linearly with an increase in normal
stress. The cohesion (c¢”) represents the material's shear strength even in the absence of normal
stress (for example, a clay soil). The angle of friction (¢”) describes the resistance due to friction
between the material's grains.

By applying the SRF to the Mohr-Coulomb equation, we obtain:

_ Cin

, tan(@;,) (2)
T = SRF + o0, tan <arctan (—m>>

SRF

where cin and ¢in are the initial effective cohesion and friction angle, respectively.

Before applying the SRF, the software performs an initial geotechnical analysis to determine
stress and strain states under original static conditions, without any reduction to the strength
parameters. This calculation represents the starting point for the subsequent analysis.
Subsequently, ADONIS performs an iterative calculation cycle by step-by-step reducing the
shear strength parameters using an incremental SRF, thus simulating a progressive soil
weakening. The software seeks a new equilibrium by progressively reducing strength
parameters until failure occurs, namely when the mobilised shear strength is no longer sufficient
to resist the stresses, leading to failure.

The SRF value at failure corresponds to the FOS (if equal to 1 indicates a limit equilibrium

condition, while values greater than 1 indicate stability).

66



3.3 DETAILED-SCALE ANALYSIS METHOD

The results of the global analysis guided the research towards a detailed study of individual dry
stone wall terrace systems, with a specific focus on the hydrological dynamics developing
through the backfill materials, which can critically influence the local instability.

To characterise the system responses, conceptual and numerical hydrological models were
developed for each experimental site that were calibrated and validated using in-situ monitoring
data. These models were implemented and subjected to rigorous validation within the
GeoStudio simulation environment, specifically employing the SEEP/W module for modelling
transient water flow under unsaturated conditions. The flow analysis was conducted to quantify
the variation in hydrological dynamics and pore-water pressures within the subsurface profile
in response to external hydrological stresses. This process is crucial for defining the influence
of boundary conditions on the variation of the system intrinsic hydrological characteristics. The
results obtained from the flow modelling (i.e., the spatial and temporal distribution of pore-
water pressures) were subsequently transferred as input variables for the slope stability analysis,
which was conducted according to the limit equilibrium principle using the SLOPE/W module.
The primary objective of this integrated modelling approach is the assessment of the variation
of the critical factor of safety (SFc) as a function of changes in the soil hydrological conditions
as well as in the site-specific geometrical and geotechnical properties (i.e., slope geometry,

gradient, and thickness of the superficial cover).

3.3.1 Theoretical background on unsaturated soil behaviour

The primary difference between saturated soil and unsaturated soil lies in the composition of
the voids within the soil matrix, which has fundamental consequences for their mechanical and
hydrological properties.

A soil is defined as saturated when all the voids between the solid particles are completely filled
with water, involving a degree of saturation of 100%. Within the soil, the water exerts a positive
pressure, known as pore water pressure (uw), which reduces the effective stress between the soil
grains.

In contrast, in an unsaturated soil the voids between the particles contain both water and air,
thus involving a degree of saturation ranging between 0% and 100%. In this case, the water
within the pores is under pressure that is less than that of the air (uw<ua.), and this pressure
difference is called suction. Suction acts as a surface tension force that holds soil particles

together, creating an apparent cohesion that can significantly increase the soil's shear strength.
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The main process that causes a soil to become unsaturated is the loss of water from its pores,
which occurs when water is removed at a faster rate than it is replenished. This process, which
involves a change in the mechanical and hydrological behaviour of the soil, generally occurs in
the upper zone of the ground (i.e., vadose zone) above the water table due to evaporation from

the ground surface (Figure 3.21) and a lowering of the groundwater table.
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Figure 3.21 - Transition from saturated to unsaturated soil conditions (ET: evapotranspiration).

This process can be effectively explained using the analogy of a capillary tube system, which
replicates the behaviour of water in the porous spaces of geomaterials (Figure 3.22). Initially,
the soil is fully saturated. Therefore, the air-water interface is flat as the adhesive forces
(between the liquid and the tube surface) and cohesive forces (between the liquid molecules
themselves) are in equilibrium. Consequently, the water pressure is equal to the atmospheric
pressure (Uw=Ua).

Following evapotranspiration, water is initially removed without any significant change in the
solid-liquid-gas contact angle (3). This leads to an increase in the curvature of the air-water
contact surface (the meniscus), as the adhesive forces become greater than the cohesive forces.
As a result, the water pressure inside the capillary tube (and thus in the pores) drops to values
below atmospheric pressure. Evaporation continues until the meniscus contact angle reaches a
maximum value, known as the receding contact angle (9r). At this stage, the liquid pressure

reaches the minimum value that the meniscus can sustain. This critical pressure value, which is




less than atmospheric pressure, is defined as the air entry pressure. When this pressure is
reached, air begins to enter the capillary tube (i.e., the soil pores). From this point on, any further
loss of water due to evaporation does not cause an additional decrease in pressure; instead, it
results in a progressive lowering of the meniscus and an increase in the gas phase within the
pore. At this stage, the soil begins its desaturation process, where the negative pore water

pressure effectively represents the suction present in the soil.
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Figure 3.22 - The process of soil desaturation through evapotranspiration, as represented by individual

capillary tubes (from Tarantino, 2010).

Schematizing soil as a series of interconnected capillary tubes is an effective model for
describing the behaviour of water within it. The size of these "tubes" (i.e., the pores), which
varies with the soil's granulometry and gradation, influences the desaturation process.
Therefore, the relationship that governs the variation of negative pressure (suction) with pore
size is described by the Young-Laplace equation (eq. 3), which states that capillary pressure is

inversely proportional to the radius of curvature of the meniscus.

4T cosV (3)
d

Uy —Ug =
Where T is the surface tension and d is the pore diameter. Consequently, in larger pores, the
radius 7 is greater, and the capillary pressure required to desaturate them is lower. This means
that larger pores will tend to desaturate at low suction values compared to smaller pores, leading

to a rapid soil desaturation. Similarly, poorly graded soils with similarly sized grains will have
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a narrower range of pore sizes, which results in a faster and less gradual desaturation compared

to well-graded soils.

3.3.1.1 Theoretical background: hydrological behaviour

The relationship between the amount of water present in the soil (e.g., water void ratio ew,
degree of saturation S,, volumetric water content 8y) and suction (u.-uw) is defined as the soi/
water retention curve (Figure 3.23). This relationship describes the hydrological behaviour of
an unsaturated soil and therefore its capacity to store water, which varies with the soil's

granulometric characteristics, expressed in terms of grain size and gradation.
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Figure 3.23 - Soil water retention curve and phases of saturation (from Tarantino, 2010).

The water retention curve is typically represented by plotting suction values on a logarithmic
scale on the x-axis and the volumetric water content or degree of saturation on the y-axis.
Regardless of the granular characteristics of the porous medium, the water retention curve will
always exhibit four main phases:

Saturated phase: all pores are completely filled with water, the degree of saturation is Si=1,

and consequently, the suction is close to zero.
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Quasi-saturated phase: as suction increases, the air entry value (Sag) is reached. Beyond this
value, air begins to penetrate the largest pores, but the majority of the soil remains saturated.
The degree of saturation starts to decrease slightly, although remaining at high values (Sr =
0.85—0.9).

Partially saturated phase: it corresponds to the steepest section of the curve, which is
characterised by a rapid soil desaturation. Small variations in suction cause a significant
decrease in the volumetric water content.

Residual phase: almost all capillary water has been removed. The remaining water is found
mainly in the form of isolated menisci or thin films adhering to the surface of the solid particles.
Despite reaching high suctions, it is very difficult to remove this residual water content. For
this reason, the degree of saturation remains constant at a minimum value, defined as the
residual degree of saturation (S;r). The residual degree of saturation represents the minimum
amount of water that can be present in the soil.

The relationship between the degree of saturation (S;) and suction (y) is hysteretic. The water
retention curve describes the soil behaviour during both the drying phase, when the soil state
goes from S=1 to S;=Sw, and the wetting phase, when the soil starts from a dry state and tends
towards saturation. When a dry soil is wetted, the water cannot displace all the air present in
the pores, thus leading to the formation of trapped air bubbles. This trapped air reduces the total
volume available for water, which means that for a given suction, the water content is lower
than what it would be if the soil was drying. Consequently, the water retention behaviour of a
soil drying from a saturated state (the "main drying curve") is different from the behaviour of a
soil being wetted from a dry state (the "main wetting curve"), enabling the identification of two
curves: the main drying and main wetting curves. Between the main drying and main wetting
curves, there are intermediate curves called scanning curves, which describe the water retention
behaviour of a soil undergoing incomplete wetting and drying cycles. Unlike the main drying
and wetting curves, which start from a fully saturated state and a completely dry state
respectively, scanning curves represent the intermediate paths within the hysteresis loop (Figure

3.24).
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Figure 3.24 - Hysteresis of water retention behaviour in soils (from Tarantino, 2010).
The complex relationship between suction and the degree of saturation (i.e., hysteretic
behaviour) has a direct and significant impact on the hydrological behaviour of soil, particularly
on its ability to transmit water.
In a saturated soil, water occupies all the pores, and flow occurs relatively freely through the
interconnected channels. In this state, the saturated permeability (ksa)is at its maximum and is
constant, representing an intrinsic soil parameter determined by its particle size distribution and
pore geometry.
As the soil desaturates, the presence of air within the pores hinders the passage of water, making
the water's flow path more complex. Consequently, the effective permeability k decreases
drastically as the degree of saturation falls. The effective permeability (k) represents the
instantaneous permeability of the unsaturated soil and reflects the reduced capacity for water
transmission due to the presence of the gaseous phase. By definition, it is always less than the
saturated permeability (ksat); that is, k < ks Therefore, the dynamics of water flow under
unsaturated conditions are no longer governed by ksat, but by a dynamic parameter, the relative
permeability (k;) which expresses the ratio of the effective permeability to the saturated
permeability.
k 4

This parameter, which varies between 0 (completely dry soil) and 1 (saturated soil), is directly
dependent on the degree of saturation (or suction), with a strongly non-linear relationship.

To accurately model this behaviour, the scientific literature has proposed various mathematical
formulations that link the degree of saturation and relative permeability to suction. These

formulations, such as the one by van Genuchten (1980), are crucial for predicting water
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movement in unsaturated soils. The van Genuchten formulation is widely used because of it
effectively describes the water retention curve and, through a set of empirical parameters, it
allows for the calculation of relative permeability as a continuous function of the degree of
saturation.

This model is known for its ability to adapt to a wide variety of soils and for its analytical form,
which makes it very useful for numerical calculations in solving the Richards' equation
(Richards, 1931) (Richards' equation is a partial differential equation that describes the
movement of water in an unsaturated porous medium, such as soil).

The model provides a mathematical equation that continuously describes the main water
retention curve (typically the drying curve) across the entire range of suctions by relating the

water content (0) to the matric potential (y) through a series of parameters (eq. 5):

LB (5)
(1 + |a¥m)™

9 =19,
The equation contains four independent parameters (s, 9, o, and n), which must be estimated
from observed soil water retention data. Specifically, 0s represents the volumetric water content
at saturation; 0; is the residual volumetric water content; o is a parameter related to the air entry
pressure (Sag), which is the minimum suction required for air to begin penetrating the largest
pores in the soil, breaking the continuity of the water. The parameter a is the inverse of this
pressure (1/Sag). The parameter 7z is a dimensionless parameter that describes the slope of the
water retention curve and has a direct relationship with the pore size distribution of the soil.
Finally, m is related to n by the relationship m=1—1/n and y represents the matric potential of
the soil. Knowing the relationship that links volumetric water content to the degree of saturation
(i.e., St = Ow /N, where N is the porosity), the formula can also be expressed in terms of the

degree of saturation (eq. 6):

+ 1- Sr,res (6)
(1 + |a®M)™

Sy = Sr,res
Sires represents the residual degree of saturation. Consequently, as previously discussed,
permeability is generally expressed as a combination of saturated permeability (ksa) and relative

permeability (k;), which depends on the effective degree of saturation (S;.) as follows (eq. 7):
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k = Ksat kr(Sr,e) (7

In the formulation for relative permeability, the effective degree of saturation (S..) instead of
total degree of saturation (S;) is considered. This methodological choice is based on the
functional distinction between mobile and immobile water within an unsaturated soil matrix.

The residual degree of saturation (S.es), in fact, represents the portion of water that remains
trapped in the soil even under high suction conditions. This water, held by capillarity in the
smallest and most isolated pores or as a thin film on the surface of particles, is considered
immobile and does not contribute significantly to water flow. Its presence, while increasing the
total degree of saturation, does not affect the soil's capacity to conduct water. In contrast, the
effective degree of saturation (S:.) is a normalised measure that considers exclusively the

portion of the fluid that can move through the interconnected pores of the soil (eq. 8):

Sr - Sr,res (8)

S =
e 1- Sr,res

Its formulation, in fact, eliminates the effect of residual water, allowing for a more accurate

description of the variation in permeability (Figure 3.32).
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Figure 3.25 - Effective and residual degree of saturation (from Tarantino et al., 2019).
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The experimental determination of permeability in an unsaturated regime is a very complex
task. To overcome this difficulty, the scientific literature has introduced various semi-empirical
relationships that allow for the derivation of relative permeability from the water retention
curve. Among these formulations, the one proposed by van Genuchten (1980) is one of the most

widely used and validated (eq. 9):

1
ky = S [1— (1— STLymP2 ®

According to this formulation, relative permeability does not have a linear relationship with soil
saturation, but its variation depends on the soil's textural and structural characteristics, which
are expressed and quantified by the parameters of the van Genuchten curve (eq. 5). Therefore,
the parameters of the van Genuchten model are not simple coefficients since they describe the
geometry of the soil's pore network.

Unimodal water retention models, such as van Genuchten's, are effective at representing soils
with a relatively homogeneous pore size distribution. However, these models fail to accurately
capture the hydrological behaviour of more complex soils, which are characterized by a dual
porosity, which is typical of many natural soils, dividing the pore space into two distinct but
interacting systems: micropores and macropores. The presence of this dual structure can be due
to natural phenomena such as fissures, root channels (i.e., biopores), or the formation of

aggregates, as summarized as follows:

e Micropores: located within soil aggregates or between fine particles, are primarily
responsible for water retention at high suctions. Due to their small size, they hold water
with significant capillary force.

e Macropores: include fissures, root channels, and other preferential pathways, are
fundamental for preferential water flow at low suctions. Their larger size allows for

rapid drainage and water movement under near-saturated conditions.

This dual pore system significantly influences water movement in unsaturated soil, resulting in
a water retention curve with a characteristic shape (Figure 3.26). The curve, in fact, shows a
rapid decrease in water content at low suctions (corresponding to the emptying of macropores),

followed by a more gradual slope at higher suctions, when water is drained from the micropores.
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Figure 3.26 - Representative water retention curve for a dual-porosity soil (from Ghanbarian, 2021).

Unlike unimodal models (such as van Genuchten's), which assume a single pore distribution,
bimodal models, like the one proposed by Durner (1994), describe the hydraulic properties of
soil by considering its dual-porosity structure.

In Durner's model, later revisited by Zhang et al. (2022), the pore space is conceptualised as the
superposition of two or more van Genuchten functions, each weighted by a factor wi. This factor
w; represents the fraction of the total porosity associated with each pore system (e.g., w1 for
macropores and w> for micropores) (eq. 10). The sum of these factors must equal to one
Qwi=1).

Consequently, the effective soil saturation is described as a weighted sum of the effective
saturations of the individual pore systems (Zhang et al., 2022). This approach allows for a more
realistic modelling of the water retention curve for complex soils, capturing both the rapid
emptying of macropores at low suctions and the more gradual drainage of micropores at higher
suctions.

m (10)

Sre =Wy

[W]ml W, [W]

In the context of dual-porosity soils, relative permeability is not described by a single function,
as it is in unimodal models, but is intrinsically linked to the interaction between the two pore
systems.

When the soil begins to dry, the macropores, characterised by larger diameters, empty rapidly.

This desaturation drastically reduces the connectivity of this system, causing a significant

76



decrease in overall permeability. At this stage, water flow primarily occurs within the micropore
matrix, which remains saturated for longer.

To describe this phenomenon, an approach analogous to Durner's model for the water retention
curve is adopted. The overall relative permeability is calculated as a weighted sum of the
relative permeabilities of the individual pore systems.

Consequently, unsaturated permeability can be expressed as the product of the saturated

permeability and the total relative permeability (eq. 11):

k = Ksqr * ky (11)

The total relative permeability is, in turn, a function of the hydraulic parameters of the

individual pore systems and their relative weighting within the total soil porosity as follows (eq.

12):
1 1\ M2y 2
wyay [1 - (1 — Sfefl> + wia, [1 - (1 - S;’e?) ]
(12)

wiaq, + wra,

mq

k = kggi/Sre

This approach allows for a more accurate representation of the retention curve and relative
permeability in soils with complex structures, improving the prediction of water movement and

solute transport.

3.3.1.2 Theoretical background: mechanical behaviour

In unsaturated soils, the presence of a negative pore pressure, or suction, plays a crucial role
that extends beyond its simple hydrological component. This condition imparts an apparent
cohesion to the soil, significantly influencing its mechanical behaviour. Conversely, in
saturated soils, where suction is absent, shear strength depends exclusively on the friction
between particles and effective cohesion, as expressed by the classic Mohr-Coulomb formula
(see eq.1).

In unsaturated soils, however, the negative pore pressure alters the shear strength compared to
that observed under saturated conditions. To account for this phenomenon, the classic Mohr-
Coulomb formulation is extended by incorporating two additional parameters that describe the

stresses to which the soil is subjected:
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o the net total stress (c—u.), where o is the applied total stress and u, is the pore-air
pressure.
o the matric suction (u.—uw), which represents the difference between the pore-air

pressure (ua) and the pore-water pressure (Uw).

The extended Mohr-Coulomb formula proposed by Fredlund and Morgenstern (1977) describes

the shear strength of unsaturated soils by including these additional parameters (eq. 13):

t=c + (0 —ug)tan (¢") + (u, —u,,) tan (¢p) (13)

where ¢’ and ¢’ are the effective cohesion and friction angle, respectively, while ¢y is the
additional friction angle that describes the increase in strength due to matric suction. This
extended approach allows for a more accurate modelling of the shear strength of unsaturated
soils, recognising the importance of suction as a stabilising factor.

The different shear strengths of soils under saturated and unsaturated conditions, are graphically
represented through a three-dimensional extension of the classic Mohr-Coulomb diagram
(Figure 3.27). The horizontal axis (cy—u,) represents the net total stress, which is an extension
of the effective stress used for saturated soils. The vertical axis shows the shear stress, while
the z-axis shows the matric suction (ua—uw).

Moving from circle 3 to circle 1 (in a Mohr diagram context), there is a decrease in pore-water
pressure (uw). This pressure transition from positive values (uw>0), indicative of a saturated
state, to negative values (uw<0), which mark an unsaturated state by introducing matric suction
(ua-uw). Basically, for a constant net total stress, this suction imparts greater apparent cohesion
(c’) to the soil.

This resulting increase in cohesion involves an upward and rightward shift of the Mohr-
Coulomb failure. Consequently, the Mohr circles representing failure conditions shift
progressively towards higher normal stress values, thus ultimately leading to a significant

increase in the mechanical soil strength.
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Figure 3.27 - The Mohr circle diagram shows the transition in failure conditions from saturated to

unsaturated soil (from Pufahl et al., 1983).

Moreover, the transition from saturated to unsaturated soil conditions implies a variation of the
horizontal stress, which is crucial, as horizontal stress is directly correlated to the Rankine's
active stress (Rankine, 1857).

This means that the soil's degree of saturation not only influences shear strength, but also
directly affects the active stress exerted on a structure. This aspect is fundamental for the
stability of retaining structures, such as dry-stone walls, as it defines the forces to which the

structure is subjected.

3.3.1.3 Rankine theory of active earth pressure

Rankine's theory is a fundamental geotechnical model that calculates the lateral pressures a soil
exerts on a retaining structure. The main objective is to determine the "earth pressure" or the
resultant force acting on a wall under limit equilibrium conditions. The theory analyses three
distinct equilibrium states relative to the ratio between horizontal (on) and vertical (o) stresses:
at-rest (on=0v), passive (on<oy), and active (cn>0y). The latter is particularly important in the
context being analysed.

Active earth pressure represents the condition of minimum lateral stress that a soil can exert on
a retaining structure, whose development involves soil deformation and the mobilisation of its

shear strength. This process begins from an at-rest state (Ko), where the effective vertical (cvo")
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and horizontal (cno’) stresses are in geostatic equilibrium, and the soil is stable, with stresses
below its shear strength.

The transition from the at-rest condition (Ko) to the active stress condition (Ka,) is induced by a
gradual movement of the retaining wall away from the backfill (Figure 3.35). Even a relatively
small displacement can trigger a horizontal strain within the soil. In this scenario, 6vo’ remains
essentially constant, while the ono’ progressively reduces until it reaches the minimum value

compatible with the mobilised soil shear strength, thus defining the active limit equilibrium

condition.
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Figure 3.28 - Active earth pressure (Facciorusso et al., 2006).

The Rankine's active earth pressure coefficient (Ka) for a cohesionless soil (cohesion ¢’=0)

with a backfill surface inclined at an angle a to the horizontal is expressed by the following

[cosa - \/cosaz — cos<p’2\
(14)
\cosa + \/cosaz - cosgo’z/

The effective horizontal active pressure (ona") at a given depth Z, in a soil mass with unit weight
y is given by (eq. 15):

relationship (eq. 14):

KA:

Oha = Kadyo = Ko v Z (15)

The total active thrust (Sa) acting on the wall, for a wall height H, is obtained by integrating

the linear distribution of the effective active horizontal stress along the height:
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Sy = %yHZKA (16)
In the case of unsaturated soils, the calculation of active earth pressure is achieved by extending
and combining the principles of the Rankine's theory with the modified Mohr-Coulomb
criterion to include the effect of matric suction.
Consequently, the formula for (on) in an unsaturated soil includes terms that reflect the
influence of both suction and cohesion. At a given depth Z, the equation takes a form that
considers both the thrust due to the soil's weight and the stabilising effect of cohesion and matric

suction (eq. 17):
01a=WZ—-uy))Ky—2c'JKy — (ug —u,,) tan @p /K, (17)

where the total active thrust (Sa) in an unsaturated soil is obtained by integrating the distribution
of the active horizontal stress along the height of the wall. The presence of cohesion (both
effective and apparent due to suction) significantly reduces the magnitude of the active stress

acting on the structure (eq. 18):
1 1
SA = E)/HZKA — ZC, KAH ( 8)
This stabilising effect can become predominant, such as in conditions where cohesion and
suction are sufficiently high, when the stabilising term can even exceed the thrust due to the
soil's self-weight, leading to a theoretically negative active thrust for the lowest depths. In such

a scenario, the soil "self-supports" for a certain critical height.

3.3.1.4 Role of evapotranspiration

As previously discussed, the hydrological and geomechanical properties of unsaturated soils
are closely correlated with changes in suction, which directly influences shear strength and,
consequently, the soil's active thrust. Understanding the mechanisms that cause desaturation is
therefore of fundamental importance.

Evapotranspiration (ET) represents the sum of direct evaporation from the soil surface and plant
transpiration. This dynamic and complex process is the primary mechanism by which water is
removed from the soil profile, especially during periods without rainfall, and transferred to the
atmosphere. The combined action of these two phenomena leads to a progressive decrease in
volumetric water content and, consequently, an increase in suction.

Therefore, quantifying ET is essential for the hydro-mechanical modeling of unsaturated soil.
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Potential evapotranspiration (PET) is defined as the maximum amount of water a soil can
release to the atmosphere through surface evaporation and plant transpiration. This value cannot
be measured directly but is estimated from meteorological data: i.e., net solar radiation, air
temperature, air humidity and wind speed. PET is calculated by integrating these
meteorological parameters within empirical and semi-empirical methods; among the most well-
known is the Penman-Monteith method (Monteith, 1965).

The Penman-Monteith method is a physical-mathematical model widely recognized as the
international standard (specified in FAO-56) (Allen, 1998) for calculating reference potential
evapotranspiration (PET). It is based on a combination of an energy balance and an
aerodynamic balance to estimate the amount of water that a hypothetical standard surface

releases into the atmosphere, whose meaning is described below:

Energy Balance: based on the principle of energy conservation, the energy available for
evapotranspiration (PET) is given by the net radiation (R,), which is the difference between
incoming and outgoing solar energy (albedo, a), minus the ground heat flux (G). This energy
is primarily used for converting water from a liquid to a gaseous state (latent heat, AE) and for

heating the air (sensible heat, H) (eq. 19):

PE1 = -
Rn r, 4+ 9
A A 4 a c (1)
)( T )
a

Aerodynamic Balance: it describes the movement of water vapor from the air just above the
vegetation surface to the atmosphere. The vapor flux depends on the vapour pressure deficit
(i.e., the difference between the saturated vapour pressure inside the leaves and the actual

vapour pressure of the air) and the resistance to vapor transfer (eq. 20):

RH
1 Pa Cpa Pvo (1 - T )
PETVPD == 4 (20)

e

Therefore, the combination of these two terms allows for the calculation of PET as follows (eq.

21):
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RH
ARn + Pa Cpa Pvo (1 - T'_)
PET = — 4

1 . y(ra;:rc) (1)

where R, represents the net radiation, A is the slope of the saturated vapour pressure curve as a
function of temperature, pa is the density of the air, Cpa is the specific heat of the air, pyo is the
saturated vapour density, y is the psychrometric constant, and r. and r. are the aerodynamic
resistance and vegetation resistance, respectively.

Aerodynamic resistance and vegetation resistance are two very important parameters during the
evapotranspiration process, as they refer to the soil cover characteristics and how these can

influence the evapotranspiration process, as summarized below:

o Aerodynamic resistance (ra) is a pivotal parameter that governs the transfer of water
vapour and heat between an evaporating surface and the atmosphere. It functions as a
barrier to this transfer, directly influencing evapotranspiration. Evaporation is driven by
a vapour pressure gradient: water molecules leave the surface and tend to saturate the
adjacent air layer (the boundary layer), which retards the process. For evaporation to
continue, the vapour must be removed from the boundary layer into the atmosphere, a
process primarily achieved by atmospheric turbulence. This parameter depends mainly

on two factors:

o Wind speed: higher wind speed increases turbulence, which reduces
aerodynamic resistance. Consequently, a higher wind speed maintains a steep
vapour pressure gradient between the surface and the surrounding air,

facilitating faster evaporation and efficient heat transfer.

o Surface roughness (zom): the roughness of a surface increases the turbulence of
airflow. Roughness is directly related to the height and geometry of the
vegetation (Figure 3.36). Consequently, as you move from bare soil to tall
vegetation, the surface roughness and turbulence increase, leading to a

progressive decrease in 7.
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Figure 3.29 - Aerodynamic resistance in relation to the different characteristics of the soil surface and the

presence of vegetation.

o Vegetation resistance (r.) is a key factor in the evapotranspiration process that controls
the rate at which water moves from the plant to the atmosphere. This resistance is
essentially a measure of how difficult water vapour goes out through the stomata on the
leaves (Figure 3.30). Vegetation resistance is correlated with the resistance of a single

leaf (defined as stomatal resistance, 1), which in turn depends on the leaf water potential
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Figure 3.30 - Soil-Plant-Atmosphere Continuum (SPAC) model scheme (from Tarantino, 2016).

The Soil-Plant-Atmosphere Continuum (SPAC) regulates evapotranspiration through the
movement of water, which is driven by a decreasing water potential (V) gradient extending
from the soil (¥ highest) to the atmosphere (¥ lowest). Under conditions of ample water
availability, and provided that the leaf water potential (Wiear) remains above a critical threshold
(W.), the stomatal resistance (rs) is maintained at its minimum value (rsm), and the ET rate is

classified as potential. (Figure 3.31).
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Figure 3.31 - Resistances in the Soil-Plant-Atmosphere Continuum (SPAC) (from Tarantino et al., 2023).

When evaporative demand exceeds the water supply capacity of the soil-root system, a decrease
in leaf water potential (Wiear) occurs until a critical threshold (W.) is reached. This condition
triggers stomatal closure, which constitutes the fundamental mechanism regulating the
transition from potential to actual evapotranspiration (AET). The resulting significant increase
in stomatal resistance (rs) causes ET to become a process limited by water availability (Federer,
1975). At this stage, the evapotranspiration rate is intrinsically controlled by the capacity of the
soil-plant hydraulic system to release water, becoming independent of atmospheric demand
(Figure 3.32). The maximum evapotranspiration limit (ETiim) is reached when the soil water

suction becomes so high that it is considered asymptotically "infinite".

Water flux, g

u,

'
'

'

'

q I :
'

Uy surface H

t— Hydrostatic

Groundwater
Table

Figure 3.32 - Maximum soil-limited water transfer to the atmosphere (from Tarantino et al., 2023).
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In line with this, two distinct regimes can be identified based on water availability, which

differentiate PET from water-limited evapotranspiration (Figure 3.33):

e Energy-limited regime: when PET is less than the maximum water flux (ETiim) that
the soil can transfer, and AET=PET. The limiting factor is not water availability but the

energy available for evaporation.

o Water-limited regime: when PET is greater than ETim, and AET is limited by water

availability and will equal the maximum transferable flux (i.e., AET=ETiim).

ENERGY LIMITED REGIME WATER LIMITED REGIME
4 Water flux 4 Water flux
---------------------------- PET
—'__"'_—____'_::__'_'___"'__"' ET“Im — ETLU'IT
e FET -
! o “
| AET=PET 4, AET=ET,y &

(a) \ k)

Figure 3.33 - Water and energy limited regimes (from Tarantino et al., 2023).

In the water-limited evapotranspiration regime, a correction factor (f) is applied to PET to
calculate AET. This factor, which ranges from 0 to 1, describing how PET is reduced due to

water stress (eq. 22):

AET = PET (22)

The model by Feddes et al. (1978) assumes that this factor is a function of the soil suction (or
matric potential) in the root zone. The main idea is that water uptake by the roots is not constant
but depends on the soil water pressure.

The model identifies four critical points on the suction curve that influence water availability

for the plant (Figure 3.34).
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Figure 3.34 - Feddes reduction function (from Tarantino et al., 2023).

When the soil is completely saturated (Si) or completely dry (S2), the plant is unable to
absorb/extract water. Consequently, ET is considered to be zero. Between the wilting point (S2)
and the critical threshold (S3), transpiration is at its maximum and is not limited by water
availability. Under these conditions, f=1 and AET equals PET (AET=PET). The point S3
corresponds to the soil suction above which plant transpiration begins to be limited. The
threshold suction S; marks the transition from energy-limited (potential) to water-limited
evapotranspiration.

The factor f is not a fixed value but varies as a function of the soil's suction (V). The formula
used to calculate the correction factor, in the case where the soil water potential is more negative

than the permanent wilting point, is (eq. 23):

-1
1 — l’l’l};l}k B (l‘uleaf)l (23)
PT ()12 — (W)

where:

Whuik: soil water potential (in the root zone).

Wieaf: water potential in the root xylem.

W3: critical threshold of soil water potential beyond which a plant is no longer able to extract
water from the soil.

A: empirical parameter whose value depends on the plant's hydraulic properties. Its value

influences how quickly the transpiration rate decreases as the soil dries out.

3.3.2 Hydrological model development: methodological approach

This methodological approach has enabled the quantification and comparison of the soil's
capacity to store and transfer water in order to investigate the impact of different land covers

on the local hydrological cycle. The creation of a representative hydrological model requires a
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comprehensive understanding of the intrinsic soil parameters and the external forcings that

influence water dynamics.

Intrinsic Soil Hydraulic Properties

These properties depend on the soil's physical and mechanical characteristics, such as particle
size distribution, porosity, and bulk density, describing how soil responds to variations in
moisture conditions: water retention curve (WRC), saturated permeability (ksat), relative

permeability (Kre).

Intrinsic soil hydraulic properties: water retention curve (WRC)

The Water Retention Curve (WRC) is the relationship describing how the volumetric water
content of the soil changes as a function of the matric potential and is fundamental to
understanding the hydraulic behaviour of unsaturated soil. To analytically model this
relationship, the van Genuchten model, extensively discussed previously (as illustrated in
paragraph 3.3.1.1), was adopted for this study. Specifically, the Van Genuchten model
transforms discrete field measurements into a continuous function (i.e., WRC), providing a
mathematically tractable representation of soil hydrological processes. The parameters of the
model in this research were calibrated using a heuristic and iterative process, grounded in
experience and graphical analysis, in the absence of an automated numerical algorithm. The
primary objective was the visual minimisation of the discrepancy between the theoretical curve
and the experimental data related to the suction-water content relationship. The real-time
manual variation of the parameters allowed for the identification of the best fit and ensured
greater physical interpretability of these parameters, enabling the assessment of the impact of
each modification on the morphology of the Water Retention Curve (WRC). The parameters
obtained from the WRC that best approximate the experimental data form the basis for
characterising the suction-water content relationship and for the derivation of crucial hydraulic
properties for hydrological modelling, such as saturated permeability (ksa) and relative

permeability (Krer).

Intrinsic soil hydraulic properties: saturated permeability (Ksat)

Saturated permeability (ksat) is a fundamental parameter that describes the capacity of a soil to
allow water to flow through it when all its pores are completely filled. It is important to note
that in unsaturated soils, permeability is not constant but decreases drastically as the water

content decreases.
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In order to define the relative permeability, it is essential to know the value of the saturated
permeability (ksat). Various empirical models have been developed in the literature that allow
to estimate kg, from the water retention curve parameters. Specifically, two widely used models
for estimating saturated permeability from the van Genuchten (VG-WRF) model parameters

have been considered.

Model by Guarracino (2007)

This model estimates saturated permeability (ksa) using the o parameter from the van
Genuchten water retention curve. It assumes that soil pores can be treated as parallel capillary
tubes with a fractal distribution, thereby establishing a quadratic relationship between kga,c and

a reported as follows (eq. 24):

ksat,G =174 105%195052 [ksat] = %

(24)
where D is the fractal dimension, which Guarracino set to a specific value (1.996), and o and
05 are two parameters of the van Genuchten curve. They represent the suction value at which

the soil begins to desaturate and the porosity or saturated volumetric water content, respectively.

Model by Mishra and Parker (1990)
This is a widely recognised empirical formulation for estimating saturated permeability (Ksai,mp)

from the parameters of the van Genuchten water retention function (VG-WRF) (eq.25):

3,89—-10° =
ksat,MP = 19520(2 [ksat] = % (25)

Tmp

where Twmp is a tortuosity factor which accounts for the complexity of the path that water follows
through the soil pores. The original value proposed by Corey (1979) is 2.5. Like the Guarracino
model, the Mishra and Parker formulation is also based on two key parameters of the van

Genuchten curve, namely 65 and a.

Relative permeability (Krer)
Once the kst value was established, the relative permeability curves were derived to evaluate
the variation in water flow as soil saturation conditions change. To conduct a sensitivity analysis

of the soil hydrological model, the estimation of unsaturated permeability was undertaken using
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both the van Genuchten-Mualem model (3.3.1.1 hydrological behaviour) and the empirical
Kozeny-Carman model. The latter, which is widely used in scientific literature, was also

considered to describe the relationship between unsaturated permeability and saturation.

Kozeny-Carman (1927): it consists of a semi-empirical relationship originally developed to

estimate the saturated permeability (ksat) of porous media (eq. 26).

- g 1 &3 26
At 2n S 1+e (26)

However, its extension has been used as a basis for the development of more complex models
to describe water flow under unsaturated conditions by considering permeability as a function
of soil saturation. Therefore, relative permeability (kr1) is defined as the ratio of unsaturated to

saturated permeability, as a function of effective saturation (Sy,e) (Paragraph 3.3.1.1) (eq. 27).

g 1 &3

EQ 1+e

ke = I l * Sﬁ,e = kgat Sﬁ,e (27)

The exponent of S;. in the eq. 30 can vary based on the soil's properties and the specific model.
Higher exponent values indicate a greater sensitivity of unsaturated permeability to a decrease

in the degree of saturation.

The van Genuchten model is considered as the most representative for describing WRC and the
saturated-unsaturated transition, providing a more faithful (and thus less conservative) and
reliable description. Conversely, the Kozeny-Carman model is the least representative due to
its inadequacy in accurately capturing the complexity of unsaturated flow processes. This
formulation typically underestimates the unsaturated permeability, resulting in a more

conservative prediction.

External Hydrological Forcings
External hydrological factors, such as precipitation and evapotranspiration, act as the boundary
conditions of the system, driving variations in the soil water balance: precipitation,

evapotranspiration (ET).
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Precipitation conditions were determined using data recorded by the rain gauge installed at the
meteorological station within the study area. Conversely, the Potential Evapotranspiration
(PET) rate was calculated using the Penman-Monteith method (Section 3.3.1.4). In this model,
three fundamental parameters allow for the discrimination of the different vegetative conditions
across the three study sites, irrespective of climatic variables: a, the surface albedo; z0, the

surface roughness and rc, the canopy resistance.

Albedo (a) is a dimensionless parameter that indicates the fraction of shortwave solar radiation
reflected by a surface and it directly influences the evapotranspiration rate through net radiation
(Rn) eq. (28).

Rn={1-a)Sr (28)

Albedo values are within the interval [0,1]: a value of 0 indicates complete absorption of the
radiation, while 1 indicates total reflection. The value of albedo is not constant as it depends on
the physical characteristics of the surface. It varies according to the nature of the soil (e.g., bare
or vegetated), the type of vegetation cover, and the phenological state of the vegetation, that is,
its developmental stage which in turn affects its reflective capacity. In the present study, the
albedo value was estimated based on empirical studies that correlate soil conditions (such as

surface type and vegetation cover) with their reflective properties (Table 3.3).

Table 3.3 - Indicative Albedo Values for Different Natural Surfaces (Brutsaert, 1982).

Surface Albedo, oo
Deep water 0.04-0.08
Dark wet soil: plowed field 0.05-0.15
Gray soi1l; bare soil 0.15-0.25
Drv soul; desert 0.20-0.35
White sand; lime 0.30-0.40
Green grass and low vegetation 0.15-0.25
Dy grass 0.15-0.20
Dry grassland and savannah 0.20-0.30
Coniferous forest 0.10-0.15
Deciduous forest 0.15-0.25
Forests with melting snow 0.20-0.30
Old, dirty snow cover 0.35-0.65
Clean, stable snow cover 0.60-0.75
Fresh drv snow cover 0.80-0.90

Surface roughness (zo) and canopy resistance (rc) were also derived from empirical studies and

depend on specific surface and vegetation conditions as described below.
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Surface roughness (zo) is a parameter that quantifies the ruggedness of the soil surface. Despite
not directly measurable, its value is estimated based on the height and density of the vegetation.
This parameter is fundamental because it affects the aecrodynamic resistance (ra), which in turn
regulates wind turbulence and the transfer of water vapour from the surface to the atmosphere
(Section 3.3.1.4). To determine the value of surface roughness, the method proposed by

Trombetti and Tagliazucca (1994) (Table 3.4) was used.

Table 3.4 - Values of the surface roughness length zo for different types of surfaces (after Trombetti and

Tagliazucca 1994).

Surface Zom (M)
Flat desert 0.0005-0.005
Mown grass, few trees in winter time 0.006-0.01

Uncut grass, isolated trees, airport runway 0,02
Wheat stubble plain (ho=18 cm) 0,025
Long grass, crops, farmland, rocky ground (h¢=60 cm) 0,05
Many hedges 0,08

Many trees 0.15-0.3

High vegetation (ho=1-2 m) 0,2
Trees (ho=10-15 m) 0.4-0.7
Forests 0.7-1.2

Canopy resistance depends on both vegetation and soil conditions. It represents the resistance
offered by the vegetation canopy to the transfer of water vapour to the atmosphere. Values of
(rc) for different types of vegetation are provided in Table 3.5, according to Monteith (1965).
The same table also reports values for surface roughness length (zom), aerodynamic resistance
(ra), and albedo (o). The r. parameter is fundamental for distinguishing between potential and
actual evapotranspiration, as it reflects the physiological response of the plant to environmental

conditions.

Table 3.5 - Indicative values of canopy resistance for different types of vegetation, surface roughness (zom),

aerodynamic resistance r. and albedo o.

Surface Fem (Sm™) Zom (M) ra (sm™) a

Bare surface 0,001 170 0,35
Lawn 410 0,006 100 0,25
Rough pasture 50 0,02 63 0,2
Timothy 50 0,05 36 0,18
Pine forest 90 0,4 8 0,1
Eucalyptus forest 35 0,4 7 0,1
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The thermodynamic properties of air parameters are also incorporated into the formula, which
is a crucial element for precisely quantifying the influence of energy and temperature on the air
capacity to absorb and retain water vapour. These parameters have been summarised in Table

3.6.

Table 3.6 - Definition of parameters for heat and mass balance.

To To Pv L Rw Cpw Cpv Cpd P
CC) (K) (Pa) (Jhkg) (UK (/Kkg)  /Kkg  (JKkg  (kgm?)
kg)
20 293,15 2337,3 2453000 4619 4182 1846 1005 1,2

pv denotes the maximum vapour pressure that water vapour can exert in the air at a given
temperature while L is the latent heat of vaporisation, defined as the energy required to
transform a unit mass of liquid water into water vapour. P is the local atmospheric pressure,
which influences both the air density and the diffusion rate of water vapour, Ty is the air
temperature while Ry, cpw, cpv and cpa are defined specific constants for energy and thermal
balances: they include the specific gas constant for water vapour (Rvw), the specific heat

capacities of dry air (cpq), water vapour (cpy), and liquid water (cpw).

The aforementioned parameters are necessary for discriminating potential evapotranspiration
(PET) across different vegetation contexts. To subsequently determine actual
evapotranspiration (AET), it is essential to know the Wiearand W3 parameters (see paragraph
3.3.1.4). In this research, the Wicar value was determined based on literature studies describing
the suction conditions that a plant can tolerate (Rodriguez et al., 2022), considering the wetting
and drying cycles and the specific plant type. These literature data were then used to identify
representative values through a trial-and-error validation procedure.

The W3 parameter, conversely, was determined by the graphical analysis of the temporal
relationship between cumulative potential evapotranspiration (ET¢um) and the net change in soil
water content (AVy). This biphasic relationship is crucial as it allows for the identification of
the exact point where the atmospheric evapotranspiration demand begins to exceed the water
available in the soil. This condition corresponds to a divergence in the trend of the cumulative
ETcum and AV, curves (Wilson et al., 1997). This point of divergence signals the precise
moment when soil water availability becomes the limiting factor for the evapotranspiration
process, marking the transition from a PET to an AET regime. Consequently, the soil water

content value recorded at this transition is correlated, via the Water Retention Curve, with a
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well-defined suction value. This suction value represents the critical water potential V3, which
is indispensable for calculating the correction factor used in the estimation of actual

evapotranspiration.

3.3.3 Numerical modelling of the hydrological response - GeoStudio SEEP/W

The primary aim of this study is to validate the hydrological model developed using monitoring
data and to accurately reproduce the hydrogeological dynamics of the investigated sites. This
will allow for the definition of distinct water circulation patterns and the influence of vegetative
conditions on pore pressure variations.

To achieve this goal, the hydrological models were integrated into a hydrological modelling
software to perform a seepage analysis. The numerical modelling was conducted using SEEP/W
(GEO-SLOPE International Ltd., 2002), a finite element code. This software was selected due
to its effectiveness in simulating groundwater flow under various conditions. A key feature of
SEEP/W is, in fact, its ability to model the behaviour of unsaturated soils, accounting for matric
suction. This enables an accurate study of the influence of external forcings on the intrinsic
hydrological variation within the soil.

The software facilitates the simulation of transient flow conditions, thereby allowing for the
modelling of temporal variations in water flow and pore-water pressures. This function is
fundamental for investigating the soil response to dynamic events of flow entering or exiting
the system. The behaviour of groundwater flow in SEEP/W is governed by a second-order, non-
linear partial differential equation, also known as the continuity equation, which is derived from
the combination of Darcy's Law, which describes the flow velocity through a porous medium
as a function of the hydraulic gradient and permeability, with the principle of mass conservation
for a representative elementary volume of soil. The general form of the partial differential
equation for two-dimensional transient flow utilised in the GeoStudio SEEP/W module is as

follows (eq. 29):

S\ 6 8,\ 69 (29)
)5 (o)

0
S5 e x

This equation represents the mathematical foundation for describing fluid flow through a
porous medium, stating that the change in water mass within a control volume is equal to the
net flow entering or leaving that volume. The left side of the equation describes the net
volumetric flow into or out of an elementary volume, per unit of time. This term quantifies the

spatial variation of the flow, which is determined by the permeability and the hydraulic head
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gradient. Conversely, the expression on the right side quantifies the change in water storage
within the elementary volume over time, namely the amount of water that the soil absorbs or
releases, causing a change in its volumetric water content.

Within the equation, h represents the total energy of water in the soil and is the driving force of
the flow, defined as the sum of the pressure head (hp) and the elevation head (y). The parameters
kx and ky indicate the permeability along the x and y directions, allowing for the modelling of
anisotropic materials. Finally, the term 3 describes the volume of water per unit of total soil
volume, allowing for transient analyses. Basically, 9 represents the change in water storage over
time and varies as a function of the pore water pressure.

For transient flow modelling using the SEEP/W module, it is imperative to first establish the
working domain and define the soil's intrinsic hydrological functions, particularly the Water
Retention Curve and relative permeability. It is equally crucial to specify the external
hydrological boundary conditions. The SEEP/W module can simulate both inflow and outflow,
allowing for the representation of phenomena such as infiltration and/or evapotranspiration. In
both cases, the software offers the option to apply corrective functions. This feature is
particularly useful for evapotranspiration, as it allows for the modelling of the transition from
potential to actual evapotranspiration using experimental data.

As SEEP/W is a finite element method-based software, the definition of a computational mesh
is a fundamental step. This mesh consists of elements interconnected by nodes, within which
the flow equation representative of the hydraulic problem under consideration is applied and
solved. The mesh discretisation process is automatically managed by the software; however,
the mesh can be refined by the user to increase the accuracy of the analysis in specific areas of
interest. The detailed application of the aforementioned methodology to the specific case study

will be addressed in Paragraph 5.3.

3.3.4 Limit equilibrium stability analysis - GeoStudio SLOPE/W

In the GeoStudio software, suite, the SEEP/W module has been seamlessly integrated with the
SLOPE/W module in a multi-physics analysis.

This integration allows the pore-water pressure results derived from the SEEP/W hydraulic
analysis to be used as fundamental input data for the slope stability simulation performed by
SLOPE/W.

The primary objective of this combined analysis is to establish a clear and quantifiable

correlation between variations in pore-water pressure and the consequent Safety Factor. This
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approach provides a direct and realistic assessment of how an increase in pore-water pressure
can reduce the soil's shear strength (based on the Mohr-Coulomb criterion) and, consequently,
diminish the Safety Factor. The combined analysis therefore offers a more comprehensive and
realistic understanding of a slope geomechanical behaviour in relation to its hydrological
dynamics and potential instability. The SLOPE/W module executes a slope stability analysis
grounded in the principles of geomechanics and numerical modelling. The operational
methodology is based on the application of the limit equilibrium method, whose primary
function is the determination of the Safety Factor. This factor is defined as the ratio between
the resistances forces that oppose movement and the driving forces that initiate it.

The limit equilibrium analysis was performed using the Morgenstern-Price Method (1965).
The selection of this methodological approach is justified by its well-established recognition as
one of the most balanced in terms of theoretical completeness and precision for slope stability
analysis.

The Morgenstern-Price Method is based on the slices technique, which involves dividing the
potentially unstable soil mass into a system of vertical columns for the stability analysis. The

geometric schematisation of this subdivision is detailed in Figure 3.35.

linea di azione di U y=h(x)

Superficic ¢
scorrimento

Figure 3.35 - Morgenstern-Price method: representation of the division of the slope into slices and the

forces acting on the i-th slice (www.geostru.eu).

For each individual slice, the method rigorously solves both the equations of force equilibrium
(the sum of horizontal and vertical forces is equal to zero) and the equations of moment

equilibrium (the sum of moments of a point of rotation is equal to zero).
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Consequently, for the determination of the Factor of Safety (Fs), the Morgenstern and Price
method employs an iterative procedure to solve a system of equations, thereby ensuring the
simultaneous satisfaction of the global force equilibrium (Fr) (eq. 30) and the moment

equilibrium (Fi) (eq.31) conditions.

, B tang® ( B tangob)] , (30)
. Y.(c'e cosa + [N Uy, € tang’ uge (1 —tan(p’ tang'cosa
r > Nsina
, B tanp® ( B tangob)] , (31)
. Yc'e+ [N Uy € tang’ uze |1 tang’ tang
o YWx—-XNf

Where ¢ is the angle of inclination of the slice base with respect to the horizontal, N is the total
normal force on the base of the slice, I is the total weight of a slice, x is the vertical interslice
shear forces and f the perpendicular offset of the normal force from the center of rotation or
from the center of moments.

In the preceding equations, the acting forces including seismic actions, applied external loads,
or resultant forces due to the presence of free water (such as those exerted by lakes or rivers)
have not been accounted for in the denominator.

Unlike more simplified methods that ignore the interactions between slices, the Morgenstern-
Price method explicitly considers interslice forces (normal, E, and shear, X). The relationship
between these two forces is crucial and is defined by the function f(x), which is parameterised

by a scalar factor A.

X=2Af()E (32)

This formulation is a distinctive feature that allows for a physically coherent distribution of
shear along the potential sliding surface.

The soil shear strength, which is necessary for the equilibrium calculations, is determined using
the Mohr-Coulomb failure criterion. This criterion defines the available shear strength (1r) as a
function of the effective cohesion (c’), the effective angle of friction (¢’) and the effective
normal stresses (cn'). In unsaturated soils, the traditional Mohr-Coulomb failure criterion is
extended to incorporate the influence of the two-phase water-air system within the porous

matrix. This extension relies on the introduction of additional parameters that quantify the
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intergranular forces under conditions of partial saturation. The shear strength (t) along the base
of a slice in an unsaturated soil, as used in the Morgenstern and Price method, is given by the

equation that includes the matric suction:
Tpi = ¢ + (04 — Ug; )tang’ + (ug; — u,,;)tangy, (33)

The factor of safety is therefore calculated as the ratio of the available shear strength (t;) to the

mobilized shear strength (tm).

SF =T (34)

Tm

Therefore, the software performs an iterative process to solve the system of equations and find
the SF value that simultaneously satisfies both force (Fr) and moment equilibrium (Fi,) along a
given surface. The software makes an initial assumption for the factor of safety (SF) and for the
A parameter, which controls the distribution of shear forces between the slices. Using these
initial values for SF and A, the software calculates all the forces and moments acting on each
slice. In this case, the Mohr-Coulomb criterion and therefore the soil parameters c’, ¢’ and (Ua-
uy) are fundamental for determining the mobilized shear strength. The software checks if the
slope is in equilibrium (i.e., if the sum of the horizontal and vertical forces and the sum of the
moments are close to zero). If equilibrium is not satisfied, the software adjusts the values of SF
and/or A and repeats the calculation. This process is repeated until the system converges, which
is when the equilibrium equations are satisfied. The process is then replicated for all considered
slip surfaces. The final objective of the analysis is to identify the critical surface, which is the
one that produces the minimum factor of safety, representing the most probable failure
configuration.

When conducting a SLOPE/W analysis, it is crucial to define the slope geometry and the initial
hydrogeological conditions. In this specific case, the SLOPE/W analysis is performed using the
geometry and pore-water pressure conditions derived from a SEEP/W analysis. In addition, it
1s necessary to implement the shear strength parameters according to the Mohr-Coulomb failure
criterion, namely the effective cohesion and the effective angle of internal friction, along with
the unit weight of the soil, which is fundamental for calculating the body forces acting on the
soil mass. For unsaturated soils, matric suction plays a critical role. Consequently, the software
models this effect by relating suction to shear strength using the Water Retention Curve (WRC),
which utilises the function previously defined in the SEEP/W seepage analysis. The detailed
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application of the aforementioned methodology to the specific case study will be addressed in

Paragraph 5.4.

3.3.5 Fully coupled hydro-mechanical analysis - PLAXIS

In GeoStudio, geotechnical analysis using the SEEP/W and SLOPE/W modules evaluates how
hydrological variations influence the limiting stability of a slope. While this approach is
effective for determining the slope's factor of safety in response to varying saturation
conditions, it has a fundamental limitation. The analysis focuses exclusively on the effect of
changes in pore-water pressures within the soil. Although these pressures are a critical factor
for stability, the method does not consider soil deformations and displacements specifically, the
volume changes directly induced by hydrological variations.

Consequently, for a comprehensive assessment that also includes the deformational behaviour
of the terraced system, a coupled flow-deformation analysis was performed using the finite
element software PLAXIS (Bentley Systems, version 2D CONNECT Edition V21). This
analysis simultaneously solves the equations that govern water flow (continuity equations) and
those that describe the mechanical behaviour of the soil (equilibrium equations). In this way,
changes in pore pressure and soil deformations influence each other. This complex analytical
dynamic provides more detailed information on the lateral pressures exerted by the soil on the
structure and their interaction in response to hydrological changes.

This analysis was conducted exclusively for site 850 because it's the only one of the three sites
where pressure cells were installed, which allows for a qualitative comparison with the lateral
total pressures generated by the coupled analysis. The analysis has further allowed for the
detailed definition of the vegetation's contribution in terms of its effect on the total horizontal
stresses imparted by the soil upon the retaining structure.

For the correct execution of a finite element geotechnical analysis, particularly a coupled (flow-
deformation) type, it is necessary to set up a preliminary phase in PLAXIS that is representative
of the in situ initial stress state. To achieve this objective, a dedicated calculation phase was
carried out to generate the initial conditions.

This phase is not a coupled analysis, but rather a fundamental step for establishing an
equilibrium state in the numerical model before the application of external loads. The primary
objective is to calculate the distribution of total stresses (o), effective stresses (c’) and pore-
water pressures (pactive) in the soil before the external load due to precipitation begins to be

applied. The type of preliminary analysis performed to generate the model's initial conditions
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is Gravity Loading. This type of initial analysis was deemed more appropriate than a
KOinitialisation procedure, as the adopted approach naturally accounts for the slope inclination
and the geometrical distribution of volumetric loads within each finite element. This results in
a more realistic stress state that is compatible with the model's inclined geometry. Conversely,
KO0-based initialisation is unable to accurately model the complex stress redistribution that
occurs in a slope. This analysis realistically establishes the in situ initial stress conditions of
the model. This method is based on a rigorous physical approach, where the model's initial
equilibrium is achieved by allowing gravitational forces to act on the soil mass. The
computational process initiates a calculation phase where gravity forces (p-g) are gradually and
controllably applied to the entire geometry of the model, acting on each single finite element.
The software solves the equilibrium equations, allowing the model to deform until the internal
stresses perfectly balance the gravitational forces, reaching a stable equilibrium condition. The
analysis will therefore provide a complete and consistent definition of the initial conditions
based on the geotechnical model set up in the pre-analysis phase, which will serve as the basis
for the subsequent coupled flow analysis.

The fully coupled analysis for unsaturated soils is based on two fundamental equations: the
equilibrium equation and the continuity of flow equation. The finite element implementation of
these equations leads to a non-linear matrix system that is solved simultaneously.

The equilibrium equation for unsaturated soil is based on Bishop effective stress concept, which
includes both air pore pressure (p.) and water pore pressure (pw). The equation is defined as

(Galavi et al., 2009):
c=0+m(xpw+ - X pa) (35)

Where o is the total stress vector, ¢’ is the effective stress vector, m is a vector containing unity
terms for the normal stress components and zero for the shear stress components, and y is the
matric suction coefficient, a parameter that varies from 0 (for completely dry soil) to 1 (for
completely saturated soil).

In PLAXIS 2D, y (the matric suction coefficient) is considered equal to Sefr (the effective degree
of saturation), therefore, the Bishop's effective stress in PLAXIS 2D is:

o'=0-— Seff (psteady + pexcess) = 0 — Pactive (36)

In soil mechanics, psweady represents the hydrostatic or steady-state pore water pressure that

develops in the ground, while pexcess 1S the excess pore pressure that occurs due to an external
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load or undrained action. The sum of these two pressures, pwater, defines the pore water pressure
in the soil.

Pactive, On the other hand, is defined as the component of water pressure that effectively acts on
and influences the effective stresses within a soil, thereby determining its shear strength and
deformability. This is especially crucial in unsaturated soils, where paciive does not necessarily
coincide with the total pore water pressure (pwater). Instead, it represents the component that
exerts an actual force on the solid soil matrix. pacive 1S therefore a product of the effective
saturation (Sefr) and the pore water pressure (pwater) (Bentley Systems, 2024).

The relationship between soil suction and the degree of saturation is described by the van

Genuchten equation, which in PLAXIS is expressed as:

S(l]l) = Sres + (Ssat - Sres)[l + (galwl)gn]gc (37)

Where ¥ = — i—‘” , pw 1s the matric suction in the pores, yw is the unit weight of the pore fluid,

and S 1s the residual saturation, which represents the fluid that remains in the pores even at
high suction values. S is the degree of saturation under fully saturated conditions. g, is a fitting
parameter related to the air entry value of the soil, while g, is a fitting parameter that depends
on the rate of water extraction from the soil after the air entry value has been exceeded. gc is
another fitting parameter used in the general van Genuchten equation, where gc = (1—gn)/gn.

The continuity equation for flow, as implemented in PLAXIS for coupled analysis, is
represented by the following expression (neglecting solid particle deformations and water

density gradients (Boussinesq approximation) (Galavi et al., 2009)).

S¢ (5 65)6pw_0 (38)
ky &pw

kyel
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The first term represents the divergence of hydraulic flux, while the second term accounts for
the change in water content within the fundamental calculation element due to the deformation
of the solid matrix. The third term incorporates both the compressibility of the water and the
water retention curve (WRC). ke and kgt refer to the relative and saturated permeabilities
respectively. kyw is the bulk modulus of water. In PLAXIS, the relative permeability (krel) 1s
related to the pore suction pressure by the following expression (PLAXIS 2D, 2024):
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Krei(S) = [(Seff) 1- l(]‘ - Seff) ge l ] (39)

gl is a calibration parameter, and Se is referred to as the effective saturation (Paragraph 3.3.1.1,
eq.8). Consequently, to perform a coupled analysis, the two equations, deformation and
continuity, are combined into a single block matrix system that is solved simultaneously at each
time step. This system is highly non-linear due to the elasto-plastic behaviour of the soil, the
dependence of suction on the degree of saturation, and the dependence of permeability on
suction.

To ensure the robustness of the model, the hydrological component incorporated into the
coupled analysis in PLAXIS was derived from the previous validation performed with the
GeoStudio software, using the SEEP/W module. This preliminary phase was crucial for
ensuring that the flow conditions and the pore water pressure distribution were simulated with
the highest precision. This made it possible to provide the necessary hydraulic boundary
conditions for the coupled mechanical analysis in PLAXIS, guaranteeing the reliability of the
results. The detailed application of the aforementioned methodology to the specific case study

will be addressed in Paragraph 5.5.
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CHAPTER 4 - RESULTS OF GLOBAL SCALE ANALYSIS

4.3 DEVELOPMENT OF GEOTECHNICAL MODEL

Thanks to the joint interpretation and integration of the whole set of data acquired from both
field and laboratory tests (APPENDIX 1-2), it was possible to reconstruct 2D engineering-
geological models of the selected slope segments. These models consist of three engineering-
geological cross sections (Figures 4.1) which represent the stratigraphic setting of each
investigated sites, enabling to outline the main hydrological and geotechnical feature. Two main
geological units were identified for each investigation site (Figure 4.1): anthropic-reworked

eluvial-colluvial soil cover layer (Layer 1) and bedrock (Layer2).
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Figure 4.1 - 2D engineering-geological models of the selected investigation sites.

The seismic surveys suggested the presence of a single low-velocity layer overlying the
bedrock. This setting was constrained by the results of direct investigation, namely dynamic
probing tests. These latter tests revealed a certain variability in Njo that was attributed to

different degrees of compaction across depth. This interpretation was supported by the
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similarity of physical- mechanical parameters determined from both in-situ and laboratory tests

(Table 4.1), justifying the choice to model the superficial material as a single geotechnical layer.

Table 4.1 - Summary of physical and mechanical parameters for the three investigation sites. Dr: relative
density; ¢: friction angle; Y. natural unit weight; Yary: dry unit weight; Y. saturated unit weight; W,:
natural water content; ks saturated permeability; IP: plasticity index; n: porosity; e: void ratio and O.C.:
organic content.

SITE —Dr Q' Ynat Yay  Ysat Wh Kat 1P e n OC.

(%) © kN/m* kNm® kN'm* % m/s % - - %

846 14,9 146 19,1 2,2 45 085 046 44

Layer1 915 2425 32 15,9 153 19,5 39 239E-04 3,6 076 043 34
850 13,3 126 178 48 49 1,1 053 7

Soil thicknesses vary depending on the extent of anthropic reworking, especially related to the
agricultural terrace construction, and the irregularities of the bedrock surface morphology.
However, soil thickness mostly increases from the internal edge of the terrace benches (i.e., at
the base of the upslope dry-stone wall) towards the external edge (i.e., behind the downslope
wall face). In the first case, soil thicknesses of about 40-50 cm were defined, while, in the
second case, the thickness resulted in the order of 1.5-2.0 m, depending on the masonry heights.
From the comparative analysis of the three engineering-geological models, some morphological
and structural differences can be inferred. At sites 846 and 850, a higher average slope
inclination than at Site 915 occurs. The thickness of the reworked eluvial-colluvial soil cover
is on average slightly greater at sites 850 and 846. Moreover, at Site 915 the wall foundations
seem to directly rest on the bedrock, presumably conferring high basal stability. Conversely, at
site 846 and 850, some wall foundations may be partially or totally embedded within the
colluvium.

Based on the analysis of Table 4.1, the investigated soil covers can be assumed as coarse-
grained, porous, loose and characterized by low plasticity, clearly indicating a pronounced
permeable character. The indirect estimates of shear strength properties were found to be typical

of coarse-grained and cohesionless soils.

4.2 NUMERICAL MODEL SETUP

A slope stability analysis was conducted using the Finite Element Method (FEM) software, by
taking into account the morphological, stratigraphic, and engineering-geological slope settings
outlined in Section 4.3. The geometric and engineering-geological parameters and features of

each investigated site were accurately implemented within the ADONIS software. To this end,
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three principal materials were identified (Figure 4.2): i) anthropically reworked soil cover, i1)
dry-stone wall blocks, and iii) bedrock.

For each material, a constitutive model representative of the mechanical behaviour was
attributed. For the anthropically reworked eluvial-colluvial superficial deposits and for the
blocks constituting the dry-stone wall, an elasto-perfectly plastic model based on the Mohr-
Coulomb (MC) failure criterion was employed. The choice of this model reflects the importance
in simulating potential shearing instability mechanisms. In contrast, the bedrock was modelled
with an isoelastic (ISE) behaviour, since it was assumed as a rigid material that will not reach
failure conditions. This simplification is justified by its high relative mechanical strength
compared to the superficial layers and by the purpose of the modelling. Table 4.2 summarizes
the associated mechanical parameters assigned to each layer. The elastic parameters (i.c.,
Young Modulus and Poisson' Ratio) were defined for the calculation of deformations and the
initial stress state, while the strength was governed by the ¢’ and ¢’ parameters. In this analysis,
the contribution of the different types of vegetation was considered by assigning a different root
cohesion to the soil cover layer, representative of the land use conditions at each site. The root
cohesion data were defined based on a careful review of the literature related to conditions

similar to those of the study area (Raimondi et al., 2023).

Table 4.2 - Physical and mechanical parameters assigned to the geomaterials considered for the stability

analysis.
SITE 915 SITE 846 SITE 850
Bedrock Cover Block Bedrock Cover Block | Bedrock Cover Block
ISE MC MC ISE MC MC ISE MC MC
p (kg/m3) 2500 1600 2500 2500 1300 2500 2500 1500 2 500
E (Pa) 6,70%10°  1,50*107 6,70%10° 6,70¥10°  1,50*107  6,70*10° | 6,70*10° 1,50%107 6,70%10°
v(-) 0,20 0,30 0,20 0,20 0,30 0,20 0,20 0,30 0,20
¢ (Pa) / 2800 1,80*107 / 1600 1,80*107 / 1000 1,80*107
(9 / 32 50 / 32 50 / 32 50

In order to simulate the mechanical properties of dry-stone walls, which is characterised by the
presence of interconnected rock blocks, discontinuities were introduced between the intact rock
elements. An angle of internal friction of 20° was assigned to each of these discontinuities,

which is related to the roughness of the blocks, along with normal and shear stiffnesses of

2.0x10° Pa/m.
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Subsequently, the geometric model was discretised by generating the mesh. This process
constitutes a crucial stage in Finite Element Method (FEM) analysis, as it is essential to ensure
the accuracy and stability of the numerical solutions obtained. Specifically, the mesh was
created using three-noded triangular elements. This choice was connected to the notable
versatility of these elements in adapting to complex slope geometries and their robustness in
modelling plasticisation and deformation phenomena. To each triangular element an area of
0.25 m?* was assigned (Figure 4.2).

In order to ensure an accurate simulation of the slope behaviour and for the rigorous definition
of the limit state within the computational domain, specific displacement boundary conditions
(kinematic constraints) were imposed at the model edges. Specifically, a “fix xy” constraint
condition was adopted for both the lateral boundaries of the profile and the lower boundary
(Figure 4.2). This implies blocking the boundary along both displacement components, namely

the horizontal (ux = 0) and the vertical (uy = 0). The upper boundary remained unconstrained.
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Figure 4.2 - Numerical models implemented for the strength reduction stability analysis in the upper right
corner of each panel, information on the modelling type, mesh characteristics, materials, and kinematic

boundary conditions is reported.

The analysis proceeded with model initialization, through which the initial geostatic conditions

were determined and subsequently by performing a strength reduction analysis.

4.3 STABILITY ANALYSIS RESULTS AND DISCUSSION

The stability analysis at the slope scale revealed significant differences in the mechanical
behaviour of the selected slopes. The results, presented in terms of displacement distribution

(Figure 4.3), allow for a critical comparison.
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Figure 4.3 - Results of the stability analysis expressed in terms of displacement distribution.

From this comparison, two substantial differences related to the deformational response of the
slopes has been outlined: the first concerns the spatial distribution of strain, while the second
one relates to the strain magnitude.

This distinction allows the analysis results to be divided into two categories:

1. Slope-scale instability (Site 846): This mechanism is characterised by movement
involving the entire slope and associated with a displacement magnitude an order of
magnitude greater than that observed at the other sites.

2. Localised instability (Sites 850 and 915): This manifests as deformation confined to a
restricted zone of the slope. In this scenario, the magnitude of the displacement is
comparatively smaller, suggesting a condition of potential failure that affects only the

single terrace-dry stone wall system.
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The instability detected in both contexts affects only the surface layer of the soil. It is therefore
assumed that the factors determining this instability have a different effect depending on the
site analysed. For example, at Site 846, the instability is global in nature and is linked to the
presence of a surface wall structure resting on a substrate with poor mechanical properties. On
the contrary, the local instability found at Sites 850 and 915 cannot be attributed to the wall, as
it is founded on bedrock, a highly resistant material. In the latter scenario, stability is primarily
influenced by the root cohesion of the soil, the geometry and the slope inclination. Site 915
benefits from greater stability thanks to the extremely high root cohesion of the topsoil, which
gives the soil sufficient mechanical resistance to slow down the speed of movement. Added to
this is a further stabilising factor: a less steep slope. At Site 850, on the other hand, the lower
degree of root cohesion of the surface layer — a consequence of the recent abandonment of the
slope — did not provide the necessary resistance to contrast the phenomenon. This favoured a
greater spread of local instability, further facilitated by steeper slopes. Despite this, the
displacement values recorded are similar to those at Site 915, indicating comparable overall
stability. In summary, the differences in stability between the three sites are due to a complex
combination of factors. The nature and extent of instability are determined by the combination
of the slope angle, the root cohesion provided by the covering layer and, crucially, the type of

foundation material used for the dry-stone walls.
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CHAPTER 5 - RESULTS DETAILED SCALE INVESTIGATION

5.1 DATA QUALITY ASSESSMENT

Prior to the hydrological and mechanical analyses, a Data Quality Assessment procedure aimed
at ensuring the reliability and robustness of the monitoring data was performed. In this regard,
it is important to underscore that all the acquired monitoring data are characterised by an hourly

frequency.

5.1.1 Meteorological data

The monitoring data for the weather variables cover a period of approximately one and a half
year, specifically from August, to 2023 until November 30, 2024. To ascertain the precision of
the measurements, some parameters recorded by the local station were compared with the
values from the Corniolo - Riomaggiore (SP) station, which belongs to the rain gauge network
of the Liguria Region Hydro-Meteorological Observatory and that is situated approximately 0.7
km away (Figure 5.1). This comparison focused on the three main parameters available from

both stations, namely precipitation, atmospheric temperature, and wind speed.

558250 558500 558750 T 55

Figure 5.1 - Location of the Manarola (SP) and the Corniolo (SP) weather stations.
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For the parameters for which a direct comparison was not possible, namely relative humidity
and solar radiation validation, a cross-analysis was carried out. The consistency of this data was
evaluated in relation to the other monitored climatic parameters, ensuring a comprehensive and

integrated quality control.

e Precipitation data

The precipitation trend appears consistent and free of significant anomalies as data show high
continuity, without any interruptions or gaps that would indicate a sensor malfunction (Figure
5.2).

A marked seasonality is observed, with more frequent and intense precipitation peaks recorded
in the autumn and winter months. The maximum rainfall value was 98.643 mm. In contrast, the
summer months show a sharp decrease in rainfall events, with a period of drought detected from

late June to late August 2024, during which no significant precipitation levels were recorded.
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Figure 5.2 - Precipitation data recorded during the monitoring period.

Theis comparative analysis with the Corniolo’s station was conducted over a six-month period,
from January to June 2024, using as a reference the data available on the real-time monitoring

website:https://www.meteonetwork.eu/it/weather-station/lig1 35-stazione-meteorologica-

dicorniolo/archive. The comparison of the historical series demonstrated that the two stations

show a strong correlation in their trends. Consequently, the measurements from the Manarola’s
station were found to be reliable and consistent with those from Corniolo (Figure 5.3). The

slight differences observed fall within the normal spatial variations expected for rainfall events.
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Figure 5.3 - Comparison between the precipitation recorded by the rain gauges of Corniolo and

Manarola.

e Atmospheric temperature data

The data trend for atmospheric temperature is continuous, consistent, and free of significant
anomalies. The fluctuations in daily maximum temperatures accurately reflect the expected
seasonality for the area under consideration (Figure 5.4). The absence of unusual deviations or

interruptions suggests that the sensor and data acquisition system are functioning correctly.
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Figure 5.4 — Atmospheric temperature data recorded during the monitoring period.

The comparison of maximum temperature data recorded by the Manarola and the Corniolo (SP)

stations from January 2024 to June 2024 revealed a notable similarity in their trends. The two
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historical series show a strong correlation: daily average temperature curves follow almost
identical trajectories, faithfully reflecting the progressive seasonal temperature increase typical

of the transition from late winter to early summer (Figure 5.5).
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Figure 5.5 - Comparison between the atmospheric temperature recorded by the Corniolo and the

Manarola stations.

e Wind speed data

A preliminary analysis of the raw wind speed data highlighted several anomalies, rendering the
dataset unsuitable for direct interpretation. Specifically, some negative velocity values were
found. This phenomenon suggests an inherent error in the data acquisition or processing, likely
due to sensor inaccuracies in conditions of zero or extremely low wind (known as background
noise). To address this issue, a data quality control and cleaning procedure was implemented.
A correction based on a flooring procedure was adopted: all wind speed values below 0.1 km/h
were set to this minimum value (Figure 5.6). This methodology assumes that negative, or near-
zero values are the result of instrumental inaccuracies, such as background noise, under
conditions of zero or extremely low wind.

The 0.1 km/h threshold was chosen to stabilise the dataset, ensuring that all values used for
subsequent analyses were physically plausible. In this way, valid low-wind measurements were

not significantly altered, allowing for a more accurate and reliable analysis.
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Figure 5.6 - Wind speed data corrected with the flooring procedure.

To validate the effectiveness of the correction procedure and the data trend, the historical series
of maximum wind speed was compared with the equivalent values recorded by the Corniolo

(SP) weather station (Figure 5.7).
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Figure 5.7 - Comparison between the wind speed recorded by the Corniolo and the Manarola stations.

The comparison revealed a strong correlation in the trend between the two stations, but a certain
variability in terms of wind speed peaks, suggesting the influence of local meteorological
factors. Differences in magnitude are attributed to local topographical factors. Specifically, the

Corniolo station is more exposed to wind and is located at significantly higher elevation (238
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m) than the Manarola station (115 m), which partly is shielded by a natural amphitheatre, thus

justifying the lower wind speed.

o Relative air humidity data

The relative humidity data were recorded with good continuity throughout the entire period,
without significant interruptions, confirming the regularity of the measurements.

The recorded values, which fluctuate between 30% and 100%, are fully compatible with the
normal expected fluctuations for the study area (Figure 5.8). This assessment aligns with the
methodologies for validating hydro-meteorological data established by the "Guidelines" of the

SNPA (National System for Environmental Protection), ensuring the reliability of the dataset.
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Figure 5.8 — Relative humidity data recorded during the monitoring period.

The reliability of the data was assessed by creating a comparison graph between relative
humidity and precipitation, based on the close correlation between these two variables (Figure
5.9). For a more detailed analysis of data quality, a specific period within the two-year time

series was examined.
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Figure 5.9 - Comparison between relative humidity and atmospheric temperature recorded by the

Manarola station.

The graphical comparison highlights a positive correlation between humidity and precipitation:
each rainfall event corresponds to a peak in maximum relative humidity, which tends to
approach 100%. The highest precipitation peaks are unequivocally associated with very high

humidity values, confirming that rain originates from air saturated with water vapour.

e Solar Radiation data

The historical data series of solar radiation is continuous and free from significant interruptions,
confirming the reliability of the monitoring system. A clear seasonal cyclical trend is evident,
with maximum values recorded in late spring and summer (April-July) corresponding to a
greater solar incidence, and minimum values in autumn-winter (October-February), with a
negative trend near the winter solstice (Figure 5.10). The maximum solar radiation values,
ranging from 350 to 450 W/m?, are considered plausible and in line with expectations for a
location like Manarola, as confirmed by the Italian Solar Radiation Atlas from ENEA. The

absence of anomalies or extreme values suggests the sensor is free from malfunctions.
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Figure 5.10 — Solar radiation data recorded during the monitoring period.

For a further validation, the solar radiation data were compared with the previously validated
atmospheric temperature data. The comparison between the maximum atmospheric temperature
(ATmax) and the maximum solar radiation (SRmax) shows a strong and direct correlation (Figure
5.11). However, a natural time lag is observed: the temperature peaks occur slightly after the
solar radiation peaks. This physical phenomenon is due to the absorption of solar energy by the

ground and the atmosphere, which takes time to translate into a measurable temperature

mcrease.
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Figure 5.11 - Comparison between solar radiation and atmospheric temperature recorded by the

Manarola station.
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5.1.2 Hydrological data

In the following sections, the analysis and quality assessment of the hydrological data is
presented. The reliability of this data was subsequently compared with the previously analysed

meteorological parameters to ascertain the overall consistency.

Experimental Site 846

Soil Moisture

Analysis of the soil moisture data shows a high level of continuity and reliability (Figure 5.12).
No significant interruptions or anomalous values were detected, thus providing a solid basis for
subsequent hydrological analyses (Figure 5.12). The variations in water content follow a clear
seasonal trend, with maximum values typically observed during the autumn and winter months,
and minimums recorded in the summer period. The sensors recorded a volumetric water content
(VWCQ) fluctuating between a maximum of 0.33 and a minimum of 0.08 (Table 5.1). The trend
in measurements across the sensors is consistent, but with distinct values that reveal a clear
hydrological stratification of the soil. It was observed that the water content increases with
depth, suggesting that the deeper layers have a greater water storage capacity and lower

permeability.

Table 5.1 - Maximum and minimum values of volumetric water content, recorded by the three

Sensors.

VWC max VWC min

SMo1 0,27 0,08
SMo02 0,29 0,09
SMo3 0,33 0,10

Shallow sensors exhibit greater water content variability, being more susceptible to atmospheric
interaction, indicating that this soil horizon responds rapidly to precipitation (VWC increase)

and evapotranspiration (VWC decrease).
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Figure 5.12 - Variations in water content recorded during the monitoring period.

Comparative analysis between rainfall events and VWC, measured at various depths (30, 50,
and 70 cm), was aimed at verifying the consistency of the monitoring data and at accurately
delineating the dynamics of water infiltration. The comparison revealed a direct and anticipated
correlation between precipitation and the subsequent change in soil moisture, thereby

confirming the typical infiltration and water retention dynamics characteristic of the site (Figure
5.13).
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Figure 5.13 - Comparison between the variation in soil water content and precipitation values.

The soil moisture response to rainfall events proved to be almost immediate in the shallow layer

(30 cm). Conversely, a marked delay in the change of VWC was observed in the deeper levels
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(50 cm and 70 cm), which provides clear evidence of the percolation time required for water to
reach these depths. During drying phases, the decrease in water content is both more rapid and
more significant in the shallow layer, primarily due to evapotranspiration processes.
Conversely, the reduction in water content occurs with a slower progression at greater depths.
It is relevant to note that at a depth of 70 cm a higher basal water content compared to the
overlying levels was observed. This phenomenon suggests a reduced influence from superficial

evaporative processes and, consequently, a greater capacity for water retention at that specific
depth.

Matrix potential

The matrix suction data recorded by sensors WP01, WP02, and WPO03 at different depths (30,
50, and 70 cm), show good continuity and consistency. The trend of the curves clearly reflects
the soil's response to seasonal variations in water conditions, confirming consistency with
seasonality. During the 'wetting' phases, the matric potential is less negative (closer to zero),
which reflects a high soil moisture content, approaching saturation. In the 'drying' phases, the
divergence between the curves increases. In this context, the sensor at the greater depth (WP03
at 70 cm) recorded the most negative potentials. This difference may be attributable to the
greater compaction of the soil layer at 70 cm. A more compacted soil is made up of smaller
pores, which intensify the adhesive forces between particles and water. Consequently, the
dominance of capillary and adhesive forces increases the resistance to water removal, resulting
in an increase in the suction value. On average, the maximum suction values (i.e., the most

negative values) reached by the soil within the considered depth range are around -2600 kPa.
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Figure 5.14 - Variations in matrix potential recorded during the monitoring period.
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The previously validated volumetric water content data were correlated with the matrix suction

values in order to verify their reliability (Figure 5.15).
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Figure 5.15 - Comparison between the variation in soil water content and matrix potential.

The correlation analysis between VWC and matric suction resulted in data reliability,
systematically consistent with the fundamental principle of the Water Retention Curve (WRC).
The comparison demonstrated a significantly consistent inverse relationship: as soil water
increases, i.e., during imbibition phases, matric suction progressively decreases until it reaches
zero under saturated conditions. This is because the disappearance of water menisci eliminates
capillary tension and apparent cohesion. Conversely, during drying periods caused by
evapotranspiration, the decrease in water leads to a marked increase in suction. This occurs
because the residual water is held more strongly by intense adhesive forces and surface tension
within the smallest pores, requiring progressively greater effort for extraction.

This consistency observed across all measuring depths constitutes a remarkable cross-
validation that reinforces the reliability of data acquired from both types of sensors. The short
temporal lag observed between the measurements is attributable only to minor factors, such as
the inevitable small differences in sensor placement within the soil or the inherent responses

due to the specific technologies and operational physical principles of each instrument.

Experimental Site 915

Soil Moisture

At site 915 VWC data series is continuous and free from interruptions or anomalous values,

confirming the reliability and stability of the measurement system (Figure 5.16).
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Data from the sensors indicate a lower water storage capacity compared to the previous site.
The VWC shows a narrower oscillation range, with values ranging from a maximum of
approximately 0.28 to a minimum of 0.1 (Table 5.2). This reduced water retention capacity may

be correlated to a coarser grain size.

Table 5.2 - Maximum and minimum values of VWC.

VWC max VWC min

SMo1 0,30 0,086
SMo02 0,25 0,103
SMo3 0,28 0,128

The VWC values varies with depth (Figure 5.16). The deepest sensor (SM03 at 50 cm)
recorded, on average, higher moisture values, especially during the summer months, while the
shallowest one (SMO1 at 20 cm), is more affected by interactions with the atmosphere, showing

more pronounced oscillations and a lower water content.
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Figure 5.16 - Variations in water content recorded during the monitoring period.

Data are consistent with seasonal cycles: higher VWC values are observed in the rainiest
months (October-April) while and a progressive decrease in the summer months (July-
September) due to evapotranspiration was observed. During wetting cycles, the water content
measured by sensors at different depths is very similar. In the drying period, a divergent
behaviour is observed: the superficial sensors show a more rapid and pronounced drop in water

content. Conversely, the deepest sensor maintains a higher water content and a nearly constant
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variation. This phenomenon is correlated with the interaction with the atmosphere: processes
such as evapotranspiration, which cause a rapid loss of moisture in the upper layers, are

attenuated or almost null at greater depths.
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Figure 5.17 - Comparison between the variation in soil water content and precipitation values recorded by

the Manarola station.

The correlation between rainfall events and VWC is clear and direct: each significant
precipitation event induces an increase in VWC due to infiltration and pore saturation. This
response is more rapid and pronounced in the shallow layers (20 and 30 cm), whereas the
deepest sensor (50 cm) exhibits an evident delay and reduced intensity, consistent with the

expected percolation time.

Matrix suction

Data from the suction instruments show a continuous trend, with no interruptions or anomalies.
The overall pattern reflects seasonal cycles: during the summer months (June to September),
suction values reach high negative pore water pressures (Figure 5.18). Conversely, in the winter
months, characterized by higher rainfall levels, the recorded suction values are very low, close
to zero. Therefore, within the monitored depth range, measurements fluctuate from values near

zero in winter to mean negative suction values of around -3000 kPa.
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Figure 5.18 - Variations in matrix potential recorded during the monitoring period.

A marked vertical gradient in matric suction can be observed, dominated by the interaction
between the atmosphere and the ecosystem. Shallow sensors (20-30 cm) recorded significant
negative values (up to -5000 kPa) and rapid fluctuations. This is probably due to the maximal
influence of evapotranspiration combined with intense water extraction operated by high root
concentrations, indicating a condition of severe plant water stress. Conversely, the deepest
sensor (50 cm), located near the substratum and characterised by a low root density, showed

lower values (maximum -1000 kPa) and a dampened trend, with variations depending almost

exclusively on slow percolation.
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Figure 5.19 - Comparison between the variation in soil water content and variation of matrix potential.
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A pronounced inverse correlation between VWC and soil suction was found (Figure 5.19): a
reduction in VWC corresponds directly to an increase in the soil retentive force. This
relationship is more clearly noted in the shallow layers (20-30 c¢cm depth). During drying
periods, particularly over the summer months, a rapid and marked decline in VWC occurred.
This, in turn, resulted in an abrupt increase in suction. This behaviour is indicative of the fact
that the combined loss of water via evapotranspiration and root uptake induced the soil matrix
to retain firmly the remaining moisture.

In contrast, the deeper layer (50 cm depth) exhibited a far more attenuated and stable dynamic.
VWC at this depth remained at higher values with minimal fluctuation. Consequently, the
matric potential showed limited variation, with less pronounced suction peaks and values that
rarely drop below. This dampened trend may be attributable to the depth, being less susceptible
to superficial climatic factors and to root activity.

Furthermore, the period between October 2023 and April 2024, characterised by more frequent
and significant rainfall events, led to a marked increase in VWC. This rise had direct
implications for suction, which drastically decreased, approaching levels close to zero, thereby

indicating that the soil was nearly saturated.

Experimental Site 850

Soil Moisture

Monitoring data for volumetric water content at site 850 show high continuity, and no periods
of signal interruption or malfunction, nor any values indicating operational anomalies occurred.
The trend of VWC followed seasonal cycles, reaching values close to saturation in the autumn
and spring months (October 2023 - April 2024) (Figure 5.20). A period of prolonged drought,
where VWC reached a constant minimum value was identified in the months from June to
August 2024, followed by an increase in water content during the autumn months.

At this site, the highest recorded VWC in both wetting and drying phases were recorded. During
the wetting period, it reached maximum values of 0.46, while in the drying periods, the value

was around 0.10 (Table 5.3).

Table 5.3 - Maximum and minimum values of volumetric water content.

VWC max VWC min

SMo1 0,42 0,12
SMo02 0,46 0,12
SMo3 0,42 0,10
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The water storage capacity at Site 850 may be basically governed by two key factors: high
porosity and high organic matter content. A high total porosity, quantified as high as 50% at
Site 850, can be correlated to a greater volume of available pore space for water storage. Soil

made up of high organic matter can have a remarkable ability to absorb and retain water

(Aspetti, 2006).
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Figure 5.20 - Variations in water content recorded during the monitoring period (the dashed line indicates

the beginning of the monitoring period (Start Monitoring Point — SMP) relative to the other sites).

During the wetting process, deeper VWC sensors exhibited a similar behaviour to those near
the surface. However, during the drying period, these sensors registered lower VWC compared
to the shallow ones. This discrepancy can be explained by analysing the relationship between

VWC and precipitation (Figure 6.21).
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Figure 5.21 - Comparison between the variation in soil water content and precipitation values (the dashed
line indicates the beginning of the monitoring period (Start Monitoring Point — SMP) relative to the other

sites).

During the summer period (May-September), the combination of low rainfall and high
evapotranspiration maintained VWC near residual levels. Light rainfall is largely intercepted
and retained by plant roots within the top 20—30 cm, restricting water availability to the surface
layers (30—50 cm). Summer precipitation events, such as the 43 mm recorded on August 17,
2024, only partially rehydrated the surface. Crucially, these events were not sufficient to reach
or replenish the whole soil layer, which remained dry. Only prolonged and continuous rainfall
allowed water to percolate to depth, leading to a significant increase in VWC to values
approaching saturation at 70 cm below ground level. This highlighted that only intense and
prolonged precipitation events could recharge the deep soil layers, which are essential for

mitigating drought conditions.

Matrix potential

Soil matric potential monitoring showed data continuity and reliability, with no significant
anomalies. The analysis of suction potential revealed two distinct dynamics, which are closely
correlated with seasonal variations.

During months characterized by abundant and frequent rainfall, the soil remains in saturated or
nearly saturated conditions. Consequently, the recorded suction values were very low,
approaching zero. In contrast, during the summer period, the soil underwent rapid desaturation,

causing extremely negative suction values, approximately -1700 kPa.
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Unlike other sites, the sensors at site 850exhibited an almost identical trend regardless of
installation depth, even during the drying phase. This phenomenon suggests considerable soil
homogeneity, indicating that the suction potential is uniformly distributed throughout the entire
profile.

After the summer drying period, the soil's response to precipitation events showed a
differentiated behaviour based on depth. The shallow sensor reacted almost immediately to the
increase in water content, absorbing the water instantaneously. The sensors placed at greater

depths, however, recorded the increase with a certain delay. This delay is attributable to the

time needed for water to infiltrate and percolate through the soil profile, especially after a long

drying period that has brought suction values to minimal levels.
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Figure 5.22 - Variations in matrix potential recorded during the monitoring period (the dashed line
indicates the beginning of the monitoring period (Start Monitoring Point — SMP) relative to the other

sites).
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Figure 5.23 - Comparison between the variation in soil water content and variation of matrix potential
(the dashed line indicates the beginning of the monitoring period (Start Monitoring Point — SMP) relative
to the other sites).

The data analysis revealed a clear and direct inverse correlation between (VWC) and matric

potential (Figure 5.23).

5.1.3 Total load cell monitoring data

The monitoring of total pressures has revealed a remarkable data continuity and consistency.
Despite this observation, a comparison between the precipitation trend and the total pressure
recorded by the cells indicates a time-lagged cell response with respect to the rainfall event
(Figure 5.24).

This is observed because, during periods of high precipitation, the cells are expected to register
elevated total pressure values. This pressure results from the thrust exerted by the soil and water
against the back face of the wall. However, this correspondence is not immediate but rather

appears time lagged. A similar, but inverse behaviour occurs during drying.
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Figure 5.24 - Comparison between rainfall and variations in total pressure recorded during the
monitoring period (CP03 and CP04: load cells deployed in vertical position; the dashed line indicates the
beginning of the monitoring period (Start Monitoring Point — SMP) relative to the other sites).

Furthermore, the absolute values recorded by the pressure cells are significantly out of
compared to the theoretical values expected for the current slope geometry.

Based on the available information, the theoretical horizontal stress for a backfill layer
approximately 2 meters thick, under a critical condition with the presence of water, is about
12.24 kKN/m?. According to the installation depth, the measuring sensors should measure values
of approximately 5.12 kN/m? and 9.8 kN/m?, respectively. These data are consistent with the
total horizontal stress values reported in the literature, such as by Preti et al. (2014, 2018b),
which found similar values on terraced areas with comparable soil thicknesses.

Therefore, the significant discrepancy between the values measured by the cells (which reach
peaks of approximately 200 kN/m?) and the calculated theoretical values suggests that the data
are unsuitable for quantitative analysis. This discrepancy is attributable to the use of a pressure
cell with an excessively wide measurement range (full scale) relative to the actual total pressure
values. The sensor's high full scale may introduce a constant absolute error which, when
compared to the much lower pressure values encountered in the field, can significantly affect
measurement accuracy and reliability. To analyse the issue concerning the lateral pressure
measurements, which were found to be excessively high and deviating significantly from
theoretical values, the raw current values (in mA) registered directly by the cell prior to

conversion into kPa were checked. These values were found to be reliable based on the
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calibration graphs provided by the manufacturer (Figure 3.15). It was therefore established that
the error could not be correlated with the raw data recorded by the cell.

Furthermore, it was not possible to independently calibrate the pressure cells within a
barometric chamber to generate calibration curves consistent with the monitored problem, and
this represents a limitation for the quantitative analysis of the data. Corrective calibration
curves, referenced against the theoretical value, could not be created because the cells had
already been installed inside the wall structure.

Consequently, in this work, the field data registered by the pressure cells were utilized only in
qualitative terms.

Consequently, the acquired data were for analysing the relative variations and trends of the total
pressures. To validate the qualitative data trends, a comparative analysis with suction and VWC

measurements was made (Figure 5.25 and 5.26).
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Figure 5.26 - Comparison between the variation in water content and variation of matrix potential (CP03
and CP04: load cells deployed in vertical position; the dashed SMP (Start Monitoring Period) line
indicates the beginning of the monitoring period (Start Monitoring Period - SMP) at site 850 relative to

the other sites.

The analysis revealed a clear correlation between an increase in VWC and the response of the
various sensors. As humidity rises, a corresponding decrease in suction is observed, which
reflects a reduction in capillary forces within the soil. Similarly, total pressure cells also
registered an increase in horizontal stress as a direct result of the elevated water content.
Although total pressure cell data exhibited an oscillatory trend that mirrored the water content,
a significant time delay has been observed between the two measurements.

The time lag observed between the increase in Volumetric Water Content (VWC) and the
corresponding registration of an increase in horizontal stress by the total pressure cells was
hypothesized to be a phenomenon of delayed mechanical stress transfer. The increase in VWC
is a hydraulic change within the soil matrix (specifically, a decrease in suction), whereas the
pressure cell measures the mechanical effect of this variation. This temporal offset occurs
because the hydraulic change must first translate into a new effective stress configuration within
the soil, and subsequently, this mechanical stress must be transferred to the soil-structure

interface.

5.1.4 Determination of the temporal domain

Following the data quality assessment, a comparison of water content graphs was conducted

across the three investigation sites in order to isolate a common monitoring period characterised
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by data completeness and consistency. This selection is crucial for defining a representative
time interval encompassing a complete hydrological cycle (wetting-drying cycle).

Based on a comparative analysis of the validated VWC graphs at various depths, a notable
similarity between the recorded values has emerged. Consequently, to optimise the analysis and
modelling, an exclusive selection of data from the VWC (and Matric Potential) sensor
positioned at the intermediate depth was carried out. These data were deemed sufficiently
representative of the hydrological conditions of the entire soil profile (Figure 5.27). The same

methodology was applied to the matric potential data.
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Figure 5.27 - Comparison of the variations in water content in the intermediate sensor at the three
experimental sites (the dashed line indicates the beginning of the monitoring period (Start Monitoring

Period- SMP) at site 850.

The comparative analysis showed that Site 850 has the highest values of volumetric water
content (VWC), ranging from 0.12 to 0.46. These results indicate a greater water storage
capacity than Sites 846 and 915. This significant difference is mainly attributable to two
determining factors: the physical properties of the soil and the type of vegetation. Total porosity
is an essential parameter for water retention. The data collected show that porosity is higher at
Sites 850 (0.51) and 846 (0.46) than at Site 915 (0.43), supporting a clear positive correlation
with VWC. The higher porosity at Site 850 is most likely related to the engineering-geological
features of the soil forming the terrace embankment. Indeed, unlike at sites 846 and 915, where
hydrological sensors were installed into undisturbed material, at Site 850 the soil was intensely
reworked due to the backfill construction activities. This result in poor soil compaction, likely

leading to higher total porosity than undisturbed soils at sites 915 and 846. In addition, the
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different vegetation cover influenced not only the VWC, through evapotranspiration processes,
but also the accumulation of organic matter. This interaction is widely confirmed in the
scientific literature (Zhou et al., 2012; Taguas et al., 2015; Lagani¢re et al., 2022; §imansk}'1 et
al., 2023).

Site 850 (Wild Grass) is the most efficient in accumulating organic matter (OM) thanks to two
synergistic factors. First, grasses develop a dense, shallow fibrous root system characterised by
high and continuous turnover, which constantly releases OM directly into the soil matrix.
Second, the absence of mechanical tillage prevents oxygenation and the consequent
acceleration of microbial decomposition and mineralisation of OM. In contrast, Site 915
(Vineyard) has a lower OM content due to agronomic practices. Tillage induces aeration of the
surface layers, significantly stimulating microbial activity and, consequently, rapid
decomposition and mineralisation of OM. Finally, Site 846 (Shrubs and Scrub) is in an
intermediate position. Although it benefits from the absence of mechanical tillage (which
preserves OM), total accumulation is limited by the intrinsic characteristics of shrub vegetation.
Shrubs develop more lignified and deeper root systems with a much slower turnover than grass.
Furthermore, the supply of OM is primarily surface necromass; although this contributes to
humus, its decomposition and incorporation into the surface layers of the soil is less immediate
and widespread than the constant root release of grasses (Zhou et al., 2012).

The comparative analysis of monitoring data acquired at the three experimental sites allowed
for the identification of a complete hydrological cycle. This cycle clearly includes the drying
phase (characterised by a progressive decrease in water content) and the subsequent wetting (or
imbibition) phase (during which the water content approaches saturation values). The

monitoring period selected for this purpose extends from May 02, 2024, to September 15, 2024.
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Figure 5.28 - Time series of VWC recorded at the three sites (850, 915, 846). The shaded area highlights
the modelling period (02/05/2024 — 15/09/2024), which is further delineated into the Drying, Plateau, and
Wetting phases by the dashed vertical lines and grey labels.

The observed time window was selected with the primary objective of preserving the maximum
integrity and continuity of the dataset, ensuring the uninterrupted acquisition of fundamental
hydraulic parameters (Figure 5.29). A crucial criterion for this choice depends on the capture

of the transient water dynamics, which include the following phases:

e Drying Phase (May 02 — June 25, 2024): progressive loss of soil moisture and increase
in soil suction.

e Plateau Period (June 25 —August 17, 2024): the volumetric water content is maintained
at constant values, in the absence of precipitation, and with a likely marked reduction
in evapotranspiration rates, as can be inferred from the graphical trend.

e Wetting Phase (August 17 — September 15, 2024): increase in soil moisture and

decrease in suction values approaching zero.

The observation of this sequence of phenomena clearly outlines a hydraulic hysteresis and is of

fundamental importance for the empirical determination of the WRC.
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Figure 5.29 - Selected monitoring period for analysis in terms of water content and matrix potential.

5.2 HYDROLOGICAL MODEL DEVELOPMENT

Based on the information pertaining to the selected period, site-specific WRCs were

reconstructed. From these curves, the fundamental hydrological parameters were derived.

5.2.1 Intrinsic soil hydraulic properties determination

Figure 5.30 illustrates the temporal evolution of the soil water content and the suction for the
three experimental sites over the analysed hydrological period. Examination of the data reveals
a distinct inverse proportionality between these variables: a decrease in suction leads to a

corresponding increase in water content, and vice versa. This mirrored dynamic reflects the
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dynamic hydraulic equilibrium between the water availability within the soil matrix and the

matrix retention force.
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Figure 5.30 - Trends of the variation in water content and suction over the selected monitoring period.

Intrinsic soil hydraulic properties: WRC
The direct relationship between suction and water content provides a discrete description of the

behaviour of these two parameters for the different experimental sites (Figure 5.31).
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Figure 5.31 - Relationship between water content and suction.
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Based on this discrete relationship, the parameters for the van Genuchten model were identified
and defined (Table 5.4). Given the dual-porosity nature of the soils at sites 846 and 915, it was
necessary to employ the bimodal van Genuchten model (Paragraph 3.3.1.1).

Table 5.4 - Parameters of van Genuchten model.

van Genuchten parameters

Is1  Ir o n; m; Js; o2 n; m;
() () (kPa') (- ) ) (kPa’) ) )
SITE 846 0,2 0 0,05 2.4 0,58 0,14 0,0024 1,22 0,18

SITE91S 0,06 O 0,028 28 0,64 0,13 0,00066 1,36 0,26
SITE 850 0,36 0 0,03 1,28 0,22 / / / /

The van Genuchten model parameters were manually calibrated using a parametric approach
that combined graphical analysis with trial-and-error. This procedure identified the best-fitting
parameters to define the non-linear mathematical relationship between soil volumetric water

content and matric potential (Figure 5.32).
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Figure 5.32 - Best fitting between observed data and the van Genuchten’s model.

The parameters used to estimate the Water Retention Curve (WRC) are fundamental for the

determination of other hydraulic properties, such as the degree of saturation and saturated

permeability.

Intrinsic soil hydraulic properties: degree of saturation

Figure 5.33 compares the relationship between saturation degree and matric suction obtained

using the empirical van Genuchten and Kozeny-Carman formulations.
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Figure 5.33 - The effective degree of saturation was calculated using two distinct approaches: the van

Genuchten formulation and the Kozeny-Carman formula.
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At experimental sites exhibiting dual-porosity, the curves diverge significantly in the second
phase, corresponding to the emptying of micropores. This discrepancy is due to the van
Genuchten model incorporating the soil's dual-porosity characteristic, whereas the Kozeny-

Carman formulation does not account for it.

Intrinsic soil hydraulic properties: hydraulic conductivity

The hydraulic conductivity under saturated conditions was quantified through two specific
empirical formulations: those of Guarracino (2007) and Mishra and Parker (1990) (Table 5.5).
(paragraph 3.3.2),

Table 5.5 - Saturated hydraulic conductivity according to the empirical formulations of

Guarracino (2007) and Mishra and Parker (1990).

Ksat (M/S) Ksat (M/S) Ksat (M/S)
Guarracino Mishra and Parker (1990) Average

(2007)
SITE 846 5,56E-09 7,77E-07 3,91E-07
SITE 915 1,63E-09 2,06E-07 1,04E-07
SITE 850 4,34E-09 6,88E-07 3,46E-07

Having defined the hydraulic conductivity under saturated conditions (ks) and knowing the
variations in effective saturation (Se) within a dynamic hydrological system, it is possible to
establish the function that describes the change in hydraulic conductivity (k) as a function of

the soil's degree of saturation (or matric suction).
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Figure 5.34 - Relative permeability calculated using the van Genuchten and the Kozeny-Carman

formulations.

The relationship between the two relative permeability curves for site 850 is consistent with the
existing literature. The Kozeny-Carman model is more conservative than the permeability of
the van Genuchten model (Paragraph 3.3.2). The Kozeny-Carman model shows a more gradual
variation in permeability with a value range that ranges between 10 m/s and 10" m/s,
reflecting a more conservative flow prediction.

Conversely, the van Genuchten model, which is based on an empirical water retention curve,
presents a much sharper variation in hydraulic conductivity. This variation, which ranges from
10° m/s to 107'® m/s, is due to how the model describes the transition between the saturated and

unsaturated states, making it particularly sensitive to changes in matric potential.
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Comparison of water retention curves.
Before proceeding with the flow analysis, the soil water retention curves from the three different

investigation sites were compared to identify differences in the soil's storage capacity.
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Figure 5.35 - Comparison of the soil water retention curves for the three investigation sites.
The water content values corresponding to suction levels of 10 kPa and 100 kPa are highlighted at the

intersection point between the curve and the suction line.

Based on the analysis of the soil water retention curves, it can be observed that the curves for
sites 915 and 846 exhibit a similar water storage capacity (Figure 5.35). This is particularly true
at suction values of 10 and 100 kPa, where the two curves show nearly identical values,
especially at higher suctions. Site 850 presents a situation that is markedly different from the
other sites, exhibiting almost double the water retention capacity for the same suction values.
This high storage capacity is attributable to a combination of structural factors, including a
higher percentage of fine-grained material and an increase in total porosity because less dense

due to the backfill wall construction activities (Paragraph 3.1.5).
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Figure 5.36 - Comparison of the soil relative permeability (kre)) curves for the three investigation sites.
The relative permeability values for each investigation site are reported for both intermediate suction (100
kPa) and higher suction (1000 kPa) levels. The permeability values for each site are identified by the

intersection point between the respective permeability curve and the corresponding suction line.

Figure 5.36 illustrates the variations in relative permeability across the different experimental
sites. This comparison highlighted that, at very low suctions, the three sites exhibit permeability
values of remarkably similar orders of magnitude. However, as the suction increases, the
permeability at Site 850 decreases substantially compared to the other two sites, with a
difference reaching four orders of magnitude. This indicates that soil at Site 850 has a

significantly lower hydraulic transfer capacity, particularly under conditions of high suction.

5.2.2 External hydrological forcings

External stresses that act upon the system and cause a variation in its hydrological properties
are defined by two main water fluxes: an inflow, consisting of precipitation, and an outflow,
represented by evapotranspiration.

For the three sites under examination, the recorded rainfall amount is identical throughout the
study period (Figure 5.37). In contrast, the rate of evapotranspiration varies among the different
sites, as it is strictly dependent on the characteristics of the ground surface and the type of

vegetation cover.
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Figure 5.37 — Rainfall trend over the selected period for hydrological modelling.

In the period under consideration, the pluviometric regime is characterised by a wet spell
between May and the end of June, including a high-intensity rainfall event. This is followed
succeeded by a dry period spanning from July to August, which in turn is followed by some
precipitation in August, with the latter events reaching the maximum intensities recorded within
the reference period.

For the calculation of potential evapotranspiration (Paragraph 3.3.1.4), base parameters and

site-specific parameters were identified.

Base parameters depend on climatic and atmospheric conditions and are common to all three
experimental sites. These parameters do not vary according to the specific characteristics of the
soil or vegetation. Instead, they describe the general atmospheric conditions for a given
geographical area and time period. They include air temperature solar radiation air humidity

wind speed (Figure 5.38).
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Figure 5.38 — Climatic variables used for the calculation of potential evapotranspiration.

Site-specific parameters play a crucial role in modulating the effective evapotranspiration rate,
as they reflect the peculiarities of each local context. These parameters are intrinsically linked
to the surface conditions of the soil and the type of vegetation present. For each study site, the
site-specific parameters (i.e., surface roughness (zom), bulk surface resistance (or canopy
resistance) (rc), and albedo (o), have been determined. These values were subsequently
integrated with the baseline climatic parameters within the framework of the Penman-Monteith
equation (Paragraph 3.3.1.4), thus enabling the calculation of the potential evapotranspiration

specific to each investigation site.

Evapotranspiration

Experimental site 846

At site 846, the ground surface exhibits dense spontaneous vegetation, primarily characterised
by scrub and shrubs reaching maximum heights of a few metres. Field observations, in
conjunction with empirical tables from academic literature (Monteith, 1965, Brutsaert, 1982,
and Trombetti and Tagliazucca, 1994), enabled the determination of the surface characteristic
parameters required for calculating potential evapotranspiration. To ensure the most suitable
and representative parameters for the site, a calibration process was undertaken using

GeoStudio (Table 5.6).
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Table 5.6 - Parameters for the determination of potential evapotranspiration at site 846.

PET parameters
Z0m re a
(m) (s/m) /
0,2 30 0,26

Figure 5.39 presents the potential evapotranspiration function for the site 846
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Figure 5.39 — Potential evapotranspiration calculated for the site 846 using the Penman-Monteith model.

The analysis of the derived evapotranspiration function enabled the identification of three
distinct regimes, each closely correlated with the specific soil and atmospheric moisture
conditions. Initially, during the drying phase, an increasing trend is observed, which is
indicative of a high rate of water transfer as the soil becomes progressively drier, reaching peak
values of -2E-7. Subsequently, the system enters an intermediate phase where the
evapotranspiration value stabilises, maintaining a nearly constant trend. Finally, during the
wetting period, the evapotranspiration exhibits a clear tendency to decrease, primarily due to
the new meteorological input that alters the hydrological and energy balance. Overall, the
behaviour of this function consistently mirrors the variation in soil water content, highlighting
the strong interdependence between surface hydrological processes and moisture dynamics.
The actual evapotranspiration (AET) was determined from the potential evapotranspiration
(PET) value, allowing quantifying the amount of water that evaporates from the soil surface
and that is transmitted to the atmosphere, taking into account the effective water availability in

the soil.
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Moreover, the potential evapotranspiration limit was determined, which represents the
condition where the soil's water availability becomes lower than the atmospheric water demand

for potential evapotranspiration.
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Figure 5.40 — Relationship between cumulative evapotranspiration and soil water content for site 846.

Figure 5.40 depicts the critical functional relationship between cumulative evapotranspiration
and soil water content. The observed trend at the experimental site 846 unequivocally highlights
the establishment of a limiting pedological water condition for the transfer of moisture to the
atmosphere. Specifically, during the period approaching the beginning of the second decade of
June, the soil water availability is deficient relative to the atmospheric evaporative demand.
Consequently, this inability of the soil-plant-atmosphere continuum to sustain the demand
imposed by the surrounding environment demarcates the fundamental transition from the AET
regime to the PET regime. The calculated cumulative PET values were found to be consistent
with those published in the institutional report by APAT, (2007), thus providing a validation
for the magnitude of the simulated hydrological fluxes. Subsequently, the values for calculating
the corrective function of Feddes et al. (1978) were determined, namely the parameters Wicar
and Ws3. The latter was derived indirectly from the temporal relationship between soil water
content and cumulative evapotranspiration.

The point at which these two variables diverge corresponds to a suction value that represents
the critical soil suction. The value for the parameter Wiear was derived from literature (Rodriguez
et al., 2022) and was subsequently refined via an iterative calibration procedure to ensure its

optimal application within the specific context.
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Table 5.7 - Parameters for the determination of corrective factor (f§).

\1’3 ‘Pleaf
kPa kPa
150 1500

Figure 5.41 shows the reduction function for site 846, based on the W3 and Wicar values that

defines the relationship between actual and potential evapotranspiration.
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Figure 5.41 — Reduction function that controls the relationship between actual and potential
evapotranspiration.

When the suction value is below -150 kPa, AET is equal to PET (condition represented by a
straight line in the graph) while when the suction value exceeds -150 kPa, the AET becomes
lower than PET, as shown on the graph by a gently decreasing line. Therefore, in this scenario,

PET is corrected relative to the actual, considering the trend of the B factor.

Experimental site 915

At site 915, the ground surface is cultivated with a vineyard with rows =1.8 m height while
spontaneous grass between the rows occurs. To realistically calculate the evapotranspiration
parameters, site-specific physical data were integrated with empirical tables from the literature

(Table 5.8).

Table 5.8 - Parameters for the determination of potential evapotranspiration for the site 915.

PET parameters
Zom I'c a
(m) (s/m) /
0,15 50 0,35
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Figure 5.42 illustrates the potential evapotranspiration function derived for site 915.
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Figure 5.42— Potential evapotranspiration calculated for site 915 using the Penman-Monteith model.

Initially, there is a gradual increase in the rate of evapotranspiration. This is followed by a
period where the rate remains nearly constant, before eventually decreasing to lower values.
These data are directly consistent with changes in soil water content.

Figure 5.43 shows this relationship between soil water content and cumulative potential

evapotranspiration.
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Figure 5.43 — Relationship between cumulative evapotranspiration and soil water content for the site 915.

This relationship demonstrates that the amount of water in the soil is very low, up to influencing

the transfer of water from the ground, through the plant, to the atmosphere. This deficit is
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particularly evident in the first half of May. Consequently, this temporal point marks the
transition from a real to a potential evapotranspiration regime, thus identifying the
evapotranspiration limit. The magnitude of PET values determined in the present study was
found to be consistent with the historical datasets published by APAT (2007). The values of
Yiearand W3 for calculating the Feddes et al. (1978) corrective function are summarized in Table

5.9.

Table 5.9 - Parameters for the determination of corrective factor (f8).

‘1’3 ‘Pleaf
kPa kPa
50 1500
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Figure 5.44 — Reduction function that controls the relationship between actual and potential
evapotranspiration.

Figure 5.44 illustrates the reduction function for site 915. In this instance, for suction values
below -50 kPa, AET is equal to PET, which is represented by a continuous trend with a value
of 1 on the graph. When the suction value exceeds -50 kPa, the soil can no longer transfer the
required amount of water to the atmosphere. Consequently, the ratio between AET and PET
falls to a value below 1. It is important to note that this reduction is not sudden but occurs

gradually, as shown by the curve trend.

Experimental site 850
In the case of site 850, the soil surface presents a largely uniform cover of grass and spontaneous
bushes, with a variable height of 40-60 cm. The parameters that most accurately describe the

evapotranspiration rate for the specific site conditions are summarized in Table 5.10.
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Table 5.10 - Parameters for the determination of potential evapotranspiration for the site.

PET parameters

Zom re a
(m) (s/m) /
0,07 30 0,23

Figure 5.45 represents the potential evapotranspiration function, whose trend shows a clear
increase in the potential evapotranspiration rate in the first part of the analysed period, reaching
a peak at the end of June. Subsequently, a period of stability is observed, where the
evapotranspiration rate remains almost constant, followed by a gradual decrease. This temporal
trend of potential evapotranspiration is consistent with the variations in soil water content

recorded within the soil.
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Figure 5.45 — Potential evapotranspiration calculated for site 850 using the Penman-Monteith model.

The cumulative potential evapotranspiration was compared, in a temporal relationship, with the

available soil water (Figure 5.46).
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Figure 5.46 — Relationship between cumulative evapotranspiration and soil water content for the site 850.

The analysis of the relationship between cumulative PET and soil water content demonstrates
that during the period spanning from May to early June, the soil's water availability is
significantly greater than the atmospheric evaporative demand. Consequently, the soil-plant
system is fully capable of meeting the atmospheric water requirement. Subsequently, from that
point onwards, a stabilisation of the soil water content at a constant value is observed. This
implies that the soil is no longer able to meet the atmospheric water demand, thereby reaching
the evapotranspiration limit. The obtained cumulative PET data were validated through a direct
comparison with the observations and records published by APAT (2007) confirming that the

simulated hydrological fluxes are representative of the reference climatic conditions.

Table 5.11 - Parameters for the determination of corrective factor (p).

‘P3 ‘Pleaf
kPa kPa

1300 1500

Considering the parameters W3 and Wiear (Table 5.11), the function describing the variation

between PET and AET was found (Figure 5.47).
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Figure 5.47 — Reduction function that controls the relationship between actual and potential
evapotranspiration.

For suction values below -1300 kPa, AET is equal to PET, and consequently, the corrective
factor is equal to 1. Once this critical threshold is exceeded, PET decreases more rapidly and

sharply than in previous cases, following the behaviour of the corrective function.

5.3 HYDROLOGIACL MODELL CALIBRATION

The intrinsic hydrological properties of the soil and site-specific boundary conditions were
integrated into a numerical model using GeoStudio software. This integration is aimed at
performing a Finite Element Method (FEM) analysis, in accordance with the procedure outlined
in Section 3.3.2. The primary objective of this modelling is twofold: the validation of the
hydrological model and the determination of the pore-water pressure distribution within the soil

profile for all investigated sites.

5.3.1 Numerical model setup

The cross-section of the embankment for each experimental site was reconstructed within the
software GeoStudio, based on the field data described in Paragraph 2.5, such as terrace length,
inclination, and thickness of the embankment located immediately behind the retaining wall

(Figure 5.48).
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Figure 5.48 — Construction of the geometry of the three experimental sites in GeoStudio.
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Input hydrological characteristics, including the soil water retention curve and the relative
permeability function determined experimentally, were implemented into the model.

A sensitivity analysis on relative permeability was conducted for each site. Specifically,
numerical simulations were performed using both relative permeability calculated with the van
Genuchten method the Kozeny-Carman model and the outcomes were then compared. This
approach was aimed at assessing which of the two methodologies was more suitable to simulate
the hydraulic conditions governing water transfer within the soil profile. Hydrological boundary
conditions were implemented to regulate the water exchange between the model and the
surrounding environment. A no-flow condition (zero flux) was applied to the lower boundary.
This was necessary to simulate the presence of an impermeable substrate (bedrock), which is
assumed not to influence the hydrological variations of the slope. The lower lateral boundary
of the model (identified in Figure 5.50 by a blue line and triangles) was set up with a permissible
flow condition to simulate the phenomenon of seepage. It should be noted that the retaining
wall structure was not explicitly modelled, as the primary objective of the analysis was the
assessment of the hydrological conditions within the terrace embankment.

An inflow condition, representative of the rainfall intensity recorded between May 2, 2024, and
September 15, 2024, was imposed at the upper boundary.

Finally, the outflow boundary condition, correlated with the E rate, was applied to the
superficial soil layer, whose thickness was defined based on the maximum root depth observed
at each investigated site (Paragraph 3.3.5) (Figure 5.49). The potential ET rate was then
spatially distributed within the root-delimited soil volume, thereby simulating the spatial
dynamics of water uptake by the vegetation. During the setup of the PET function, the
GeoStudio software allowed for the application of a corrective function, termed the "modifier",
which was previously calculated for each site (Paragraph 5.2.2) in order to control the

relationship between effective and potential evapotranspiration.

157



SITE 846

39 —
v v
29 —
Ty v v v
v v v vy
= Y v ov v v x
= ¥y v v vy
B e
©
> vy v oy Vv Nollow
]
E v Vv Scepuge
Rainfall
09— TTTTT vupetranspiration
777777777 Piczonetric surface
01 t \ J
-0.2 0.8 18 28 38 48
Distance [m]
# - SITE 915
29 —

~—v—v No-flow

Elevation [m]
I

VvV Scepage
Rainfall

YT YT T Rvapotranspiration

_________ Piezonetric surface

|
0,9 —%
|

0,1 ‘ ‘

0,2 0,8 18 28 38 48
Distance [m]
34 —
! SITE 850
24
c
L2
©
> 14 —
k)
| Nao-Low
Vv W Seepage
Rainfall
04 — T T T ¥ ¥ Tvapotranspiration
Yyvvy
,,,,,,,,, Piezonetric surface
-0,6 ‘ ‘ ‘
0,2 0.8 18 28 38
Distance

Figure 5.49 —-Boundary and initial conditions set up in GeoStudio for each experimental site.

158



The initial condition for each experimental site was established by imposing a soil suction value
of 20 kPa for all three experimental sites. At this specific suction value, the water content differs
for each site as a function of its WRC. To ensure an accurate and consistent representation of
the initial suction and water content values, a fictitious water table was introduced. Specifically,
the water table was positioned at a depth calculated to generate a suction of 20 kPa at the
observation point corresponding to the simulated sensor location at a 50 cm depth. This
methodology facilitated the generation of initial pore-water pressure distributions consistent
with the data measured by suction sensors. To aid the analysis of the simulation results, specific
observation points were inserted for each site at the depth of the intermediate sensor installation.
Based on the numerical model developed within the GeoStudio software environment, a
transient flow analysis was conducted for each experimental site employing the SEEP/W

module.

5.3.2 Numerical model validation

The transient flow analysis compared the observed data with the hydrological modelling
employing the Kozeny-Carman and van Genuchten relative permeability models (Figure 5.50).
Both models were shown to successfully simulate the temporal evolution of VWC, capturing
both the gradual decrease attributed to soil drying and the rapid increases induced by re-wetting
events, allowing to validate the applicability of both approaches (Kozeny-Carman and van
Genuchten) for simulating transient flow.

However, the van Genuchten model showed greater accuracy in simulating the flow curve. This
may be attributed to the direct calculation of relative permeability from the soil water retention
curve parameters. The Kozeny-Carman model, conversely, relies primarily on the relationship

between the degree of saturation and saturated permeability.
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Figure 5.50 — Hydrological modelling results in SEEP/W for the three experimental sites.
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Finally, it was observed that the simulated peaks in VWC (Figure 5.50) were more pronounced
than the observed data. To interpret this discrepancy, the simulation results were compared with

the pluviometric data used as input for the model (Figure 5.51).
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Figure 5.51 — Comparison between the simulation results and pluviometric data.

The simulated VWC correlated well with the rainfall peaks, also showing a slight delay,
attributed to the infiltration process. However, the simulation overestimated VWC, likely due
to an underestimation of surface runoff and, consequently, an incomplete representation of

hydrological processes within the model.

5.3.3 Pore water pressure numerical simulation

Figures 5.52 and 5.54 show the pore water pressure distribution at each experimental site,
specifically comparing two extreme hydrological scenarios. Figure 5.52 is indicative of the
drying phase and shows the pore water pressure distributions recorded at the critical point,
namely the minimum water content. Conversely, Figure 5.54 describe the wetting phase,

depicting the pore pressure distributions during the condition of maximum VWC.
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Figure 5.52 — Pore pressure distribution in relation to the variation in extreme VWC values representative

of the drying phases.

The analysis conducted on the drying phase revealed a vertical variation in soil suction
consistent with depth at all experimental sites. The highest values of negative pore pressure

were observed near the soil surface. This condition is primarily attributable to two factors: direct
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interaction with the atmosphere, which induces water evaporation, and water uptake by the root
systems of the existing vegetation. Both processes generate capillary tension, leading to an
increase in suction. Conversely, soil suction values progressively decreased with increasing
depth. This trend is associated with the reduction in the influence of surface factors and the
greater stability of subsoil water conditions. Consequently, the variation in the pore water
pressure gradient reflects the dynamics of soil profile dehydration due to environmental
changes. The negative pore pressure values differ both in magnitude and range among the
experimental sites, likely based on the specific hydrological and environmental conditions of

each site (Table 5.12).

Table 5.12 - Range of values of pore water pressure and VWC variation during the drying period.

DRYING PERIOD
VWC range PP range
/ kPa
min max max min

St_846 0,1021 0,1026 -1446 -1408
St 915 0,1194 0,1199 -1142 -1112
St_850 0,124 0,158 -1450 -600

Site 846 exhibited the greatest dehydration, with the lowest water content values uniformly
distributed throughout the entire profile. This homogeneity is reflected by an equally uniform
pore pressure characterised by high negative values (suction). Site 915 showed a trend similar
to Site 846 regarding the uniformity of water distribution, suggesting a homogeneous drying
process. However, the moisture content values are higher, indicating a lower water loss
compared to Site 846. Site 850 presents a markedly different behaviour, with a non-uniform
distribution of water content. A clear vertical stratification is observed: moisture is minimal at
the surface and progressively increases with depth, indicating a greater capacity for water
storage in the deeper layers. This non-uniform water content generates a wide range of negative
suction (pore pressure). Suction is maximum at the surface, drastically decreasing with
increasing depth, showing a significant difference between shallow and deep values.

These differences in the response to drying can be explained by the interaction between surface
extraction mechanisms and the intrinsic soil hydraulic properties. The release of water from the
soil during drying phases is a process primarily driven by evapotranspiration. This factor, which

is in turn modulated by the type of vegetation, determines the variations in the soil water
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balance. It is important to note that evapotranspiration does not modify the shape of the WRC,
which is primarily controlled by the intrinsic soil properties.

Consequently, a higher evapotranspiration rate will generate greater suction, but the VWC
variation in response to suction depends on the specific shape of the WRC. This influence is
fundamental because it determines the amount of water present in the soil and, thus the
distribution of pore pressures that in turn affect its stability. Therefore, the evapotranspiration
rate is strongly correlated with the type and architecture of the vegetation, which modulates the
quantity and depth of water extraction. At Sites 846 and 915, the root systems show a
homogeneous distribution along the profile, which influences approximately 44% of the total
soil thickness (e.g., 0.7 m out of 1.7 m at Site 846; 0.5 m out of 1.16 m at Site 915), promoting
a consistent water extraction, thus resulting in a uniform distribution of moisture and suction.
At Site 850 the root system is concentrated predominantly in the superficial layer (0.2 m),
affecting only about 15% of the average thickness (1.3 m) (Figure 5.53), confining ET processes
to the shallow layers. Therefore, the deeper layers maintain greater water availability and,
consequently, a significantly lower negative pore pressure. The variations in water extraction
highlight that the root geometry significantly alters the hydrological conditions. The percentage
of soil thickness influenced by the roots (Figure 5.53) is a key parameter that identifies the
portion of the soil subjected to effect of suction, with resulting implications for moisture content

and stability.
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Figure 5.53 — Average percentage of soil thickness affected by root.

Figure 5.54 shows the graphs illustrating the change in pore water pressures during the wetting

phase for each experimental site.
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Figure 5.54 — Pore pressure distribution relative to the variation in extreme VWC values representative of

the wetting phases.

The analysis of pore-water pressure profiles revealed that the soil water saturation level, even

during the VWC peak, never reached the threshold of full saturation. This evidence is of
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fundamental importance, as it confirms the absence of significant free water accumulation and,
consequently, the non-generation of substantial positive hydraulic pore-water pressures within
the soil matrix. This hydrological regime is primarily attributable to the soil inherent
granulometric properties, which impart a high hydraulic conductivity, thereby preventing the
complete saturation of the soil pores. The persistent occurrence of negative pore-water pressure
values represents clear evidence of the continuous action of capillary suction. This force
maintains the water within the soil's pore spaces in a state of tension, thereby confirming the

prevailing unsaturated regime.

Table 5.13 - Range of values of pore pressure and VWC variation during the wetting period.

WETTING PERIOD
VWC range PP range
/ kPa
min max max min
St_846 0,16 0,2 -38 0
St 915 0,159 0,162 -18 2
St_850 0,14 0,34 -750 0

The analysis of Table 5.13 highlights a significant variability in suction and water content
parameters among the experimental sites during the wetting phase.

Site 850 exhibited the maximum VWC, but also the greatest vertical heterogeneity, with
minimum values of 0.14 in the deeper layers. This heterogeneity did not favour a uniform
moisture distribution and resulted in the highest suction values, approximately 90 times greater
than the other sites at the same depth. In contrast to sites 846 and 915, site 850 showed a peculiar
inversion of the hydraulic gradient, with the suction peak localised in the deeper layers of the
slope.

Sites 846 and 915 showed a more uniform water content distribution with depth, with site 846
characterised by an overall higher VWC, concentrated in the lower part and gradually
decreasing towards the surface (where it was similar to site 915). This greater variability in
VWC at site 846 translates into higher suction values and a wider range. Conversely, at site
915, with a nearly uniform VWC distribution, recorded the lowest variability in suction values.
During the wetting phase, the soil hydrological balance is primarily governed by precipitation
and subsequent infiltration. Consequently, differences in soil suction are mainly attributable to
intrinsic hydrological characteristics (e.g., relative permeability) and geometrical properties

(e.g., thickness and slope).
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For instance, the lower negative pore pressure (lower suction) recorded at Site 915 may be
correlated with specific slope geometrical characteristics. The combination of a smaller cover
thickness and a less slope inclination can increase the water storage capacity. At Site 850, a
distinctive hydrological dynamic can be assumed: low suction (high water content) in the
shallow layers and extremely high suction values in the deeper strata.

The peculiar hydrological behaviour observed at Site 850, which manifests itself as low suction
at the surface and extremely high suction at depth, can be explained by some specific soil
physical features. Indeed, the reconstruction of the wall and of the embankment involved
extensive soil reworking. This resulted in poor soil compaction, increasing its total porosity.
Moreover, the soil used to construct the embankment was sieved to remove large cobbles and
pebbles, likely altering the percentage of fine materials. This may have produced a capillary
distribution enriched with small and medium-sized pores. The prevalence of small pores gives
the surface horizon a high-water retention capacity. This structure could generate a high-water
retention capacity at the surface horizon, resulting in the low suction observed. Conversely, the
capillary distribution drastically reduces the size and connectivity of the channels through
which water moves. This limitation on water mobility would be the determining factor
preventing rapid downward water transfer, thus explaining the presence of extremely high

suction in the deeper layers.
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Figure 5.55 - Relative permeability comparison (van Genuchten model) for the three experimental sites.

The high suction observed in the deeper part of the soil profile may be attributable to the soil
conditions resulting from the previous drying phase. Due to the low soil permeability, these

conditions may not have been removed yet by subsequent rainfall events. Therefore, the
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relatively low hydraulic conductivity can be the primary cause of the marked inhomogeneity of
the water content observed along the vertical soil profile. Water accumulates in the shallow
layers before being slowly drained, creating a significant water gradient. This situation contrasts
with that of the other sites, which exhibited a significantly higher hydraulic conductivity (Figure
5.55). In these sites, the downward drainage of water seems much more efficient and rapid,

resulting in a more homogeneous water content distribution.

5.4 SLOPE STABILITY ANALYSIS: THE EFFECT OF PORE WATER PRESSURE

Soil wetting and drying cycles exert a significant influence on the hydrological response of
slopes, altering the volumetric water content and the pore-water pressures. This variation
directly impacts the hydro-mechanical behaviour of the soil, which is a determining factor for
slope stability.

Previous seepage analyses allowed for the definition of the pore-water pressure distribution
during different hydrological phases.

Based on these results, a limit equilibrium stability analysis was undertaken to quantify the
influence of the pore-water pressures under the varying hydrological conditions of terraces at
each experimental site. This was conducted by integrating the SLOPE/W module of GeoStudio
with the results obtained from the seepage analysis (Paragraph 5.3.3).

Considering that the SLOPE/W module only permits stability analysis for discrete time steps,
a specific methodological approach was implemented to track the temporal evolution of the
factor of safety. The analysis was performed iteratively, considering discrete time intervals
(typically with a daily step) for the entire study period (from 02/05/2024 to 15/09/2024). For
each interval, a distinct limit equilibrium stability analysis was executed, allowing for the
reconstruction of the factor of safety trend as a function of the pore-water pressure variations

over time.

5.4.1 Numerical model setup

The limit equilibrium analysis was performed using the geometry derived from the preceding
flow analysis, and by integrating mechanical properties representative of the investigated sites
into the numerical model (Table 5.14). The Mohr-Coulomb constitutive model was selected to

describe the mechanical behaviour of the cover material.
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Table 5.14 — Input mechanical parameters for each experimental site.

SITE 846 SITE 915 SITE 850
v (KN/m) 19 19,5 17.8
¢' (kPa) 0 0 0
o' (°) 32 32 32

The analysis included the evaluation of the variation in the soil's unit weight, which is critical
in the context of unsaturated soils, by incorporating into the numerical model the site-specific
WRC.

Furthermore, soil suction was implemented as an additional cohesive force, thereby increasing
the soil's shear strength. Consequently, this shear strength was appropriately specified in the
software as a function of the water content, strictly following the trend defined by the soil's
WRC. Finally, the probable entry and exit points of the slip surface was defined using the "Slip
Surface Entry and Exit" command. This command allowed to define the portion of the ground
surface where a potential slip surface is most likely to be originated, thereby identifying the

searching area for the factor of safety calculation.

5.4.2 Numerical model results

The results, expressed in terms of the critical factor of safety (SF), allowed for the definition of

a dynamic framework of slope stability in relation to different soil hydrological conditions

(Figure 5.56).
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Figure 5.56 - Temporal variation of the factor of safety for the three experimental sites.
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The analysis of the results confirmed previous observations: the influence of negative pore
water pressures consistently ensures a safety factor (SF) above unity, even during the wetting
phase, indicated that, under the hydrological conditions considered, all monitored sites
maintained a stable condition. The relative variation of the safety factor between the different
sites revealed a notable similarity in the behaviour of sites 846 and 915 throughout the entire
hydrological cycle. These sites exhibited a high SF during the drying phase, consistently
exceeding the values recorded at site 850. Conversely, during the wetting phase, sites 846 and
915 showed a lower SF compared to site 850, as by the temporal trend of the safety factor in
relation to suction variation (Figure 5.57).
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Figure 5.57 - Temporal variation of the factor of safety in relation to suction (the minimum SF values
corresponding to the drying peaks are shown in orange, while those related to the wetting peaks are

indicated in blue).

The graph shows a direct correlation between the effect of suction and the safety factor,
highlighting that an increase in suction resulted in a corresponding increase in the safety factor,
and vice versa. This comparison revealed that at Site 850 a lower sensitivity to variations in
suction during the wetting phase compared to the other sites was found. Consequently, a nearly
constant safety factor occurred across the transitions between different hydrological conditions.
In Figure 5.57 the minimum values of the safety factor recorded at two distinct hydrological
phases have been highlighted: drying periods (characterized by markedly negative water
potential (W) values) and wetting periods (where the water potential approaches zero). This
differentiation made it possible to identify the sites that show the most critical stability

conditions in response to changes in hydrological conditions.
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Moreover, data revealed a differentiated trend in the safety factor. During the wetting phase,
monitoring sites 846 and 915 showed the lowest safety factor values. This is directly correlated
with lower negative pore pressure. In contrast, in the drying phase, the trend is reversed: site
850, despite having a negative pore pressure trend very similar to that of sites 846 and 915,
recorded the lowest safety factor values.

To investigate in detail the factors that influence the variation of the factor of safety (SF) during
the two phases of the hydrological cycle, several driving parameters were selected. These
factors include both hydrological characteristics such as water content and suction and the
geometrical properties of the slope, including cover thickness, inclination, and root depth.

The analysis was conducted by correlating the above-mentioned parameters with the SF values
recorded during the periods of maximum drying (18/08/2024) and wetting (09/09/2024), which
correspond to the minimum and maximum VWC values, respectively.

Moreover, the vertical variability of suction and VWC was taken into account. This variability
is fundamental for a better understanding of the stability analysis results, particularly for the
site 850. To this end, the mean values of suction and water content between the observation
point (i.e., the sensor at 50 cm) and the deepest section of the downstream profile, where the
flow analysis indicated higher pore pressure values, were examined.

Figure 5.58 illustrates the critical safety factor values recorded during the drying peak phase
for the three investigated sites based on VWC and V.

The most critical safety factor was found at site 850. This is consistent with the hydrological
characteristics found this site, which exhibited the highest water content. The greater water
content translates to a lower suction, which in turn decreases the effective stress and,

consequently, the soil's shear strength.
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Figure 5.58 - Correlation between variations in the factor of safety at the three experimental sites with

respect to volumetric water content (VWC) and suction (‘¥) during the drying period.

During the drying phase, the variation in suction is primarily controlled by the
evapotranspiration process. This, in turn, is influenced by the type of vegetation, which affects
both the evapotranspiration rate and the rooting depth. This depth is crucial as it determines the

thickness of the soil layer affected by the stabilizing effects of suction (Figure 5.59).
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Figure 5.59 - Correlation between variations in the factor of safety at the three experimental sites with

respect to slope inclination (a), cover thickness, and root depth during the drying period.

The comparison of the critical safety factor values with respect to root depths confirmed the

previous findings (Figure 5.59). Site 850, resulting in the lowest safety factor during
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desiccation, is characterized by shallow root depth, which in turn limits the stabilising effect of
suction to only the shallowest soil layer.

At sites 846 and 915, the root depth distribution is almost uniform across to the soil profile
(Figure 5.59). However, both the steeper ground surface and greater soil thickness play a critical
role at site 846, leading to an increase in the shear forces acting along the potential slip plane
and thus to a slightly lower factor of safety (Figure 5.59). The graphs depicted in Figures 5.60
and 5.61 revealed a different behaviour for all three sites during the wetting phase. Indeed, in

this case the site 850 exhibited the greatest stability.
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Figure 5.60 - Correlation between variations in the factor of safety at the three experimental sites with

respect to volumetric water content (VWC) and suction () during the wetting period.

During wetting, water content and suction are no longer controlled by evapotranspiration but
by precipitation and the resulting infiltration. Consequently, the slope's stability depends on the
soil's capacity to store and transmit water.

As previously observed (Figure 5.55), site 850 has a higher storage capacity. However, its low
permeability slows down the water transmission to deeper layers, which are still affected by the
previous suction conditions. This may explain the apparent inconsistency in the results since
site 850 simultaneously shows a higher water content and greater suction compared to the other
sites (Figure 5.60).

During wetting the variations in soil suction do not depend on evapotranspiration process or on

the effect of the vegetative cover.
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As illustrated in Figure 5.61, a direct correlation between root system depth and the factor of
safety (SF) was not found. This phenomenon stems from the reduction or complete decay of
the stabilising effect of cohesion, which is generated by root suction during the wetting phase.

Given that the factor of safety is defined as the ratio of stabilising forces (i.e., cohesion, internal
friction and effective stress) to destabilising forces (i.e., gravitational forces and slope), a
reduction in the stabilising components necessarily increases the relative importance of the

acting forces in the overall stability equation (eq. 40).

¢ + (o, —ug)tane' + (u, — u,)tane, (40)
Wsina

SF =

Since the three sites have the same friction angles and zero effective cohesion, an increase in
pore pressure (u) reduces the effective stress (6'=c—u). In unsaturated soils, this phenomenon
corresponds to a decrease in suction. This reduction in effective stress causes a decrease in
resisting forces, making the slope's stability dependent on the acting forces, namely the slope's
geometric features (inclination) and the soil weight, which in turn is a function of the soil

thickness and of the profile length.
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Figure 5.61 - Correlation between variations in the factor of safety at the three experimental sites with

respect to root depth, slope inclination (a), slope length and soil cover thickness.

Based on a comparative analysis of the parametric relationships shown in Figure 5.61 the site

850 exhibits a higher safety factor. This can be explained by a more favourable balance between
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the acting forces: the resisting forces are greater because of high soil suction, while the driving
forces are lower. Specifically, the parameters that contribute to this reduction, namely the slope
length and inclination along with the soil thickness are lower compared to other sites.

The lower safety factor obtained at sites 915 and 846 may be attributable to a higher slope
gradient together with a greater soil thickness and slope length. On the other hand, the
difference in the safety factor between sites 915 and 846, may stem from a smaller contribution

of the resisting forces acting at site 915, thus giving a higher relative stability at site 846.

5.5 INVESTIGATION ON THE EFFECT OF HYDRAULIC BOUNDARY
CONDITIONS

Previous local-scale analyses focused on examining the consequences of hydrological
conditions on terrace stability. The objective now is to assess the effect of hydrological
variations on the service behaviour of slopes, by using a finite element analysis via coupled
flow-deformation analysis in PLAXIS 2D.; specifically, the intention is to simulate the
evolution of the operating conditions of the dry-stone walls along a specific temporal sequence
of drying and wetting cycles, in order to evaluate the trend of the total horizontal pressures
originating within the soil-structure interaction zone.

The numerical analysis focused exclusively on Site 850 due to its in-situ instrumentation, which
includes pressure cells installed at the back of the facing. This instrumentation played a crucial
role by enabling a qualitative validation of the numerical model results regarding the total
horizontal stresses exerted on the retaining structure.

Following the validation of the numerical model, by comparing pressure cells and water
content/suction monitored data with simulation outcomes, the geometric configuration and
intrinsic hydrological features of Site 850 were defined as the invariant reference scenario. This
methodological approach aimed to isolate other main variables influencing the slope behaviour,
thus allowing the analysis to concentrate on the detailed investigation of the role of vegetation.
Therefore, by varying solely the evapotranspiration rate, representative of different vegetative
conditions (condition "A" which refers to the real monitored scenario at the 850 site; condition
"B" which refers to a cultivated slope, consistent with vegetation conditions detected at the 915

site), the change in the total horizontal pressures at the soil-structure interface was evaluated.
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5.5.1 Numerical model setup: geometry and materials

Within the PLAXIS environment, the model geometry representing the Site 850 was defined
(Figure 5.62) by also integrating a second layer, namely the bedrock.

Figure 5.62 - Geometry of Site 850 reconstructed within the PLAXIS software.

For each material that characterises the model, its hydrological and mechanical properties have
been defined (Table 5.15). These characteristics were organised into three main categories:
General, Mechanical, and Hydrological. The General characteristics include the material's basic
properties, the identification of the most appropriate constitutive model to represent the soil's
behaviour, and the specification of its hydro-mechanical behaviour (analysis under drained or

undrained conditions).

Table 5.15 — General properties related to the two materials.
GENERAL CHARACTERISTICS

Soil cover Bedrock
Soil model Mohr-Coulomb Linear elastic
Material behaviour Drained Non-porous
Unsat. unit weight (kKN/m?) 16 23
Sat. unit weight (kN/m?) 18 /
Porosity (-) 0,53 /
Void ratio (-) 1,1 /

To model the mechanical behaviour of the soil cover, an elasto-plastic approach was adopted
using the Mohr-Coulomb constitutive model.
The bedrock was modelled with mechanical and hydrological properties chosen to minimise its

interactions with the overlying cover layer. Consequently, the bedrock was treated as a quite
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rigid constraint with linear elastic behaviour. This simplification, which minimises the
mechanical and hydrological interactions, allowed to focus the analysis exclusively on the
behaviour of the soil cover layer. Deformations and stresses induced in the bedrock were
neglected. From a hydrological standpoint, the bedrock has been defined as a non-porous mean.
This condition allowed to assume it as impermeable, acting as a hydrological barrier that limits
infiltration, drainage, and the formation of pore pressure within it. Assuming the bedrock as a
non-porous material, its specific weight is considered uniform and corresponding to that of a
solid rock. This simplification reduced model complexity, allowing for a focus on the critical
zones of interest.

The mechanical properties were defined by specifying the elastic moduli for each material and
the strength parameters according to the adopted failure criterion (Table 5.16). The stiffness
values, namely the Young’s modulus and Poisson ratio, are derived from the data previously
used for the global stability analysis (paragraph 4.2) while the friction angle was obtained from

the results of the in-situ geotechnical tests.

Table 5.16 - Mechanical properties related to the two materials.

MECHANICAL CHARACTERISTICS

Soil cover Bedrock
Young modulus (kN/m?) 1,50E+04 1,50E+06
Poisson ratio (-) 0,3 0,2
Choesion (-) / /
Friction angle (°) 32 /

The van Genuchten model parameters and the saturated permeability values were specified
allowing to automatically reconstruct the soil water retention curve and the function describing
the variation of permeability in relation to suction (Table 5.17) (see section 3.3.5).

Given that the bedrock was modelled as a non-porous material, its hydrological properties were
neglected in the analysis. The hydrological parameters used for the hydrological
characterization of the model are derived from the previous hydrological modelling in
GeoStudio (Table 5.17). In this regard, PLAXIS only require the van Genuchten parameters to

automatically generate the water retention curve in terms of the degree of saturation.
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Table 5.17 -Van Genuchten parameters reported in PLAXIS corresponding to the following classical curve

parameters: gn = n, ga = o and gc = m. Ky and Ky indicate the saturated permeability in the two directions.

HYDRAULIC CHARACTERISTICS

Soil cover
SWCC fitting model van Genuchten

Sres 0
Ssat 0,72
gn 1,28
ga 0,3
ge (1-gn) / gn
Kx 3,50E-07
Ky 3,50E-07

The degree of saturation values was obtained by dividing the water content, derived from the

GeoStudio analysis, by the material porosity.

5.5.2 Numerical model setup: retaining wall structure and mechanical properties

Once the site geometry and the mechanical and hydrological properties of the materials had
been defined, the wall was incorporated into the modelling profile. The simulation purpose was
to simulate retaining wall’s mechanical behaviour, and specifically to determine the total
pressures at the soil-structure interface. For this purpose, the wall was modelled using a "plate"
element type.

The wall geometry was established by constraining its base to simulate its foundation. Two
plate elements were anchored to this base: an inner plate element (Inner Wall), in direct contact
with the soil, and an outer plate element (Outer Wall), positioned at a small distance from the
first (Figure 5.63). These plates were then connected using a dense system of node-to-node
anchors. This configuration was adopted because during periods of high suction the contraction
of unsaturated soil tends to exert tension on the inner element, deforming it inwards and
inducing displacements which are not physically meaningful, given the zero tensile strength
assumed for the interface elements.

Consequently, the anchors connecting the inner wall to the outer wall were calibrated with low
bending and shear stiffness to allow for deformation, but with specific mechanical properties:
zero tensile strength and high compressive strength (Table 5.18). This design ensures that the
entire lateral earth pressure generated by the soil is transmitted sequentially from the soil to the
inner element, and from the inner element to the outer element, solely through the compression

mechanism of the anchors.
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In this way, the outer wall receives the actual total stresses generated during the interface
compression phase (i.e., lateral earth pressure acting on the wall), while remaining unaffected
by any inward interface tension during the soil contraction phase. Therefore, the model allows
for both the estimation of the lateral pressure acting at the interface soil-retaining wall and the
measurement of the outward horizontal displacements.

Summarizing, it was assumed that inward wall displacements are negligible, based on the

hypothesis that soil contraction cannot exert tension along the wall-soil interface.
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Figure 5.63 - Wall structural specifications: inner wall, outer wall and anchors.

Interfacing elements were introduced at the contact point between the structure and the backfill
material. These elements are crucial for modeling the interaction between the structural element
and the adjacent soil, as they enable a realistic simulation of a thin zone of material subjected
to intense shear stress.

Once the geometry of the structure was defined, the mechanical properties were assigned to the
plate elements. These properties are of fundamental importance as they allow for the definition
of the element's self-weight (w), which is derived from the wall's dimensions, and the definition
of the resistance and stiffness parameters, namely the flexural rigidity (EI) and the axial rigidity
(EA). The general and mechanical characteristics, implemented in the PLAXIS software for

modelling the plate elements and for the anchors are summarised in Table 5.18.
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Table 5.18 — General and mechanical properties of the plate.

GENERAL CHARACTERISTICS

Wall Anchor
Material type Elastic Elastoplastic
Weight (kN/m?) 12,5 /

MECHANICAL CHARACTERISTICS

Plate Anchor

Axial stiffness (kN/m) 8,70E+05 1,00E-12
Bending stiffness (KN m?/m) 1,82E+04 /
Poisson ratio (-) 0,2 /
L spacing (m) / 1
F max tension (kN) / 0

F max compression (kN) / 1,00E+12

The stiffness characteristics of the dry-stone wall have been assimilated to the elastic properties
of well-laid, split-stone masonry. This is in accordance with the parameters detailed for this
type of structure in the Italian technical standards for construction, which specify (in the context
of a continuum mean schematization) an equivalent elastic modulus (E) of 1,750,000 kN/m?
(Italian code DM January 17, 2018 (NTC 2018) and Circular 21 January 2019 n. 7). The plate
was modelled with an elastic constitutive model. The self-weight per unit length of the structure,
which acts on the ground, is calculated in the PLAXIS software as the product of the material's
specific weight (25 kN/m?) and the plate's thickness (0.5 m) (values defined in Paragraph 2.5).
The axial (EA) and flexural (EI) rigidities per unit length, on the other hand, were determined
based on the well-established elastic formulations (41) and (42).

EA=Exd (41)

bk (42)

El
- 12

In a two-dimensional model, d represents the wall thickness, while the parameter b, represents
the out of plane dimension, conventionally set to 1 in a plane strain formulation (Megson 2019).
The interface between the wall and the soil was modelled by considering a resistance reduction
factor of 0.7 which reduces the soil's shear strength. This value (which is a common assumption

for soil-structure interactions) indicates that only 70% of the soil's shear strength is considered.
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Rinter value of 1 indicates a full preservation of strength at the interface (equal to that of the

surrounding soil), while an Rixer equal to O represents a frictionless and cohesionless interface.

5.5.3 Numerical model setup: boundary conditions and mesh

With regard to the hydrological boundary conditions, open boundary conditions were defined
along the model lateral boundaries. The upper boundary of the cover is similarly an open
hydrological boundary where a prescribed hydraulic head flux is imposed. This allows for both
inflow and outflow from the system, depending on the prevailing hydrological conditions. The
specific application of this load and its detailed characteristics will be fully illustrated within
the context of the coupled analysis (as described in Paragraph 3.5.4).

Regarding the mechanical boundary conditions, a fully fixed constraint was applied along the
lower YY' segment (the model base), which prevents any movement or rotation. This condition
imposes that all displacements and rotations are zero. The upper boundary of the model (the
upper YY' segment) is unconstrained and therefore free to move in any direction. Finally,
normally fixed boundary conditions were defined to laterally constrain the domain, preventing
displacement only in the direction normal to the boundary. This permits movement only in the
vertical direction, blocking horizontal displacement (ux=0).

As PLAXIS is a finite element software, it was necessary to define a finite elements mesh. The
mesh dictates the detail and accuracy of the analysis through the size of its elements and the
number of nodes, where the coupled problem, defined by a set of partial differential equations,
is numerically solved (Zienkiewicz et al. 2005). For this analysis, a six-noded triangular
elements mesh was used. The choice of six-noded elements, rather than the simpler three-noded
elements, allows for a more accurate description of the material's behaviour, as the shape
functions (Zienkiewicz et al. 2005) used for interpolation are of a higher order (i.e. quadratic).
The governing equations of the problem are solved at the mesh nodes, yielding an approximate
solution for the field of physical quantities under examination.

To optimise the trade-off between result accuracy and computation time, a non-uniform
meshing strategy was implemented. The mesh density was increased (with smaller elements
and, consequently, a higher number of nodes) in areas of greater interest, namely in proximity
to the filtration surface and the retaining wall. This choice is justified by the expectation of a
high gradient in both stress/strain and hydraulic flow in these critical zones. A marked gradient
indicates a rapid and significant variation of the problem's variables, making a finer

discretisation essential to accurately capture their behaviour. Conversely, in areas more distant
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from the constraints and boundary conditions, the mesh was kept coarser to reduce the total
number of nodes and, consequently, processing times (Figure 5.64). Overall, 2242 nodes and

962 six-node elements were defined.
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Figure 5.64 - Mesh geometry and node distribution.

5.5.4 Numerical model setup: detailed description of the analysis phases

The simulations conducted in PLAXIS began with calculation of the initial geostatic stresses
of the soil (both vertical and horizontal) based on the materials' self-weight and geometries and
defined the hydrological initial conditions according to the model configuration.

Accordingly, a first “Initial Phase” analysis was executed, allowing for the definition of the
initial geomechanical and hydrological conditions upon which the subsequent coupled flow-
deformation analysis was developed. Table 5.19 details the main characteristics set for the

Initial Phase and the subsequent coupled flow and deformation analyses.

Table 5.19 — Description of the main simulation phases

Phase Description Calculation type  Pore pressure calculation type
0 Initial condition = Gravity loading Phreatic
1 Drying phase Fully coupled Steady state groundwater flow
flow -deformation
2 Wetting phase Fully coupled Steady state groundwater flow

flow -deformation
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e Initial phase

The initial geostatic stress state of the model was determined through a gravity loading analysis.
This method, whose theoretical treatment is outlined in Paragraph 3.3.5, constitutes a static
analysis aiming to calculate the distribution of internal stresses by simulating the application of
the material self-weight, starting from an initial condition of zero stress. During this preparatory
phase, a specific initial hydrological condition was defined for the model's cover. This condition
was set as unsaturated, with a degree of saturation equal to 0.64. This numerical value reflects
the starting hydrological state of the soil, representing the degree of saturation actually present
at the beginning of the selected modelling period for the analysis.

For the gravity loading analysis (Table 5.19), the calculation of pore pressures was specifically
set to the phreatic mode. This setting simulates a condition of hydrostatic equilibrium. It should

be noted that, at this initial stage, no external loads were applied to the system.

e Fully coupled analysis

Based on the geostatic and hydrological conditions defined in the initial phase, a coupled flow-
deformation analysis was performed. The theoretical principles of this methodology were
detailed in Section 3.3.5. Unlike the previous analysis, this one is transient in nature, allowing
for the assessment of the mechanical and hydrological parameters over time.

Prior to commencing the analysis, the accumulated strains from the preliminary phase were
reset to zero. The maximum limit for the number of time steps was set at 10,000, thus small
loading steps were adopted to ensure convergence of the complex coupled problem throughout
the entire time interval, allowing the gradual attainment of equilibrium. Given the substantial
computational burden of the problem and the extensive duration of the study period, in order to
effectively visualise the evolution of horizontal stresses in the soil at distinct time intervals
during the simulation (from 02/05/2024 to 15/09/2024), it was decided to subdivide the overall
analysis period into discrete 14-day intervals (as detailed in Table 5.20). This fractionation
ensured both the optimisation of computational resources and a higher efficiency in the

subsequent phase of interpreting the analytical results.
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Table 5.20 — Characteristics of the fully-coupled analysis.

Phase Description Calculation type Load history ATime (s)
Phase 1 1,21E+06

Phase 2 1,21E+06

. Phase 3 P_drying period 1,21E+06
Dll'lylng Phase 4 Fully coupleq ET_drying period 1,21E+06
phase Phase 5 flow -deformation 1.21E+06
Phase 6 1,21E+06

Phase 7 1,21E+06

Wetting Phase 8 Fully coupled P_wetting period 1,21E+06
phase Phase 9 flow -deformation ET_wetting period 1,21E+06
Phase 10 9,50E+05

The analysis is therefore articulated in ten distinct phases, grouped into two macro-groups based
on their hydrological period: the Drying Phase and the Wetting Phase. Each of the ten phases
is characterised by a specific time interval that defines its duration. Nine out of the ten phases
exhibit a uniform time interval of 1,21E+6 (14 days), while the final phase is the sole exception,
characterised by a time interval of 9,50E+5 seconds (11 days).

In a fully coupled flow—deformation analysis, the solver works with the total pore water
pressure, i.e. the combination of steady-state and excess components. For consistency with
other calculation types, the steady-state field is calculated based on the hydraulic conditions at
the end of each phase, and the excess pore pressures can be inferred via back-calculation from
the total pore water pressure response. To accurately model the hydrological phenomena, time
histories of precipitation and evapotranspiration were assigned to the top boundary of the
domain. The adopted technical solution allowed the application of the two distinct flux vectors
(inflow/outflow) required for the hydrological simulation. Since infiltration (inflow) and
evapotranspiration (outflow) act in opposite directions, two adjacent boundary lines were
introduced, each assigned with its own flux history. These lines were placed at a small but finite
distance, consistent with the characteristic length of the mesh and the problem scale, in order
to pursue numerical stability at the same time. This geometric arrangement allowed the model
to correctly handle the two distinct flux components without ambiguity in the flow direction.
The loading histories implemented in the model refer to those already used in the previous
analysis and described in Section 5.2, in order to simulate the hydrological period between
02/05/2024 and 15/09/2024.

In the PLAXIS software, hydraulic flux entering and exiting the system is defined in terms of

discharge per unit area, denoted as "A Discharge" and measured in cubic metres per second
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(m*/s). Consequently, the rainfall and evapotranspiration values used in the previous analyses,
which were originally expressed in metres per second (m/s), were converted into discharge
rates. To achieve this, these values were multiplied by the length of the area of interest and by
the third dimension, which is considered unitary in a two-dimensional (2D) plain strain model.
Unlike GeoStudio, which allows the Potential Evapotranspiration (PET) to be automatically
corrected as a function of the matric suction, PLAXIS does not provide a similar feature. Given
the already high computational complexity of the fully coupled analysis, the PET boundary
condition was therefore treated as a parametric input. The baseline (zero reference) of the PET
time history was defined through calibration, ensuring that the simulated water content and
suction trends matched the observed field behaviour (Figure 5.65). For the subsequent Model
“B”, which accounts for a change in vegetation cover (consistent with site 915) and the resulting
increase in evapotranspiration, the same calibrated baseline was retained, and the new PET
function was introduced as an offset of Model “A”. This approach was adopted to ensure
consistency between the two scenarios and allowed the comparison to isolate the sole effect of
vegetation-induced evapotranspiration variations.
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Figure 5.65 — PET function calibration.

A low and constant evapotranspiration value (5E-9 m*/s) was manually calibrated during the
stationary period between 25/06/2024 and 17/08/2024 (numerical phase 5, 6 and 7, see Table
5.20), referred to as "plateau" phase (Paragraph 5.1.4), to match the field measurements. During
this period, the suction and water content sensors remained almost constant, and no

precipitation occurred.
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The choice of a low and constant evapotranspiration value accounts for a limitation of PLAXIS:
once the soil becomes completely desaturated, the subsequent re-saturation through infiltration
cannot be reproduced due to the monotonic, non-hysteretic form of the water-retention model
(Pradhan et al. 2022).

Observation points, consistent with field monitored points, were incorporated into the
numerical model to facilitate the validation of simulation results. Specifically, the configuration
of the observation points was defined as follows: two observation points were placed behind
the wall (both internally and externally to its structure) at two distinct elevations relative to
Ground Level (GL = 1.8 m): 0.8 m and 1.6 m. These elevations were selected as they are
representative of the installation heights of the pressure cells used for the field measurements.

Furthermore, an additional observation point was set at a depth of 0.50 m below the ground
surface, in the middle of the terrace geometry. This depth corresponds precisely to the field
installation level of the suction and soil moisture sensors, thereby ensuring a direct and

meaningful comparison between the model's predictions and the experimental measurements.

5.5.5 Numerical model results: validation and role vegetation

The results from the coupled flow-deformation analysis for the site 850 indicated a satisfactory
agreement between the simulated (Numerical) and observed (Monitoring) data for the key
hydrological parameters. Specifically, for what concerns the water content, the simulation
reproduces the concave trend and the seasonal variation, capturing the minimum content (peak
aridity) observed in mid-July. Correspondingly, for suction values, the numerical curve models

the convex trend, intercepting the suction peak during the same summer period. (Figure 5.66).
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Figure 5.66 - Comparison of the simulated water content and suction data with the recorded monitoring

data.

In the following section, the simulation results, expressed as total horizontal stress acting along
a vertical section close to the retaining wall, are compared with the pressure data recorded by
the field instrumentation. This comparison was conducted with the objective of assessing the
coherence of stress evolution induced by the drying and wetting cycles, rather than to achieve
a direct quantitative match (see Section 5.1).

To address the aforementioned limitations, the comparison was developed in terms of
normalized quantities. This methodological approach enabled the comparison of the relative
evolution of the investigated quantities and permitted the qualitative validation of the numerical
model performance. The normalization procedure was applied separately to both the monitoring
data and the numerical results, following the identical methodology in both instances.

For each pressure cell location (i.e., CP03 and CP04), the time series was centred with respect
to its mean value and scaled by half of its peak-to-peak amplitude, as determined by the
maximum and minimum values recorded within the selected period. Consequently, the

normalised series spans the interval [—1, +1] (Figure 5.67). The same procedure was
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subsequently applied to the numerical model but using the maximum and minimum values of
the total horizontal stresses predicted at the corresponding CP03 and CP04 locations. Hence, in
both the monitoring and modelling contexts, normalisation is executed with reference to the
maximum observed values at the points of interest, while maintaining independence between
the field and numerical values. The result of this approach is that the normalised time series
derived from both the monitoring and the numerical simulations in CP03 and CP04 vary within
the common range of [—1, +1]. This facilitates a direct comparison of their temporal trends,

irrespective of any absolute offsets or differences in magnitude.
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Figure 5.67 - Comparison between the normalized results of horizontal pressures measured by monitoring

data and those derived from the simulation.
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The results of the analysis confirm a satisfactory agreement in the evolutionary trends between
simulated and observed data. Notwithstanding the coherence in the evolution of the variables,
a systematic temporal lag has been observed within the comparison. This temporal discrepancy
constitutes a phenomenon that has been previously identified. Indeed, as documented in the
data analysis in Paragraph 5.1, a similar time shift was observed in the comparison between
data derived from hydrological monitoring and those recorded by the pressure cells. The
hypothesis initially formulated in that context attributed the genesis of this phenomenon to
speed soil infiltration processes.

However, a detailed examination of the results from the current simulation necessitates a re-
examination of this hypothesis, since it shows coherence between total stresses and
hydrological quantities variation across the time interval considered (no substantial delay
observed within the numerical domain). Given that this variation trends agree with the
hydrological data measured in situ by the field sensors, it is deduced that the monitored temporal
lag between pressure cells and hydrological quantities variations cannot plausibly be ascribed
to the intrinsic speed of infiltration processes.

These outcomes suggest an alternative hypothesis regarding the origin of the systematic delay
encountered within field measurements (pressure cells readings vs. measured hydrological
quantities): this might be attributable to a problem linked to the installation phases, specifically
adhesion defects or interference phenomena between the pressure cell, the adhesive mortar
used, and the surrounding ground. Nevertheless, the proposed hypothesis cannot be
conclusively validated due to the lack of direct evidence supporting this mechanism.

The observed delay is further illustrated through a representation method that divides the
monitoring period into ten 14-day phases, comparing normalized pressure-cell readings (blue
lines) with normalized numerical total horizontal stresses (red curves) along the soil-structure

interface (Figure 5.68).
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Figure 5.68 - Comparison of normalized numerical total horizontal stresses resulting from numerical

simulation and normalized pressure-cell field readings, segmented by time periods (numerical model

phases).

Following the validation of the coupled hydro-mechanical model for Site 850 (model “A”),

attention focused on isolating and quantifying the exclusive influence of vegetation on total

horizontal stresses. To ensure the isolation of this effect, the analysis was conducted by keeping

the system's geometry and the soil's intrinsic hydrological characteristics constant,

concentrating the variation solely on the evapotranspiration (ET) loading history, as previously

described. Therefore, a variated configuration for site 850 was parametrically investigated, by

considering cultivated vegetation (Model “B”), which induces the maximum aspiration and,

consequently, the maximum soil suction. These two configurations (“A” and “B”) where

compared with a fully saturated condition, in terms of water content, suction and total horizontal

stresses at the interface soil-retaining wall (Figure 5.69 and 5.70).
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Comparative analysis shows that Model “B,” characterized by lower water content, develops
higher matric suction. This condition reduces the soil void ratio (Huat et al. 2005) and shifts the
total horizontal stresses toward positive values (no pressure acting on the wall). The stresses
peak during the drying phase and decrease upon wetting, indicating a suction-dominated,
stiffening state with no active pressure acting on the retaining wall. Conversely, in a complete
saturation scenario, the total horizontal stress values reflect an active pressure exerted on the
retaining wall, as expected. Within the framework of these two investigated limiting states, the
hydro-mechanical conditions recorded at Site 850 (Model “A”) occupy an intermediate
position.

In order to conduct a systematic evaluation of the variation in total horizontal stress (oxx)
occurring at the interface between soil and retaining wall, as a function of the three distinct
land-use conditions and in correlation with the various phases of the hydrological cycle, the
overall analysis period was discretised into ten temporal phases.

Thus, Figure 5.71 illustrates the evolution of the total horizontal stress (oxx) profiles with respect
to depth (y) over a temporal interval that includes a distinct drying phase (Phases 1-7) followed

by a subsequent wetting phase (Phases 7-10), showing the three conditions investigated.
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Figure 5.71 - Variation of the horizontal stress exerted by the soil on the wall, considering three different

land use conditions.

It is assumed that the "saturated" condition represents the “baseline behaviour”, indicating a
roughly linear evolution of soil pressure with depth acting on the wall, with values ranging
between 0 and -25 kPa. The comparative analysis focuses on evaluating and contrasting to this

“baseline behaviour” the total horizontal stresses developed at the soil-structure interface with
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Model “A” and Model “B” during the different phases of the hydrological cycle, in order to
discern the differences in mechanical response induced by variations in saturation and water
content. In the initial drying phases (Phases 1-3), both models, A and B, exhibit a suction-
dominated regime (with stiffening of the soil response, Rotisciani et al. 2021) characterized by
positive and almost equivalent horizontal stress values. These values progressively increase
concurrently with the advancement of the evapotranspiration process. From Phase 4 up to the
peak drying condition (Phase 7), a marked divergence is observed between the models: Model
“B” reaches significantly high positive suction values, while Model “A” shows a less substantial
increase. Nonetheless, both models remain in a suction-dominated regime, with no pressure
acting on the retaining wall. With the onset of the wetting period (Phase 8), the total horizontal
stresses at the interface for both models begin to decrease, with reductions potentially reaching
an order of magnitude. This trend continues throughout the wetting phase until it reaches its
peak. At the peak wetting phase, the Model “A” experiences a regime inversion: the total
horizontal stresses become negative at the base, indicating a gradual transition towards the
saturated regime, with pressure acting on the retaining wall. The maximum total horizontal
stress values, particularly recorded at the base of the wall, reach a peak of approximately -25
kPa. Model “B”, conversely, despite registering a significant reduction in positive total stress
values compared to the drying phase, persists in a suction-dominated regime with no pressure
acting on the wall. Based on the analysis of the stress regimes, it can be deduced that, given the
same geometric configuration and soil hydrological conditions, the intervention of cultivated
vegetation (Model “B”) imparts greater stability to the slope compared to a condition of short-
term agricultural abandonment or, more drastically, a situation implying the complete removal
of the vegetative component from the terrace surface (Saturated). The persistence of Model “B”
in a suction dominated regime, even during the critical wetting phase, ensures the absence of
active pressure on the structure, which nevertheless is a determining factor for the stability of
the slope-wall system as well.

It is important to notice that, although high matric suction increases stiffness and strength in the
unsaturated zone (Tarantino & Di Donna 2019), the suction-induced deformations (e.g.
wetting-induced volumetric compression) must also be considered. Indeed, subsequent wetting
may trigger wetting-induced volumetric compression (“collapse”), so the beneficial effect of
suction is not unconditional (Dumont et al. 2010). As a matter of fact, PLAXIS with standard
Mohr—Coulomb cannot capture wetting-induced collapse as a suction-driven plastic
mechanism. Furthermore, beyond certain suction levels, further mechanical benefits may

diminish, and capillary stress reaches a horizontal asymptote (Dumont et al. 2010).
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DISCUSSIONS

The central objective of this research was to quantify the factors that influence slope stability
on terraced hillslopes through an integrated multiscale analysis. This goal was achieved by
combining hillslope-scale stability analyses with terraced-scale detailed investigations focused
on quantifying water circulation dynamics. To this end, robust hydrological models were
employed, the validity of which was ensured by rigorous processing and quantitative validation
of hydrological monitoring data. The accurate representation of hydrological circulation within
the studied slopes allowed for 1) assessing the influence of different land-use configurations on
pore-water pressure regimes; ii) analysing pore-pressure variation in influencing slope stability
and iii) investigating the soil-structure interaction using coupled numerical models, which
enabled the reconstruction of horizontal stress variations on the retaining wall as a function of
specific hydrological conditions and different land-use configurations.

These interpretations were conducted starting from a global stability analysis (i.e., strength
reduction analysis), which concerned the entire slope encompassing all three sites. The analysis
was set up taking into account the specific peculiarities of each site, thus including the different
slope geometry and stratigraphy, the mechanical characteristics of the material underlying the
wall foundation, and the effect of apparent cohesion provided by the different vegetative
conditions.

The investigation highlighted how geometry and stratigraphy can contribute significantly to the
stability of terraced slopes. However, it was found that the primary element potentially
conditioning slope failure, both in terms of spatial extent and event magnitude, is attributable
to the mechanical characteristics of the material upon which the retaining structure is founded.
The analysis revealed that where the wall structures are predominantly founded on the soil cover
or highly weathered rock mass, a much more critical instability condition were found. This
marked instability can persist despite a greater root cohesion. In these cases, the greater soil
thickness on the upslope sides along with poor mechanical properties of the ground where walls
are founded can generate acting forces that are too substantial to be counteracted by the
contribute of apparent cohesion. Conversely, along the slope segments where the walls rest on
the bedrock, instability mechanisms tend to be localised at the individual terrace-dry-stone-wall
system.

In the sites where the retaining structures rest directly on the bedrock, the overall analysis

demonstrated greater global stability due to a higher mechanical resistance of the foundation
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material. In these contexts, any potential instability tends to be localised and circumscribed to
the individual dry stone-wall terrace system.

The conditions that lead to such local instability phenomena can no longer be primarily
attributable to the foundation structure of the retaining work, but they can be correlated with a
series of local factors. These factors can include the apparent cohesion conferred by the root
systems, the site's hydrological dynamics (i.e., storage capacity, permeability) and the specific
local geotechnical and geometric characteristics of the single terrace-wall element. Therefore,
in these cases, the assessment of instability dynamics should better focus on the role of these

factors at a detailed scale (Figure 6.1).

Stability of agricultural terrace slope -
Global scale

Foundation of the wall on Foundation of the wall on
material with poor mechanical material with good mechanical
characteristics characteristics

INSTABILITY INVOLVING INSTABILITY INVOLVING

LARGE SLOPE SECTION SINGLE DRY- STONE WALL

!

INVESTIGATION OF THE
INFLUENCE OF LOCAL FACTORS

Figure 6.1 - Summary of global-scale stability analysis results.

Detailed analyses on individual terrace-dry stone wall systems considered representative of the
three experimental sites were undertaken to gain a better insight on the local dynamics of slope
instability.

To this end, the acquired monitoring data were used to reconstruct hydrological models for each

of the three experimental sites. To this purpose, the whole monitoring dataset was preliminary
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subjected to a rigorous data quality assessment, which substantially confirmed their reliability.
The main critical issue concerned the wind speed measurement, for which a rectification
procedure was carried out on some values deemed physically inconsistent. The corrected values
were subsequently compared with data from an adjacent weather station to ensure the validity
and coherence of the rectified data. A second issue arose from the total pressure cells, whose
recorded data were considered in qualitative terms. This limitation is likely dependent on the
wide measurement range of the sensors, which affected their ability to accurately and precisely
capture the absolute values of the total stresses acting on the wall. A further issue arose from
the comparison of these measurements with those recorded by hydrological sensors, revealing
a systematic delay in the signal registration by the pressure cells.

Following validation, the analysis of hydrological monitoring data allowed for the construction
of the WRC and the assessment of relative permeability (kr1), which were subsequently used
to validate the hydrological model and to investigate the hydrological dynamics affecting the
study sites. Specifically, the procedure involved the application of load histories relating to both
precipitation and evapotranspiration processes. This is crucial to describe the soil
hydromechanical behaviour, enabling the quantification of the varying hydromechanical
contribution that different vegetation types provide to the soil at each site. The
evapotranspiration rate for each experimental site was accurately determined using the Penman-
Monteith equation, based on meteorological data and the specific vegetation characteristics.
The results derived from the construction of the hydrological model allowed for a significant
differentiation in the hydrogeological behaviour of the investigated sites. Site 850 exhibited a
high-water retention capacity, particularly at low suctions. However, this capacity is
counterbalanced by a reduced permeability, especially at higher suctions, which limits its
effectiveness in transmitting water down the soil profile (Figure 6.2). This peculiar hydro-
physical combination fosters the formation of a persistent “waterlogging” in the surface layer
of the soil.

This greater capacity to retain water in the surface layer may be directly correlated with a higher
Organic Carbon (OC) content. The presence of spontaneous grass also concurs to promote the
accumulation of organic matter through two principal mechanisms: the existence of a dense,
shallow root network that provides a continuous and substantial input of biomass and the
absence of mechanical tillage, which prevents soil oxygenation and the consequent accelerated
microbial decomposition.

The low permeability detected at Site 850, especially under conditions of high suction, has been

attributed to the grain size distribution of the soil. It was hypothesised that the soil sieving
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undertaken during construction of the terrace embankment may have led to an increase in the
proportion of fine particles. This composition presumably resulted in a predominantly
homogeneous pore distribution, characterised by predominantly small and medium pore sizes.
This structural uniformity, confirmed by the absence of a double porosity water retention curve,
indicates the absence of significant macropores. Based on these considerations, it was deduced
that this almost uniform distribution of capillary pores generated the highest total porosity
among the experimental sites. Moreover, the intense reworking of the soil during the
embankment construction reduced its compaction. However, despite the high total volume of
voids, this particular particle arrangement drastically reduces the size of the interconnected
channels through which water can flow. This limits water transfer to deeper zones and, as a
result, decreases water mobility, thus leading to lower soil permeability (Figure 6.2). Sites 846
and 915 exhibited a significantly lower water storage capacity compared to Site 850, while
maintaining a mutual similarity. These experimental sites resulted in a very high hydraulic
conductivity, which remained consistently high even at elevated suctions. This characteristic
promoted efficient drainage and uniform soil dehydration, thereby preventing the formation of
permanent water deposits which could, in the long term, induce the generation of positive pore-
water pressures within the soil mass. Table 6.1 highlights the main hydrological differences
between the analysed sites in terms of storage capacity and permeability at both high and low

suction values.

—— 850 WRC
=915 bi-modal WRC
—— 846 bi-modal WRC

Volumetric water content [-]

Matrix patential [kPa] Matrix potential [kPa]

Figure 6.2 - Comparison of water retention curves (WRC) and relative permeability curves (Kre) for each

experimental site, with an emphasis on low (y=10 kPa) and high suction (y=1000 kPa) conditions.

Table 6.1 - Comparison of the hydraulic characteristics of the three experimental sites.

INTRINSIC HYDROLOGICAL PROPERTIES
Storage capacity Kra ¥ =10 Kra ¥ =1000

SITE 846 Low High 1E-7 High 1E-8
SITE 915 Low High 4E-7 High 6E-8
SITE 850 High High 4E-8 Low 1E-12
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Numerical models developed using monitoring data were validated with the SEEP/W module
of the GeoStudio software package. This flow analysis proved essential for model validation
and for defining the two-dimensional variation of pore pressures across the entire soil profile,

thereby extending the analysis beyond the single measuring points.
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Figure 6.3 - Pore pressure distribution during the drying and wetting periods at Site 846.
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Figure 6.4 - Pore pressure distribution during the drying and wetting periods at Site 915.
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Figure 6.5 - Pore pressure distribution during the drying and wetting periods at Site 850.
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The results of the flow analysis confirmed the simulations of the hydrological model,
highlighting a distinct differentiation in hydrological behaviour among the experimental sites.
Specifically, sites 846 and 915 exhibited a homogeneous pore pressure distribution throughout
the profile, in both the drying and wetting phases (Figure 6.3 and 6.5). This homogeneity is
directly correlated with the uniform distribution of roots at depth, which ensures a more
effective and consistent regulation of the suction value, modulated by evapotranspiration and
the vegetation type.

Conversely, Site 850 exhibited a tendency to significantly modulate the soil's saturation state,
being almost exclusively confined to the shallow layer during both hydrological phases (Figure
6.5). This phenomenon may have led to a non-uniform distribution of effective stresses,
consequently generating a heterogeneous pore-water pressure gradient along the slope profile.
Moreover, at Site 850, a significantly more pronounced soil saturation/desaturation cycle,
especially confined to the surface, was found. This means that the abrupt change in moisture
content is localised, creating a heterogeneous distribution of effective stresses. Consequently,
this generates a pore-water pressure gradient that varies with depth along the slope. The
differential distribution of pore water pressure can result from the combination of two factors:
the soil's intrinsic hydrological behaviour and the predominant influence of vegetation, which
likely acts almost exclusively on the shallow layer.

Based on the simulated hydrological dynamics, a limit equilibrium stability analysis was
performed for each site, which allowed for the evaluation of the variation in the Factor of Safety
(SF) as a function of different pore pressures and for each time interval of the hydrological
cycle. The results highlighted that the Factor of Safety showed a variable trend within the same
experimental sites in relation to the alternation of drying and wetting phases.

Following these results, an investigation on the factors that influence the sites stability during
the drying and wetting phases was conducted. The findings from this comparison (see paragraph
5.4) showed that, during the drying phase (where the evapotranspiration process is dominant),
the type of vegetation significantly affects the evapotranspiration rates and, consequently, the
suction value.

Observing figure 6.6, Site 850 resulted in the most critical scenario during the drying phase,
given the combination of a high-water content, a significantly reduced suction, and a root
distribution limited to the surface layer. These characteristics concurred most to reduce resisting
forces. Regarding the parameters that influenced the driving forces, the lower slope gradient

may be the most significant.
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Therefore, it can be stated that despite Site 850 resulted in intrinsically more stable conditions
concerning the factors influencing driving forces (i.e., weight and slope inclination), its relative
stability during the drying phase can be reduced. This may depend on the type of vegetative
cover, whose action is here restricted to the shallowest layer. This evidence highlights that, in
the absence of a deep root system, the influence of vegetation on evapotranspiration rates and,
consequently, on matric suction assumes a dominant and primary role. This hydrological impact
seem thus may be more important than the contribution of both the mechanical and geometric
parameters (e.g., slope angle and profile thickness). Conversely, at Sites 915 and 846, where
the parameters controlling resisting forces are highly similar, the influence of the geometric

parameters on the Factor of Safety is considerably greater (Figures 6.6 and 6.8).
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Figure 6.6 — Summary of the variables influencing slope stability at site 850 during the drying period (the

variables are separated into driving and resisting forces).
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Figure 6.7 — Summary of the variables influencing slope stability at site 915 during the drying period (the

variables are separated into driving and resisting forces).
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Figure 6.8 — Summary of the variables influencing slope stability at site 846 during the drying period (the

variables are separated into driving and resisting forces).

The analysis of these results suggests that, during the drying phase, the contribution of
vegetation acts as a determining factor for the stability of terraces. Specifically, the input of
suction induced by the vegetation cover play a crucial role in effectively counteracting
instability phenomena.

During the wetting phase, a substantial reversal in soil stability conditions was observed. The
reduced or sometimes absent role of evapotranspiration, primarily due to the greater influence
of precipitation and infiltration processes, affected the stabilizing contribution of suction.

Given that infiltration represents the prevalent hydrological process in this phase, the stability
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was found to exhibit a major sensitivity to both the terrace's geometry and the soil's hydraulic
conductivity. By analysing the factors influencing the stability of the examined sites, it was
found that the Factor of Safety (SF) was lower for sites 846 and 915 during this phase. The role
of vegetation was marginally relevant in the wetting phase, given the limited evapotranspiration
process and the resulting minimal suction contribution the vegetation imparts to the soil
(Figures 6.9 and 6.11). However, at Site 850 a significantly elevated suction was still found
(Figure 6.9). This value may be attributable to the soil intrinsic hydrological characteristics,
particularly its low permeability at high suction levels, which may slow down the infiltration
process into the soil, allowing the elevated suction values generated during the previous drying
phase to be maintained. At sites 915 and 846, the contribution of suction in terms of stabilising
forces was found to be significantly reduced compared to the drying phase. Therefore, in this
scenario, the geometric factors of the slope become relevant. Notably, although Site 846
presents a more critical geometric condition than Site 915, it exhibited a higher Factor of Safety
(Figure 6.10 and 6.11). This may be explained because Site 846 shows a greater resisting force,
determined by suction, compared to Site 915. Therefore, it may be assumed that the higher
suction value at Site 846 is the effect of a higher drainage capacity, promoted by the joint
combination of slightly higher permeability, greater soil thickness, and a greater slope gradient,
factors that favour drainage. Conversely, at Site 915, where soil cover thickness and slope
gradient are lower, the drainage efficiency may be less effective, thus promoting water

accumulation, which negatively influences the soil suction.
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Figure 6.9 — Summary of the variables influencing slope stability at site 850 during the wetting period (the

variables are separated into driving and resisting forces).
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Figure 6.10 — Summary of the variables influencing slope stability at site 915 during the wetting period

(the variables are separated into driving and resisting forces).
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Figure 6.11 — Summary of the variables influencing slope stability at site 846 during the wetting period

(the variables are separated into driving and resisting forces).

Figure 6.12 provides a comprehensive conceptual scheme of the critical observations derived
from the detailed-scale analysis of the terrace-dry-stone-wall system.
This conceptual scheme was structured to establish a direct correlation between the stability

analysis results and the variation in the system's hydrological phases.
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Stability of agricultural terrace system
Analysis of the influence of hydrological conditions.
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Figure 6.12 - Conceptual scheme summarizing the results of the limit equilibrium stability analysis.

The coupled flow-deformation analysis, performed using PLAXIS software, allowed for the
validation of the hydro-mechanical model of Site 850. This preliminary stage was crucial for
the subsequent assessment analysis of the operational condition this site, specifically to analyse
the variation of total horizontal stresses in the soil-structure interaction as a function of changing
hydrological cycle (drying-wetting phases).

Although the validation was predominantly qualitative, the results obtained proved to be
consistent in terms of trend with those measured in situ. In particular, the variation in the
simulated stresses was coherent with the seasonal variations observed in the field.

The observed discrepancy in the temporal data sets (numerical model and in situ measurements)
was a time lag, a phenomenon extensively discussed in Paragraph 5.5.5.

It was hypothesised that this delay could be attributable to issues stemming from the installation
procedures, specifically defects in adhesion or interference phenomena between the pressure

cell, the adhesive mortar employed, and the surrounding ground. Given that the results of the
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initial analysis highlighted the influence of various factors on the local stability of the terracing-
dry-stone wall system, a subsequent analysis became necessary to isolate the action of
vegetation. To this end, the intrinsic geometry and hydrological conditions of the validated
model for Site 850 were kept constant. The introduced variable was the evapotranspiration rate,
as it is representative of different vegetative conditions. The specific objective of this analysis
was to study the variation of total horizontal pressures at the soil-structure interface as a
function of different land-use conditions.

Based on the validation results, the influence of different land use on the development of lateral
pressures at the soil-structure interface was then evaluated (Figure 6.13). Extreme vegetative
conditions were considered: total absence of vegetation and the presence of cultivated
vegetation (Model B), representing the optimal condition. These conditions were compared
with the vegetation conditions present at Site 850 (Model A) to assess their influence on the
development of horizontal stresses with varying hydrological conditions (drying and wetting).
In the initial drying phases (Phases 1-3), both Model A and Model B operate within a suction-
dominated regime, exhibiting positive and near-equivalent horizontal stresses. A marked
divergence is observed between Phase 4 and the peak drying condition (Phase 7): Model B
achieved significantly higher positive suction values, whereas Model A showed a less
substantial increase. Crucially, both models maintained a suction regime, thus exerting no
pressure on the structure. Upon the onset of the wetting period (from Phase 8), the positive
stresses diminished. At the peak wetting phase, Model A underwent a regime inversion: the
total horizontal stresses at the base become negative (reaching approximately -25 kPa),
signifying a transition towards the saturated condition and the consequent onset of pressure
acting on the wall. Conversely, Model B consistently maintains its suction-dominated regime,
thereby ensuring the absence of active pressure on the structure. Consequently, it was inferred
that the presence of cultivated vegetation (Model B) imparts greater stability to the slope-wall
system compared to conditions of vegetative absence or abandonment (Model A at peak
wetting). The persistence of Model B in the suction regime, even during critical hydrological

conditions, proved decisive for maintaining the structural integrity of the retaining wall.
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Figure 6.13 - Variation of the horizontal stress exerted by the soil on the wall, considering three different

land use conditions.

Assuming similar geometry and intrinsic hydrological properties, data demonstrated that the
presence of cultivated vegetation on the soil confers greater stability, particularly during the
drying phase. Although both land-use conditions proved stable during this phase under the
meteorological conditions analysed, the most salient finding emerges in the wetting phase. This
latter phase, which represents the critical hydrological condition for risk assessment, showed
that the cultivated site (Model B) benefits from markedly superior stability compared to the site
with spontaneous, shallow vegetation (Model A).

These conclusions support the extensive evidence reported in the literature from basin-scale
studies (Cevasco et al., 2014; Brandolini et al., 2018; Raso et al., 2018; Schiliro et al., 2018;
Agnoletti et al., 2019; Moreno-de-las-Heras et al., 2019; Pepe et al., 2019; Di Napoli et al.,
2020; Raimondi et al., 2023), which found a greater frequency of landslide occurrence on
recently abandoned terraces compared to those maintained under cultivation or those
abandoned for long time and covered from dense vegetation. Interestingly, this study allowed
to accurately investigate and quantify the mechanism by which different land-use conditions
can influence stability at the scale of the single terraced system.

A good agreement was found when comparing the data from the local analysis with the results
obtained from the slope stability analysis, particularly regarding the drying phase. In both
studies, the crucial influence of the soil's vegetative condition on site stability is confirmed.
This finding is significant as it outlines the importance of the evapotranspiration process.

During the drying phase, in the presence of cultivated or long-term abandoned (“dense cover”)

206



vegetation, evapotranspiration promotes an increase in soil suction, which in turn enhances the
mechanical resistance of the soil.

The situation is reversed, however, showing a significant discrepancy during the wetting phase.
In the results of the previous stability analysis, Site 850 (Model A) was found to be more stable
than the cultivated Site 915 (Model B). This stands in direct contrast to the findings from the
coupled analysis conducted in PLAXIS. The reason for this discrepancy lies in the differing
methodological approaches. The initial stability analysis gave weight to the site's intrinsic
geometries and the soil's native hydrological conditions. Conversely, in the coupled analysis,
these factors were intentionally disregarded. The purpose of this second case was precisely to
isolate and investigate the role of vegetation on site stability, thus eliminating the influence of
other geotechnical and hydrological variables.

Therefore, this study has allowed for the quantification of reliable hydrological models for three
different land-use scenarios. This was achieved through the analysis of monitoring data, and
the resulting models were comprehensively validated using numerical modelling. Flow,
stability, and stress-strain analyses enabled the quantitative investigation of the factors
influencing stability, particularly the role of vegetation. These analyses revealed that the
dynamics affecting the local stability of the terraced dry-stone wall system correlate primarily
with the type of vegetation. A slope that is either cultivated or has well-developed shrub
vegetation confers good stability, even on slopes characterized by greater slope gradient and
cover thickness. Further elements that should require investigation in future studies can be
related to the intrinsic hydrological properties of the soil, which in some cases are closely linked
to vegetation due to conditions that increase organic matter production and influence water
storage capacity, as well as the geometric characteristics of the terraced dry-stone wall system
itself. In reference to slope-scale stability, the results of this study indicate that one of the main
causal factors of global instability, thus involving large area and/or large volumes of material,
is correlated with the mechanical properties of the bedrock or the soil on which the dry-stone

wall foundation is settled.
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CONCLUSIONS

The Cinque Terre region is facing increasing geo-hydrological instability across its terraced
landscape. This critical issue is being exacerbated by the synergistic effect of two crucial
factors: alterations in rainfall patterns, attributable to climate change, and the progressive
abandonment of agricultural terraced slopes. This has led to widespread slope degradation
involving both erosional and mass movement processes, ranging from large-scale phenomena
involving entire hillsides to localised collapses affecting individual dry-stone wall-terrace
systems. This slope evolution has produced significant socio-economic losses and critically
threatens the integrity of the cultural heritage within the Cinque Terre National Park. The
UNESCO World Heritage recognition attests to the exceptional value of this cultural landscape,
necessitating its urgent protection. Consequently, the preservation of these terraced systems is
not merely a local concern but assumes global significance.

To effectively counteract the phenomenon of geomorphological instability and preserve the
cultural landscape of the Cinque Terre, it is essential to precisely identify the driving factors
influencing its development. The current state-of-the-art concerning terraced slopes reveals a
significant gap in studies that comprehensively integrate hydrological, geotechnical, and
climatic monitoring for the quantitative analysis of the factors influencing the stability of
terraced systems at the local scale. Furthermore, a lack of research is noted regarding how the
influence of these factors may vary according to the different phases of the hydrological cycle.
Specifically, there is a shortage in investigating the hydrological dynamics that develop on the
slopes in response to variable water regimes, as well as in the quantification of the vegetation's
contribution to the stability analysis.

The primary objective is to acquire an in-depth understanding of the characteristics of the
terraced slopes that are most important in producing instability scenarios. Indeed, their
comprehension is fundamental for the elaboration of effective mitigation strategies aimed at
preventing or mitigating slope degradation. To this end, the present study sought to thoroughly
investigate some of these factors by using a multi-scale methodological approach, involving
analyses at both the slope and the local scale.

The results obtained from the slope-scale analysis clearly demonstrated that one of the most
significant factors in determining stability is the structure of the slope itself and, in particular,
the construction characteristics of the dry-stone wall foundation. Indeed, stability was found
strongly conditioned by both the setting depth of the wall relative to the soil cover and by the

mechanical properties of the foundation material. These structural aspects were found to be key
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indicators defining the dimensions and magnitude of a potential landslide event at the slope
scale.

Furthermore, the analysis revealed that areas where dry-stone walls are directly founded on the
bedrock, instability phenomena tend to be localised at individual dry-stone wall terraces. This
evidence moved the analysis at the scale of the single terrace, directing the research toward a
detailed analysis focused on the factors influencing its stability. To this end, and to ensure a
comprehensive and representative overview of the triggering mechanisms, three distinct
experimental terraced systems were selected and analysed in detail. These sites were chosen by
virtue of their differentiated geomorphological and vegetative setting, thereby making it
possible to capture the full spectrum of factors that can influence the triggering of instability at
the single terrace scale.

Hydrological models of the terrace were constructed based on the quantitative interpretation of
data acquired through hydrological and mechanical monitoring. These models were
subsequently validated via the implementation of numerical models, which were employed to
simulate flow analyses, limit equilibrium stability analyses, and fully coupled flow-deformation
analyses.

The most innovative element of this analytical methodology lies in the quantification of the
vegetation's contribution. Unlike prevailing approaches in the literature, where the stabilising
effect is typically expressed through root reinforcement analysis (aimed at determining a value
for the apparent root cohesion), in this study the cohesive contribution of vegetation to the soil
was calculated indirectly. This was achieved by quantifying the matric suction generated by the
evapotranspiration process, thereby incorporating the hydro-mechanical contribution instead of
the purely mechanical one. Under these circumstances, the evapotranspiration rate, which
depends on the type of vegetation and specific vegetative conditions, was calculated using the
Penman-Monteith formula.

By examining the terrace site behaviour in relation to the two fundamental phases of the
hydrological cycle (i.e., dry and wet), it emerged that vegetation plays a crucial stabilising role
only under specific conditions: namely, in the presence of cultivated vegetation or in a situation
of prolonged abandonment that has favoured the development of spontaneous plants with well-
established root systems in the soil. Conversely, the vegetative condition following recent
abandonment, characterised by the prevalence of only superficial spontaneous grass, was found
to be the scenario most prone to instability. This crucial observation emphasizes that the
effectiveness of the stabilising contribution does not strictly depend on the presence of

vegetation, but rather on both its type and degree of root development. These characteristics are
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fundamental as they determine the capacity of the vegetation cover to induce suction in the soil
through the process of evapotranspiration, thereby modulating the hydrological regime and,
consequently, the soil mechanical resistance.

Anyway, it is relevant to note that this is strictly valid in the context of slopes characterized by
similar and homogeneous geometric, geomorphological, geological, and hydrological
characteristics. However, when these parameters prove to be site-specific, the factors
influencing stability may undergo a significant variation, particularly in relation to the different
phases of the hydrological cycle.

During the drying phase, characterised by the dominance of evapotranspiration processes, the
results confirmed that, despite different site conditions (i.e., geometric, geological, etc.), the
stabilising role of vegetation remains primary. Consequently, sites that are in a state of recent
abandonment are identified as being the most prone to instability. Conversely, in the wetting
phase, where the infiltration of rainwater processes prevails over evapotranspiration, the
contribution of mechanical reinforcement in the soil derived from vegetation-induced suction
is significantly reduced. In this scenario, site-specific conditions acquire a prominent role: in
particular, the parameters linked to the terrace geometry, the thickness of the soil cover, and the
slope gradient, which mainly affect destabilising forces.

This study provides an innovative and significant contribution to the field, filling apparent gaps
in the existing scientific literature concerning the stability of terraced slopes.

The originality of this research lies in having conducted analyses at both the slope scale and the
individual terrace-wall system level, with the explicit objective of quantifying the factors
conditioning stability, placing a particular focus on the role of vegetation. This was made
possible by using rigorous and reliable numerical models, which were developed and validated
based on an extensive collection of in-situ hydrological and mechanical monitoring data. These
models were successfully employed in flow and stability analyses, enabling the precise
identification of influential factors.

In particular, an aspect of significant novelty is the quantification of the influence of vegetation
on the development of total horizontal pressures (i.e., the compressive regime) at the soil-wall
interface through fully coupled flow-deformation analyses. The mathematical model developed
herein allowed this issue to be addressed, with the crucial validation of stresses achieved using
data obtained from in-field mechanical monitoring.

The other element of innovation is the modelling of the mechanical contribution of vegetation
through suction induced by the evapotranspiration process, thereby providing a novel

interpretation for evaluating the stabilising role of the vegetation cover.
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Based on the results achieved, and with the aim of effectively mitigating the instability affecting
terraced slopes, this study may provide a useful contribute to the identification and
implementation of specific strategies.

The primary action should be a rigorous assessment of the construction integrity of dry-stone
walls. In line with the objectives of the "Stone Wall for Life" project, it is recommended that
wall reconstruction interventions adopt a foundation depth congruent with the depth of the
bedrock. This requirement is of crucial importance, representing a significant factor influencing
the extent and magnitude of any potential slope instability process. A second strategy should
involve the prioritization of the restoration of short-term abandoned terraces. The results have
demonstrated that conditions of recent abandonment, characterised by superficial vegetation,
are the most unstable. Therefore, implementing cultivation or other forms of management that
favour the development of deep root systems is essential to restore the stabilising role of the
vegetation.

Future research developments will aim at extending and deepening the current investigation,
focusing specifically on the interaction between slope hydrodynamics and the structural
integrity of the retaining elements. The main objective will be to investigate in detail the various
dry-stone wall drainage conditions that can be affected by the hydrological circulation
developing within terraced slopes. In parallel, the direct consequence of these hydrological
dynamics on the deformational structure of the wall itself will be analysed. This prospective
analysis will also include the evaluation of effects induced by extreme climatic conditions. This
approach will allow for the development of a more complete understanding of failure
mechanisms within a context of increasing climatic variability, providing essential data for the

planning of resilient structural interventions.
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APPENDIX 1

Preliminarily within this chapter, it is essential to highlight that the site characterisation
investigations, reported in paragraphs A.l to A.2, were conducted entirely as part of the
activities of the Stone wall for Life Project. As these investigations are based on standard and
well-established procedures, the description of the methodologies adopted will be presented in

a synthetic and concise manner.

A.1 SITE CHARACTERIZATION METHODS - IN SITU INVESTIGATIONS

To develop a representative engineering-geological model of the experimental sites, a
comprehensive engineering-geological investigation program involving both in-situ and
laboratory testing was conducted. The primary objective of the in-situ investigations was to
characterise the subsurface conditions (e.g., soil thickness) using both direct and indirect
methods.

Specifically, seismic refraction surveys to ascertain the depth and geometry of the bedrock and
the thickness of the overlying soil layer horizons were performed. This geophysical technique,
coupled with dynamic penetration tests, provided crucial information on the stratigraphic and
mechanical properties within the soil profile. Moreover, this investigation approach enabled a
more complete understanding of the subsurface geometry, which was essential for subsequent
geotechnical modelling.

Other targeted in-situ tests to characterise the soil from both a mechanical and hydrological
perspective were conducted: in-situ soil density tests (i.e., sand cone method), for determining
the water content and unit weight of the soil in its natural conditions; double ring infiltrometer
tests, which allowed for the assessment of soil water infiltration capacity and saturated
permeability. The results obtained from the field tests have been of paramount importance for
setting up and calibrating the subsequent hydrological and geomechanical models, ensuring that

the models accurately reflect the real behaviour of the soil.

A.1.1 P-waves seismic refraction surveys

The refraction seismic test is a non-invasive geophysical technique that studies the propagation
of seismic waves in the subsurface. This survey allows for the definition of a detailed
stratigraphic model by indirectly identifying soil types and estimating the approximate depth of
layer boundaries (e.g., soil-bedrock interface). Furthermore, when combined with other

analyses, it helps defining the elastic parameters of materials.
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The seismic refraction data were acquired along 4 alignments, three of which oriented roughly
parallel to the local dip direction of the slope and whose traces pass through the monitoring
experimental sites. The fourth seimsmic trace was oriented perpendicular to the local dip
direction, developing along a terrace platform. P-wave seismic data were acquired with
geophones positioned at regular intervals, whose position was detected by means of GNSS
surveys (Figure Al.1). These devices are designed to detect ground vibrations with a natural

frequency of 4.5—10 Hz and convert them into electrical signals (Figure Al.1).

Figure Al.1 - On the left, GNSS surveys for the acquisition of the array geometry. On the right, the
arrangement of geophones (connected to the seismograph via cables) along a longitudinal seismic

alignment.

The geophones are connected via cables to a multi-channel seismograph, which is the central
unit for digital acquiring and recording signals from each geophone over time (acquisition time
window of 0.25 sec) with a sampling frequency of 5,000 Hz. Once the acquisition alignments
were defined and the geophones were positioned, seismic sources were regularly distributed
along the seismic arrays. An 8 kg sledgehammer hitting a steel plate was employed as a seismic

source.

A.1.2 Dynamic probing tests

To complement the seismic refraction surveys and gain more information on the soil thickness
for an accurate geotechnical model, 7 dynamic probing tests were conducted along the seismic
refraction alignments. Due to logistical issues concerning site accessibility and equipment

transportation, these analyses were performed with a motor-driven medium dynamic
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penetrometer (DPM), (Stefanoff et al., 1988), because of easily transportable on steep terraced
slopes (D’ Amato Avanzi et al., 2013).

The penetrometer used for the tests (Figure A1.2) has a 30 kg hammer mass, dropping from a
height of 20 cm. By striking a 12 kg anvil, it drives the penetration of steel rods (1 m long and
weighing 2.9 kg) into the ground. The progressive penetration of the rods into the ground is
facilitated by a steel conical tip installed at the lower end (cross-sectional area of 10 cm?,

diameter of 35.7 mm, and apical angle of 60°).

Figure A1.2 - Dynamic probing test execution.

During penetration, the number of hammer blows required to advance the conical tip through
the ground for each rod length of 10 cm (Nio) is recorded the test ended when the procedure
continues until the ground's resistance becomes excessively high (i.e., N1¢0>50), condition
indicative of the bedrock occurrence. This measurement is then reported as the dynamic
penetration index (DPI), expressed in millimetres per blow (mm/blow).

The initial analysis of the test results allows for the creation of Nio logs. These provide
information on the layer thickness, helping in identifying the presence of layers with varying
degrees of compaction based on their resistance to penetration. In order to evaluate the state of
soils, Njo was normalized to the number of blows referred to the Standard Penetration Test
(Nspr) by means of a correlation factor taking into account the ratio between the specific
energies per blow for the two test types (i.e., Nspr = 8*Nio with 6 = 0.73) (Odebrecht et al.,
2005; D’Amato Avanzi et al., 2013). The empirical correlation between Nspr and the relative

density (DR) proposed by Gibbs and Holtz (1957) was then used.
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A.1.3 Soil density tests

In the realm of in-situ geotechnical testing, the sand cone density test is a widely employed
method for determining the in-situ density of both granular and cohesive soils. The primary
objective of this test is to directly ascertain the total unit weight and dry unit weight of the soil
in the field.

The test operates on the principle of volume replacement. A hole is excavated in the ground
where the soil density is to be determined. The excavated material is weighed, and its moisture
content is subsequently determined in laboratory. The volume of the excavated hole is then
measured by filling it with calibrated sand of known density, which is allowed to flow from a
cone apparatus. By knowing the mass of sand that filled the hole and its calibrated density, the
volume of the hole itself can be calculated.

The Sand Cone Test procedure commences with the identification and preparation of a suitable
area, which must be meticulously levelled and cleared of any stones, vegetation, or loose
material. The base plate is then firmly seated upon the prepared surface. A regular test hole is
carefully excavated through the base plate's circular aperture. Crucially, all excavated material
must be collected and sealed immediately to prevent moisture loss, enabling accurate
determination of its wet mass by subsequent weighing. Following excavation, the sand cone
apparatus is assembled by attaching the cone to the bottle, which has been pre-filled and pre-
weighed with calibrated sand. The complete apparatus is then positioned on the base plate. The
valve is opened, allowing the sand to flow freely and completely fill both the excavated hole
and the lower cone volume. Finally, once the flow ceases, the valve is closed, and the apparatus
is removed. The volume of the test hole is subsequently calculated based on the mass of sand

discharged (Figure A1.3).

Figure A1.3 - Soil density tests: a) hole excavated for the test; b) sand cone used for field analyses

224



Once the hole is filled, the sand remaining in the bottle is weighed to determine the actual
quantity of sand required to fill the hole.

In laboratory, from the previously weighed excavated soil, a representative sample is taken for
the determination of its moisture content (w). This sample is weighed (wet weight) and then
oven-dried to a constant weight (dry weight).

In this way, by knowing the actual mass of sand in the hole and the known density of the
calibrated sand, the volume of the hole itself can be determined. Based on the wet and oven-
dried soil weights, and on moisture content, the dry and wet densities are finally calculated. In
this work, 4 in-situ soil density tests were executed. The tests were carried close to the hydro-

geotechnical monitoring instruments installed in each experimental site.

A.1.4 Double ring infiltrometer test

The infiltration test is an in situ hydrological investigation methodology that measures the
vertical infiltration rate of the soil (e.g., mm/h). This parameter is essential for understanding
the dynamics of water flow and the soil's water absorption capacity, allowing for the estimation
of saturated permeability (K _sat), which is crucial for hydrogeological modelling. The test was
performed in accordance with international (ASTM D3385-03) and national (DIN 19682)
standards. The first step involves identifying a representative area of the soil to be tested, which
should be as level as possible and free from dense vegetation, stones, or surface debris that
could alter water flow.

The equipment consists of two concentric metallic cylinders of different diameters (in our case,
an inner ring of 30 cm and an outer ring of 60 cm). The two rings are driven into the ground to
a predetermined depth (approximately 15-20 cm) (Figure Al.4a), ensuring they are well-seated
to prevent water leakage along the edges. To ensure uniform insertion and prevent deformation,
a wooden plank and a hammer were used (Figure Al.4a). Once installed, both rings are filled

simultaneously with water (Figure A1.4b).
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Figure A1.4 — Double ring infiltrometer test: a) placement of the two concentric rings; b) initial condition

in which both rings are simultaneously filled, maintaining the same water level.

The correct execution of the test requires maintaining a constant and uniform water level in
both rings. The outer ring acts as a hydraulic barrier, saturating the surrounding soil and
directing the water flow from the inner ring to an almost exclusively vertical percolation,
thereby ensuring an accurate measurement of the infiltration rate. The measurement of the
infiltration rate is obtained by timing the duration for a given volume of water to infiltrate,
quantified by the drop in level within the inner ring. Measurements are initially frequent and
become less frequent as the infiltration rate stabilises. The temporal trend shows a rapid initial
decrease in the rate, which gradually attenuates until a near-constant value is reached when the
soil achieves saturation and the flow becomes steady-state. This final value represents the
saturated infiltration rate. The experimental data collected from the four conducted tests were
used for the estimation of the soil's hydrological parameters through the application of two
established semi-empirical infiltration models: the Horton model (1939) and the Philip model
(1957).

A.2 SITE CHARACTERIZATION METHODS - LABORATORY INVESTIGATIONS

As a complement to the field investigations, laboratory tests were performed on soil samples
taken in situ. The objective of these analyses was to characterise the physical and mechanical

properties of the material sampled from the various sites under investigation.

A.2.1 Grain size analyses

The particle size distribution analysis is fundamental to determining a soil's texture by
quantifying the dimensional range of its constituent particles. The procedure employs two

principal methodologies, selected according to the particle diameter (d): sieving, utilised for
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soil fractions with particle diameters exceeding 75 pm and sedimentation, employed for soil
fractions with particle diameters smaller than 75 pm.

According to the guidelines of the Italian Geotechnical Association (AGI) (1994), the primary
particle size classes are defined as follows: gravel (200mm>d>2mm), sand (2mm>d>0.06mm),
silt (0.06mm>d>0.002mm) and clay (0.002mm>d).

Before proceeding with the sieving process, given the significant quantity of material, the
quartering technique was adopted.

Following the quartering operation, the sample is subjected to washing (wet sieving) for pre-
selection of the material. This procedure separates the particles designated for Sieving (d >
0.075 mm) from those intended for Sedimentation (d < 0.075 mm). Subsequently, the coarser

fraction (0.075mm) is oven-dried at a temperature of 105-110 °C for 24 hours.

Sieving process

Sieve analysis is a phase of particle size distribution analysis (also known as granulometric
analysis) aimed at separating and quantifying soil particles with a diameter greater than 0.075
mm, which correspond to the gravel and sand fractions.

A dried soil sample is subjected to mechanical sieving using a vertical stack of standardized
test sieves. The sieves are arranged in order of decreasing mesh opening, starting from the
largest (e.g., 75 mm) at the top down to the smallest, typically the No. 200 sieve with an opening
of 0.075 mm, which is positioned directly above a collecting pan (or receiver / base).

The mechanical agitation, lasting for 10 -15 minutes, ensures the material is classified by size,
with the particles retained on any given sieve having a diameter between the sieve's own
opening and that of the sieve immediately above it. At the conclusion of the sieving process,
the material retained on each sieve is weighed precisely. This data allows for the calculation of
the percentage by weight of the specific particle size fraction relative to the total initial mass of

the sample. (Figure A1.5).
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Figure A1.5 -Vibrating sieve used for sample screening.

Subsequently, the cumulative percentage passing for each sieve is determined, which represents
the percentage by weight of the material with a diameter smaller than the sieve's opening. These
values form the foundation for constructing the particle size distribution curve (or grading
curve). The material collected in the collecting pan beneath the No. 200 sieve (particles with a

diameter less than 0.075 mm) is designated for sedimentation analysis.

Sedimentation process

The sedimentation phase in granulometric analysis is employed to determine the particle size
distribution of fine particles (silt and clay) with a diameter smaller than 0.06mm.

The isolated fine material is dispersed in distilled water to form a homogeneous suspension,
which is then transferred to a 1000mL graduated cylinder. Following a vigorous initial re-
suspension (time = 0), periodic measurements of the relative density of the soil-water mixture
are conducted using a hydrometer at predefined time intervals (ranging from 1minute up to 24
hours). The underlying principle is the progressive settling of the larger particles, which causes
a decrease in the density of the upper layer of the suspension. By applying Stokes Law, the
equivalent diameter of particles that have settled below the measurement point within the
considered timeframe is calculated. The resulting data allow for the determination of the
percentage of particles finer than this diameter, thereby completing the particle size distribution

curve initiated by sieving.

228



A.2.2 Atterberg limits

The Atterberg Limits define the state transitions of fine-grained soils as a function of water
content, enabling their geotechnical classification. The Liquid Limit (LL) represents the water
content above which the soil exhibits viscous behaviour and loses its shear strength. The Plastic
Limit (PL) is the water content below which the soil ceases to be plastic and becomes a brittle
solid. The Shrinkage Limit (SL) is the minimum moisture content beyond which no further
volume reduction occurs upon drying. Fundamental indices are derived from the difference
between these limits: the Plasticity Index (PI = LL - PL) quantifies the moisture range over
which plasticity is exhibited. The Consistency Index (CI = (LL - w) / PI), where w is the natural
water content, indicates the soil's consistency in its in-situ state relative to its characteristic
limits. The determination of these limits, in compliance with standards such as ASTM D4318,
necessitates preliminary sample preparation, involving the isolation of the fraction passing the
0.425 mm sieve (No. 40 sieve) and its thorough mixing with distilled water to achieve the

appropriate consistency for testing.

Liquid Limit (LL) determination

The Liquid Limit (LL) is defined as the water content at the transition boundary between the
viscous-liquid state and the plastic state of a fine-grained soil. The determination is carried out
using the Casagrande apparatus. The standard procedure involves placing a soil paste with a
uniform thickness of approximately 1 cm in the cup of the apparatus, followed by the incision
of a central groove (Figure A1.6). The number of blows (N) required for the two soil masses to
close over a length of 13 mm is recorded. Subsequently, the water content (w) corresponding
to the groove closure is determined. The test is repeated, modifying the water content (w) to
obtain a range of N between 15 and 35 blows. The Liquid Limit (LL) is the value of w
corresponding to N = 25 blows, which is extrapolated from a flow curve plotted on a semi-

logarithmic graph (with w on the linear scale and N on the logarithmic scale).
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Figure A1.6 - Casagrande cup used for determining the liquid limit.

Plastic Limit (PL) determination

The Plastic Limit (PL) identifies the water content below which the soil ceases to exhibit plastic
behaviour, transitioning into a semi-solid state.

The methodology involves manually rolling a portion of the hydrated soil sample into a thread
on a non-absorbent surface. The limit is reached when the thread begins to fissure and crumble
upon reaching a critical diameter of 3 mm. At this point, the water content of the fragmented
soil is measured by oven drying. The final PL value is established as the arithmetic mean of a
minimum of three replicated determinations on the same sample. Once the Liquid Limit (LL or
WL) and the Plastic Limit (PL or WP) have been determined, the Plasticity Index (PI) can be
calculated. The PI represents the range of water content over which the soil exhibits plastic
behaviour and is a fundamental parameter for the geotechnical classification of fine-grained

soils. Its determination uses the following formula:

IP = Wil—Wp (43)

3.2.3 Specific gravity

The Specific Gravity of Soil Solids (Gs) is a fundamental dimensionless coefficient in
geotechnics, defined as the ratio between the density of the soil's solid phase (ps) and the
reference density of distilled water (pw) at 20 °C. This parameter directly reflects the average

mineralogical density of the soil particles. Its laboratory determination is conducted using the
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pycnometer method, in compliance with the standard UNI EN ISO 17892-3:2016, applicable
to samples with a maximum grain size < 4mm. The underlying principle is the precise
measurement of the volume occupied (Vs) by a known dry mass (M) of soil particles, which is
indirectly derived from the volumetric displacement of water. The protocol mandates oven-
drying the sample at 105 + 5°C to constant mass. After ascertaining the dry mass (Ms) and the
mass of the empty pycnometer (Mp), the sample is transferred and subjected to intensive de-
aeration (typically via stirring and heating). This is a critical step to eliminate occluded air
bubbles that would otherwise lead to an overestimation of Vs. Upon cooling to 20°C and filling
the pycnometer to its nominal volume, three essential mass measurements are recorded for the
final calculation: the mass of the pycnometer with solids and water (Mpsw), the mass of the
empty, dry pycnometer (Mp), and the mass of the pycnometer filled only with water (Mpw). The
processing of these data allows for the calculation of the solid density (ps) and, consequently,
Gs. This procedure was methodically applied to all four soil samples collected in situ (S1, S2,
S3, and S4), which are considered representative of the three investigation sites. Based on the
mass information obtained from the test, the specific gravity for each analysed sample is

calculated using the following formula.

Ms (44)

Gs = (Mpw — Mp) — (Mpsw — Ms)

M; = Mass of dry soil sample (g)
M, = Mass of empty pycnometer (g)
M, = Mass of pycnometer filled with water only (g)

M;sw = Mass of pycnometer with soil and water (g)

A.2.4 Organic content

Determining the soil organic content is a crucial analysis, as its percentage profoundly
influences the soil's physical, chemical, and biological properties, particularly its water-holding
capacity.

The standard method adopted for this analysis is Loss-on-Ignition, conforming to ASTM D2974
standards. This principle relies on the direct correlation between a sample's weight loss,

following high-temperature heating (calcination), and the oxidation/volatilisation of the organic
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matter. The analytical procedure involves an initial drying of the sample in an oven at 105 °C
for 24 hours to eliminate hygroscopic water while preserving the organic matrix. The weight
obtained after drying is recorded as the initial weight (P;). Subsequently, the sample is
calcinated in a muffle furnace at approximately 450°C for 6 hours, a process which converts
the organic matter into gases (CO; and H>O). After cooling in a desiccator, the final weight (Pr)
is determined.

The percentage of organic matter is then calculated as the weight loss relative to the initial

weight, according to the following expression:

Pi — Pf
Pi

(45)

0.C.(%) = ( ) 100
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APPENDIX 2

RESULTS OF EXPERIMENTAL SITE CHARACTERIZATION

This chapter presents the preliminary results of the site's geotechnical characterisation,
conducted as part of the “Stone Wall for Life” project. This characterisation, carried out through
in situ and laboratory testing, pursues the primary objective of defining a reliable geotechnical

model for the area of interest.

IN-SITU TEST RESULTS

During the excavation of the trench for the installation of the sensors, it was possible to conduct
a survey and analysis of the soil profile. The most relevant aspects and distinctive characteristics

of the soil horizons identified are listed below.

e Experimental site 846

At the investigated site, the bench of the terrace is covered by dense shrub vegetation mainly
constituted of Erica arborea. The soil profile (Figure A2.1) presents the following horizons: O
(0-3 cm), A1 (3-45 cm), A2 (45-80 cm), and C (80 cm - not observed limit). The limit between
O and Al is linear and abrupt (0.5 cm thick); the one between Al and A2 is irregular and
blended (5-10 cm thick); that between A2 and C is irregular and abrupt. In O, Al, and A2
horizons no pedogenetic features were observed. The soil structure is granular; aggregates are
subangular and polyhedric with prevalent size of 2-5 mm. Pores are > 5% and essentially < 2
mm. Cracks were not observed in O and they were very rare and < 1 cm wide in Al and A2
horizons. No evidence of biological activity is documented. Few (20-50 in 1 dm?) roots <2 mm
and none > 2 mm characterize O; common (50-200 in 1 dm?) roots that are both <2 mm and >
2 mm characterize A1, and few (20-50 in 1 dm?) roots < 2 mm and none > 2 mm characterize
A2. Root size refers to the diameter. In essence, the investigated soil is weakly developed
(young) and anthropogenically reworked, lacking diagnostic horizons and thus most likely

attributable to the Regosol typology (Classification WRB).
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Figure A2.1 — Soil profile within the trench pit excavated at the abandoned terraced site.

e Experimental Site 915

The soil profile (Figure A2.2) presents the following horizons: Al (0-30 cm), A2 (30-55 cm),
and C (55 cm - not observed limit). The limit between Al and A2 is irregular and blended (5-
10 cm thick), while that between A2 and C is linear and abrupt (1 cm thick).

Figure A2.2 — Soil profile within the trench pit excavated at the cultivated terraced site.

In Al and A2 horizons, no pedogenetic features (e.g., mottles, slickensides, nodules, and
concretions), and very rare aggregates (2-5 mm) were observed; moreover, the skeleton is
composed of non-altered angular/very angular clasts. The soil structure is granular. Cracks were
not observed, and no evidence of biological activity is documented. Pores are very abundant (<
0.5 mm) and common (0.5-2 mm) in A1l and very abundant (< 0.5 mm) and few (0.5-2 mm) in

A2. The main difference between A1 and A2 horizons is represented by root distribution. Roots
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<2 mm are common (50-200 in 1 dm?) and > 2 mm are absent in A1, while there are few (20-

50 in 1 dm?) roots (both <2 mm and > 2mm) in A2. Root size refers to the diameter.

It should be noted that the profile of the trench pit excavated at the monitoring station installed
in Site 850 has not been described. At this site, soils resulted completely reworked following
dry-stone wall construction phases, making the soil profile description meaningless from the

pedological point of view.

P-waves seismic refraction

o

Figure A2.3 - Location seismic alignments (the geophones positioned at the array edges are shown).

Three longitudinal seismic surveys were carried out at each experimental site along the
maximum slope dip direction and along the same alignments as the DP tests (Figure A2.3). At
Site 846 and Site 915 20 m long seismic arrays were deployed, and an average spacing of 1.5
m between geophones was adopted. At Site 850, an approximately 28 m long seismic array was
employed, with an average geophone spacing of about 2 m.

The outcomes of seismic refraction survey consisted of tomographic profiles showing the
distribution of seismic waves below the ground level. These profiles enabled the differentiation

between the superficial soil cover and the underlying bedrock (Figure A2.4).
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Figure A2.4 - P-wave seismic refraction tomography profiles.

The results of the seismic refraction survey allowed for the classification of the subsurface into
three main homogeneous seismic-stratigraphic horizons, which reflect variations in the
geomechanical properties of the materials allowing a preliminary lithostratigraphic
interpretation.

The results highlighted a general increase with depth, indicative of rising compaction and

rigidity, as follows:

e Horizon 1 - Low P-wave velocity (0.2-0.7 km/s): corresponding to shallow soil layer
(thickness = 1.5 -2 m) composed of loose or poorly consolidated materials that could be
referred to the aerated and reworked eluvial-colluvial soils.

e Horizon 2 - Medium P-wave velocity (0.7-1.8 km/s): range that may indicate a more
compact soil that gradually increase in compaction up to the contact with the

weathered/fractured bedrock.
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e Horizon 3 - High P-wave velocity (>1.8 km/s): horizon that could be referred to the
rigid un-weathered bedrock.
Dynamic probing tests
In accordance with the procedures outlined in paragraph A.1.2, seven dynamic cone
penetrometer tests were carried out (Figure A2.3). Specifically, three tests were conducted at
Site 850 (PP5, PP6, PP7), while the remaining four were equally distributed between Site 915
(PP3, PP4) and Site 846 (PP1, PP2) (Figure A2.5).
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Figure A2.5 - Location of dynamic penetrometer tests.

The test results were used to create dynamic penetration profiles (Nio vs. depth); (Figure A2.6).

These logs provided key information on soil thickness and on the stratigraphic frame.
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Figure A2.6 - Dynamic probing test results: Nio vs. depth profiles.

In general, DP test outcomes show a progressive increase in the number of blows with depth,
highlighting a general increase in soil density. In some tests, a certain variability in the Nio —
depth profiles was found, likely associated to the presence of clasts dispersed within the soil
matrix. Indeed, some profiles show jagged trends of the Nio values that could reveal the
presence of pebbles. The results are in good agreement with those obtained from indirect
geophysical investigations.

The analysis of Nig vs. depth profiles revealed the following subsoil stratigraphy:

Site 846: it exhibits a uniform cover of an average thickness of approximately 1.6 m,
characterised by poor compaction (i.e., low Nig). The transition to the bedrock is sharp and
distinct, indicating a well-defined interface (Figure A2.6).

Site 915: the soil cover-bedrock transition is gradual, highlighting a progressive increase in
material penetration resistance (N1o) with depth and suggesting the presence of a single layer
that progressively becomes more compact with depth.

Site 850: the superficial layer (0.1 m - 0.5-0.6 m thick) shows very low Njo values, indicating
very loose and poorly compacted soil. At varying depths (approximately between 0.7 m and 1.0
m), a rapid increase in Nig is observed, indicating the presence of more compact layers. The

depth of the bedrock varies between 1.1 m and 1.5 m.
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Soil density test

In accordance with the standard procedures described in paragraph A.1.3, four in-situ density
tests were conducted using the sand cone method. Specifically, the tests were distributed as
follows: two at Site 850 (identified as D2 and D3), one at Site 915 (D4), and one at Site 846
(D1) (Figure A2.7).
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Figure A2.7 - Location of soil density tests.

Analysis of the measurements obtained from the sand cone tests allowed for the determination
of the unit weight of the material in its natural/moist (Ynat), dry (ydry), and saturated (ysat) states,

in addition to the natural moisture content (wy,) (Table A2.1).

Table A2.1- Summary of in-situ density test results.

Site ID Ynat Yary Ysat Wn
kN/m*  kN/m* kN/m®* %

1 12,5 12 17,2 44
850

2 14 13,3 184 53
846 3 14,9 14,6 19,1 2.2
915 4 15,9 15,3 19,5 3,9

The penetrometric survey results indicated a variation in soil density with depth. Specifically,

a less dense superficial layer (referred to as "Cover 1") and a deeper, more compact layer
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(termed "Cover 2") were identified. Consequently, the parameters of angle of internal friction

and relative density were distinctly considered for each of these two stratigraphic units.

Table A2.2 - Relative density and angle of internal friction parameters derived from empirical

correlations.

D: (%0) D: (%0) 9'(°) 9'(°) 0'(®)

(Gibbs &  (Cubrinowski & i & Fukuni, (Japanese National

(De Mello, 1971y (Shi®

Holtz 1957)  Ishihara, 1999) 1982) Railway, 1990)
Average Average Average Average Average
Cover 1 20 30,5 25 29 25
Cover 2 26,5 63 30 33,5 32,5

Double ring infiltrometer test

In accordance with the procedure described in paragraph A.1.4, three double-ring infiltrometer
tests were conducted. To ensure the data were representative of different land-use conditions,
two tests (DRI1, DRI2) were performed on a cultivated terraced vineyard, while the third test
(DRI3) was carried out on an abandoned agricultural terrace near Site 846 (Figure A2.8). Each

test lasted between 1.0 and 1.5 hours.
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Figure A2.8 - Location of double ring infiltrometer test.
The field-measured infiltration capacity data obtained were subsequently fitted by using two
established mathematical models: the Horton model (Horton 1939) and the Philip model (1957).
This process was undertaken to identify the best-fit model for each dataset, thereby enabling
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the direct determination of saturated permeability (ksa) from the following empirical

correlations (eq. 46, 47):

fFO=f+o—f)e ™ Horton (1939) (46)
£ = ziﬁ + A Philip (1957) (47)

where:
fo = initial infiltration capacity

f. = final or saturated infiltration capacity
k = decay constant
S = sorptivity

A = saturated infiltration rate
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Figure A2.9 — Experimental data (f = infiltration capacity; F = cumulative infiltration) and best-fit curves

of infiltration capacity using the theoretical Horton model: a) test DRI1, b) test DRI2, c) test DRI3.
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Figure A2.10 — Experimental data (f = infiltration capacity; F = cumulative infiltration) and best-fit curves

of infiltration capacity using the theoretical Philip model: a) test DRI1, b) test DRI2, c) test DRI3.

Both empirical models accurately captured the characteristic rapid decreasing trend occurring
during the initial stages of the infiltration process, subsequently followed by a stabilising phase
at a near-constant value at the final test stages (Figures A2.9 and A2.10). A subtly distinct
infiltration behaviour is observed among the different tests (DRI1, DRI2, DRI3), reflecting
specific site conditions. Notably, the test DRI1 exhibits the highest initial infiltration capacity.
Despite the variations in the slope of the initial decay curve, all tests converge towards a
relatively similar final infiltration capacity, ranging from approximately 5 to 15 mm/min. These
values are indicative of a comparable saturated permeability for the tested soils once they have
reached a state of saturation. This further suggests that, in the long term, a similar capacity of
these soils to transmit water through their saturated pores.

As shown in Table A2.3, the returned values of kg, are consistent in terms of order of magnitude

across the different tests and the two mathematical models.

Table A2.3 - Summary of best-fit results from infiltration test data using the Horton and Philip models (fo =
initial infiltration capacity, f. = final or saturated infiltration capacity; ks = saturated permeability, k = decay

constant, S = sorptivity, RMSE = Root Mean Square Error, MAE = Mean Absolute Error).

Horton (1939) Philip (1957)
T§St f f k k S k
(mm/min) (mm/min) (m/sec) (min™) RMSE - MAE (“"?imi“' (mm/min) ks (m/sec) RMSE  MAE
9)
DRI-1 121,5 18,4 3,10E-04 0,25 5.9 43 99,3 15,6 2,60E-04 14.0 9.8
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DRI-2 37,8 17,6 2,90E-04 0,19 1.8 1.5 47,2 13,7 2,30E-04 1.4 1.2

DRI-3 27,9 11,7 1,90E-04 0,07 1.7 1.3 52,7 9,1 1,50E-04 1.6 1.4

This indicates a relative uniformity in the saturated hydraulic properties of the investigated
soils. Consequently, the average saturated permeability, determined for the topsoil (i.e.,
thickness of 15-20 cm) in the study area, stands at approximately 2.39x10~* m/s. These values
are well consistent with those obtained in other studies dealing with the geotechnical
characterization of terraced soils at Cinque Terre (Cevasco et al., 2013; Cevasco et al., 2014)

those obtained through numerical simulations (Schiliro et al.,2023; Fiorucci et al., 2023).

4.2 LABORATORY TEST RESULTS

Four undisturbed soil samples were retrieved: samples S1 and S2 at Site 850, sample S3 at Site

915 and sample S4 at Site 846 (Figure A2.11).
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Figure A2.11 - Sampling locations for laboratory tests.

Grain size analysis
The granulometric analysis was carried out in the laboratory in accordance with the standard
procedure described in section A.2.1 and the results are presented in Figure (A2.12) as particle

size distribution curves.
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Figure A.12 - Results of the grain size distribution for the four samples.

The particle size analysis of the samples reveals a significant presence of gravel and coarse sand
Notably, the sample identified by the green curve (Sample 3) exhibits a lower percentage of
gravel compared to the other analysed samples (Table A2.4). The patterns of such curves denote
that the soils at the monitoring sites resulted poorly sorted and non-uniform from a
granulometric point of view. The coefficient of uniformity resulted very high (Table A2.4),
with values greater than 100, quantitatively confirming that the sampled soils are very poorly
sorted. It can be noted that the patterns of the various grain size curves are very similar, even if
some slight differences in the percentages of some grain size classes occur. The maximum
diameter of soil particles resulted approximately 40 mm. The average particle size (Dso) resulted
comprised between 3.0 and 4.75 mm. The shape of clasts was found to be from lamellar to
elongated and from angular to sub-angular. Moreover, the soil granules resulted weak and often
easily crumbled by hand. These features clearly reflect the intrinsic fissility of the original rock
types.

Regarding the finer fractions, all samples contain a non-negligible percentage of silt, although
significantly less abundant than the coarser fractions. The percentage of clay sediments is
minimal, indicating a very low incidence of clay in the samples (Table A2.4). It is important to
note that there are similarities between the samples in terms of fines content (i.e., percentage of
soil passing through the sieve n°200), showing an average value of 18.7%.

In light of these results, the material can be classified as well-graded and characterised by a
high overall percentage of gravel and sand. This particle size composition, dominated by coarse

fractions, is indicative of good drainage characteristics, especially under saturated conditions.

245



Based on these particle size percentages, the soil samples have been classified using the

U.S.C.S. (Unified Soil Classification System) (Table A2.4).

Table A2.4 — Summary of particle size percentages for the different samples.

Site ID Gravel Sand Silt Clay U.S.CS.
% % % %
Sample 1 50,7 26,8 19,4 3,1 GM
850
Sample 2 46,3 36,7 14,9 2,1 SM
846 Sample 3 35,4 48,1 13 3,6 SM-SC
915 Sample 4 42,6 38,9 15,7 2,9 GM

According to the U.S.C.S classification, the soil samples were silty gravels (GM), silty sands
(SM) and silty-clayey sands (SM-SC). These results agree with those obtained from other
laboratory investigations conducted on terraced soils in the Cinque Terre (Cevasco et al., 2013b;
Cevasco et al.,, 2014) and from zones of the Liguria region with similar geological and

geomorphological settings (Cevasco et al., 2017; Vannucci et al., 2019).

Atterberg limits
Table A2.5 summarises the results of Liquid Limit, Plastic Limit, Plasticity Index, and natural

water content for the soil samples collected at sites 850, 915, and 846.

Table A2.5 — Summary of Atterberg limits laboratory tests.

Site 1D WL Wp 1P Wn
% % % %

Sample 1 28 23,1 4,9 4,4
850
Sample 2 34,3 n.d. n,d 5,3

846 Sample 3 25,3 20,8 4,5 2,2
915 Sample 4 24,2 20,6 3,6 39

The low percentages of fine-grained soils significantly influence the soil plasticity, resulting
from low to null. The Plasticity Index (PI) values obtained for samples 1, 3, and 4 are low,
basically below 5%, indicating that the fine fractions are predominantly low-plasticity silts
(ML) and organic silts and clays (OL) of low plasticity. (Figure A2.13). The low plasticity

suggests that these materials may have a limited capacity to undergo significant plastic
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deformations and might exhibit mechanical characteristics assimilable to those of granular

soils, particularly in terms of compressibility and shear strength.
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Figure A2.13 - Casagrande Plasticity Chart showing the classification of the four soil samples.

In general, the low plasticity of samples can be attributed to the low content of clay and clay minerals,

which is consistent with the nature of the underlying arenaceous bedrock.

Physical soil properties

The laboratory test to determine the specific gravity (Gs) was performed on the analysed
samples according to the standard procedure outlined in section A.2.3. This parameter is
fundamental for calculating other physical and mechanical properties of the soil, such as the

void ratio (e) and porosity (n) (Table A2.6).

Table A2.6 - Summary of physical soil properties for the collected samples.

Site ID Gs Ya e n
- kN/m? - -
Sample 1 2,59 12 1,11 0,53
830 Sample 2 2,83 13,3 1,08 0,52
846  Sample 3 2,76 14,6 0,85 0,46
915  Sample 4 2,74 15,3 0,76 0,43

The total porosity of the four samples ranges from 43% to 53%, indirectly reflecting the soil's
state of compaction. These values are well consistent with the granulometric features, thus

suggesting mechanical and hydraulic properties behavior that can be referred to coarse-grained
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and cohesionless materials. The results obtained from the determination of the percentage of

soil organic matter are summarised in Table A2.7.

Table A2.7 - Organic matter content (O.C.) for the analysed soil samples.

Site ID 0.C.
%
Sample 1 6.0
850
Sample 2 10.0
846 Sample 3 4,4
915 Sample 4 3,4

An average percentage of organic matter equal to approximately 6,0% was found. Notably, at
Site 850, OC values reached 10%, indicating high percentage of organic matter and a fertile
soil, thus exhibiting a high-water retention capacity. Conversely, this can imply significantly
lower mechanical strength and increased compressibility. However, it should be remarked that
the analysed soils were collected in terraced site which have been abandoned from several
decades and that was covered by a dense Mediterranean scrub vegetation. The same as for the

site 846 (OC 4.4%).
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