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UNIVERSITY OF SASSARI

Abstract

Department of Architecture, Design and Urban Planning

Doctor of Philosophy

The role of forests in soil protection: root reinforcement and slope stability

evaluation at different analysis scales.

by Ilenia MURGIA

Rainfall-induced shallow landslides are natural hazards with potential high impact

to the human and natural environment. Since the frequency and intensity of critical

rainfall events are expected to increase in the future due to climate change, the esca-

lation of these critical events will produce expected consequences. For this reason,

mitigation strategies must be identified to protect natural and man-made environ-

ments. There is worldwide interest in developing reliable slope stability models

capable of locating areas most susceptible to landslides, and identifying the correct

management of direct protection forest in order to optimize their function. To ad-

equately evaluate the effect of vegetation on soil stability, root reinforcement mod-

els must be able to provide values applicable and integrable into the slope stability

models.

This work promotes the use of applications developed from recent scientific

studies, available for both academic and professional fields. After analyzing state

of the art concerning slope stability and root reinforcement models, three case stud-

ies are presented showing different spatial scale analyses and based on the use of

three software: RBM++ for tree scale, SOSlope for local scale, and SlideforMAP for

regional scale.
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Chapter 1

Introduction

Rainfall-induced Shallow Landslides (SLs) are among the most common gravita-

tional mass movements on natural and artificial slopes, acting as landscape agents

of sediment transfer and erosion. However, SLs are also potential hazards with well-

known consequences that affect both the human environment, causing loss of life

and damage to structures and infrastructures (Schwarz et al., 2010; Askarinejad,

2013; Dorren and Schwarz, 2016; Ran et al., 2018), and the natural environment,

shaping many landscapes worldwide (Istanbulluoglu, 2005) and affecting the agro-

forestry production in general (Jones et al., 2008) (Figure 1.1). Since the frequency

and intensity of critical rainfall events are expected to increase in the future due to

more unstable air masses and significant magnitude storms associated with climate

change (Gariano et al., 2017), the escalation of previously mentioned SLs-induced

consequences is also expected (Crozier, 2010). As such, mitigation strategies must

be identified to protect natural and man-made environments.

Shallow Landslide (SL) susceptibility depends on several environmental factors

such as terrain and soil physical properties, hydrological regimes, and land use.

Among these factors, land use dramatically influences landslide susceptibility, show-

ing a crucial stabilizing effect due to the Root Reinforcement (RR) activation in case

of vegetation presence (Glade, 2003; Sidle and Ochiai, 2006; Persichillo et al., 2017).

In the specific case of forested areas, several studies confirm this effect, i.e., as the

forested surface increases, the presence of unstable areas decreases and, consequently,

the number of SL events (Montgomery et al., 2000; Reichenbach et al., 2014). How-

ever, considering that vegetation conditions may change rapidly in space and time,

it is difficult to assess this positive effect over large areas and adequately consider its

contribution to predicting potential SLs. Knowing and assessing land use changes,

specifically in vegetation cover, is critical when using Slope Stability Models (SSMs).

There is worldwide interest in developing reliable SSMs capable of locating areas

most susceptible to landslides in the context of urban, environmental, and landscape

planning activities (Moos et al., 2018). The accessibility and detail of data required

for slope stability assessment have improved significantly in recent decades, con-

sequently refining the quality of Slope Stability Model (SSM) results based on ap-

propriate assumptions and modeling approaches. One example is implementing

detailed information of above-ground forest structure obtained by remote sensing
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(A) Shallow landslide on the provincial road 310 of Pratovecchio-Stia village (Tuscany, Italy)

(B) Shallow landslide on the hill (Bitti village, Sardinia, Italy)

FIGURE 1.1: Shallow landslides affect human and natural environments. In the first picture
(A), a shallow landslide occurred on the downslope side of a main infrastructure. This road
tract was studied and presented at the EGU general assembly (Murgia et al., 2021). The
second picture (B) shows some landslide events that occurred after heavy rainfall in a rural
area.
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techniques, for example, through aerial and terrestrial laser scanning or structure

for motion (Camarretta et al., 2020; Neuville et al., 2021).

The application of SSMs has proven valuable and necessary in various contexts.

One application is the development of hazard maps of SL susceptibility and quan-

tifying the frequency with which they occur (scenario-based). A fundamental re-

quirement for using such maps in the planning process is their constant updating

in case of significant landscape changes, such as topography modifications due to

human activities (construction of infrastructure, mining, etc.). However, the stabil-

ity assessment in this type of analysis often neglects the vegetation presence and

contribution. SSMs are also valuable in determining protective forest by identifying

areas where direct protection for structures and infrastructure is evident (e.g., Silva-

protect project in Switzerland (2016), for the identification and management of direct

protection forests). Additionally, combining the SL risk analysis and estimated RR

values it is possible to evaluate which silvicultural measures are appropriate to im-

prove and ensure the stabilizing effect of forests. The use of SSMs allows for detailed

forest management on critical areas requiring priority action, e.g., on steep slopes or

channels subject to detention and transport of large woody debris, or in forests sub-

ject to alteration caused by disturbance factors, e.g., forest fires, storms, pathogens

(Vergani et al., 2016). At local scales, SSMs support the design and sizing of techni-

cal protection measures, as well as the cost-benefit analysis of soil bio-engineering

measures (Bischetti et al., 2021).

All these applications demonstrate the central role of forests, and vegetation in

general, in the mitigation of SL events (Stokes et al., 2014), defining SSMs as valuable

tools for the management and, eventually, improvement of soil protection (Figure

1.2). Forest mitigation effects are central in slope stability, as well as to riparian

ecosystems (Pollen and Simon, 2005; Hubble et al., 2010) and urban environments

(Stokes et al., 2014; Mickovski, 2021), degraded lands (Ji et al., 2020; Zhu et al., 2017),

and agricultural systems (Loades et al., 2010).

In order to adequately evaluate the effect of vegetation on soil stability, the Root

Reinforcement Models (RRMs) realized for the RR estimation must be able to pro-

vide values that are applicable and integrable into the SSMs, as well as realistic.

However, since they are generally complex computational models written in pro-

gramming languages (e.g., R or MATLAB), they are not straightforward. For this

reason, simplified RRMs are often preferred to complex ones even if the latter are

much more able to provide accurate estimations. Therefore, in the case of RRMs,

it is necessary to share and promote the use of appropriate ones by making them

available to anyone through easily usable tools, such as software.

In this context, the international association for natural hazards risk management

(ecorisQ) developed several tools for evaluating the management of natural hazards.

One of the main objectives of this research group is to develop applications from

recent scientific research results and make them available in both academic and pro-

fessional fields. The complex mathematical models created to describe and analyze

https://www.ecorisq.org/
https://www.ecorisq.org/
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(A) Shallow landslide on the forest (Pratovecchio-Stia village, Tuscany, Italy)

(B) Shallow landslide on the forest (Bitti village, Sardinia, Italy)

FIGURE 1.2: In the two pictures, it is possible to observe roots that have counteracted the
landslide detachment in the upper part of the unstable soil mass. In particular, in picture (B)
roots are still active and stretched to compensate for the further movement of the soil.
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soil stability hydro-mechanical phenomena were converted into software equipped

with an easy-to-use Graphical User Interface (GUI), aiming to achieve their primary

goal. Following the ecorisQ approach and aim, this research project focused on up-

grading, validating, and promoting innovative tools to support land planning and

forest management, starting from a single tree scale to a regional scale of analysis.

The research project In order to provide an overview of modeling SLs, the chap-

ter 2 shows a review of SSMs that consider the effect of vegetation by implement-

ing different RRMs. This review is currently accepted for publication in Elsevier’s

Ecological Engineering journal as part of the special issue of the Soil, Bio- and Eco-

Engineering conference (Murgia et al., Accepted). This framing provides a context

for the research work described in subsequent chapters and the importance of de-

veloping and using innovative tools for slope stability analysis.

The following are three software applied to the three main case studies addressed

in this research project:

• the development and application of RBM++ software to quantify values of RR

mechanical parameters of the Japanese cedar (Cryptomeria japonica, (Thunb. ex

L.f.) D.Don). This tree species is often placed in sloping areas and used as a

nature-based solution for soil stability interventions;

• the application of SOSlope software for a back-analysis of an artificially in-

duced SL in Rüdlingen (Switzerland), aiming to reconstruct the hydro-mechanical

conditions that led to its triggering. Considering the availability of detailed

measurements recorded during the experiment, it was possible to identify the

potentials and limitations of SOSlope;

• the application of SlideforMAP software in the Monviso forestry plan (Italy),

aiming to identify and validate a method to assess the SL probability and de-

termine unstable areas where RR should or could be improved through silvi-

cultural interventions.

These three case studies represent the three main scales of analysis (Figure 1.3)

of the effect of roots on soil protection, allowing for an integrated analysis of their

application.
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FIGURE 1.3: Figure shows the three analysis scale considered in the research project: a) tree analy-
sis scale, to evaluate how the root reinforcement of a single tree changes in space; b) local analysis
scale, to evaluate the influence of root reinforcement in the hydro-mechanical dynamics of slope
stability; and c) regional analysis scale,to verify and identify forest areas that should acquire a
direct soil protection function as a priority.
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Chapter 2

The state of the art of slope

stability and root reinforcement

models

Landslide processes involve the downslope movement of soil or rock under the ef-

fect of gravity (United State Geological Survey, USGS 2004). Shallow landslides SLs

are a subset of these processes that usually involve soil masses less than 2 m thick

(Phillips et al., 2021), generally sliding translationally over the failure surface at or

near discontinuities in the soil profile or the bedrock contact. SLs are of interest to

several fields research related to soil science (Tofani et al., 2017) and this multidisci-

plinarity involves observing the same process from different perspectives.

Generally, slope stability is defined as an equilibrium condition of the soil mass

able to resist its gravity-driven downslope movement that should be maintained de-

spite changes in hydrologic and mechanical conditions (e.g., increased soil weight

due to rainwater infiltration). The loss of stability describes the situation in which

the equilibrium condition failed, favoring the SL triggering. However, also the slope

stability definition takes on different meanings depending on the scope of study and

the user’s main aims (McColl, 2015). Generally speaking, it considers i) the disposi-

tion factors that determine the stability conditions of the slope; ii) how a triggering

event (e.g., rainfall) changes initial stability conditions; and iii) how changes in soil

properties promote the exceeding of the critical failure threshold and SL triggering.

In slope stability analysis, boundary conditions are defined by considering environ-

mental characteristics (i.e., morphology, lithology, pedology, and vegetation cover)

and evaluating their influence on the triggering hydrological and mechanical pro-

cesses (Sidle and Bogaard, 2016).

The most common indicator used to quantify slope stability is the Factor of

Safety (FoS) obtained by the ratio of stabilizing forces (i.e., soil shear strength and

root reinforcement) to destabilizing forces (i.e., the gravitational driving force of the

soil mass). Slopes are typically considered stable when FoS is ≥ 1; slope failure

occurs at FoS < 1. Temporal changes in the FoS are mainly influenced by factors

acting over shorter or longer periods such as i) soil suction and pore water pressure

during rainfall events that result in short-term changes in, ii) water content varying
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due to seasonal conditions, specifically considering subsurface fluxes and water loss

by evapotranspiration, iii) vegetation altering soil physicochemical characteristics

through root growth and decay, and iv) soil depth influenced by the intensity of the

pedogenesis process (Ziemer, 1981; Liang et al., 2007; Ghestem et al., 2011). Roots

introduce complexity in evaluating vegetated slope stability and FoS calculations,

affecting the accuracy of the analysis.

RR is defined as the additional force provided by roots opposing the soil mass de-

formation and displacement under gravity. RR can be distinguished according to the

root stress experienced by orientation of the shear plane (i.e. horizontal or vertical).

Field observations validated by field and laboratory tests have shown the activation

of root stress in tension, compression, bending, and shear mechanisms (Zhou et al.,

1998; Docker and Hubble, 2008; Schwarz et al., 2011; Cohen and Schwarz, 2017;

Schwarz et al., 2015). These three types of stresses assume fundamental importance

in the distribution of forces activated during SL initiation (Schwarz et al., 2015). The

RR mechanism can distinguished in i) basal RR provided by roots growing through

an horizontal shear plane (i.e. approximately parallel tot he soil surface) and ii) lat-

eral RR, provided by roots growing through a vertical shear plane. It is relevant to

highlight that the basal RR, if present, is the most efficient reinforcement mechanism

(Cohen and Schwarz, 2017) since it guarantees a root anchoring effect to the deeper

and stable soil layers. However, the activation and intensity triggered by the basal

RR depend on both the root system morphology and the thickness of the rooted

zone.

2.1 Empirical Knowledge

Critical information on understanding shallow landslide (SL) processes is briefly

reviewed, developing the context to discuss their implementation in modeling ap-

proaches. The goal is to discuss the principal hydrologic processes that promote the

initiation of SLs and the mechanical processes resulting from changes in soil water

conditions.

2.1.1 Hydrological processes

In rainfall-induced SLs, hydrological processes are generally recognized as the lead-

ing causes of soil shear strength loss by increasing soil water content and pore water

pressure (Lehmann et al., 2013). Hydrological effects depend strongly on the water

content antecedent the triggering rainfall event and on seasonal evapotranspiration

processes, thus are time-dependent (Chirico et al., 2013; Arnone et al., 2016a). For

this reason, it is necessary to consider these dynamics in slope stability models for

the factor of safety quantification.

It is well-known that the increase of soil water content can promote i) the devel-

opment of subsurface water movement, e.g., infiltration and flows, which influence
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both soil characteristics and hydrological behavior; and ii) the development of pos-

itive pore water pressures under saturated conditions (Bishop, 1955; Morgenstern

and Price, 1965), and iii) decrease the negative pore water pressure (toward zero, or

reduce the matric suction) under unsaturated conditions.

Rainwater infiltration causes changes in soil moisture conditions, which is strongly

influenced by environmental variables such as soil porosity or transmissivity. Changes

in soil moisture affect infiltration rate, generally fast at the onset of rainfall reducing

as soil moisture increases, and the water movement through the soil. Water flow

always in the negative pressure gradient, both in unsaturated and saturated condi-

tions (i.e. Darcy’s law), but in the particular case of saturated soils, water movement

occurs mainly driven by the forces of gravity (Nimmo, 2009).

Reaching soil saturation occurs through subsurface flows, generally distinguished

into the matric and preferential flows path. The unsaturated diffuse flow consists of

water movement between pores, resulting in a uniform moisture condition through-

out the soil. Gravity force and matric pressure gradients are the driving factors,

and their effects depend on soil characteristics, such as soil permeability, poros-

ity, etc. Additional water supply promotes water movement by overland flow or

through preferential flows, developed in the macropores and spaces created by the

pedofauna and plant roots. Nimmo (2009) pointed out the existence of three basic

modes of preferential flow i) flow through macropores; ii) funneled flow, also called

deflected or focused flow, consisting of flow deviation caused by the presence of

obstacles that promotes water accumulation in adjacent areas; and iii) unsteady con-

ductive flow. However, in some cases, preferential flow promotes soil drainage by

limiting pore pressure development during storms (Penna et al., 2015; Bogaard and

Greco, 2016).

Preferential flow development is crucial in SL initiation processes. For example,

several studies have shown a central role for flows developed in the presence of

shallow bedrock fractures (Reneau and Dietrich, 1987; Montgomery and Buffington,

1997). Exfiltration is the process in which the development of high pressures at the

soil-bedrock interface is caused by the connection of some bedrock fractures to areas

of hydraulic recharge (Montgomery et al., 2002; Askarinejad and Springman, 2021).

This process is strongly influenced by rainfall duration and intensity, as well as by

the morphological and geological characteristics of the area, promoting the occur-

rence of SLs on planar and convex slopes, as well as differences in the timing and

mode of SL initiation in topographically similar areas (Montgomery et al., 2002).

As a result of water infiltration, the increase in soil weight, which is considered

as mechanical loading (Lehmann et al., 2013), occurs. This new condition could be

critical in very steep areas where the destabilizing loads promote the unstable mass

sliding driven by the gravity force (Lepore et al., 2013; Shao et al., 2016).

Pore water develops a positive pressure, recognized as the main effect of rainfall-

induced SLs. The main consequence of the positive pore pressures development

is reducing the effective stresses in the soil resulting in a shear strength reduction.
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Lehmann et al. (2013) observed that also hydrological connectivity is a critical pro-

cess that can promote SLs triggering in large interconnected areas.

Roots influence infiltration processes by pores formed by plant roots and creating

preferential drainage pathways (Beven and Germann, 1982). In addition, roots re-

duce soil moisture through evapotranspiration depending on the time scale of anal-

ysis (Arnone et al., 2016a). In the short term, when considering the influence of this

process at the slope scale, it assumes less influence if compared to the magnitude

of the root mechanical contribution to ensuring stability (Sidle and Bogaard, 2016).

Roots hydrological effects are more influential in the hydrologic balance of an entire

basin, draining and regulating flows over large areas (Cohen and Schwarz, 2017).

All hydrologic processes are influenced by soil depth, considered a critical con-

trol parameter for assessing how a saturated condition can be achieved. The combi-

nation with soil physico-chemical characteristics and the groundwater table height

determine the water storage capacity. However, the measurement of soil depth still

presents some difficulties, particularly in knowing its variability in space. To over-

come this problem, some of the most popular hydrological models calculate flows

considering surface topography and developing terrain indices based on the digital

terrain model (Borga et al., 2004; Lanni et al., 2011), computed with algorithms in

Geographic Information System (GIS) environment (e.g., Montgomery and Dietrich,

1994; Pack et al., 1998; Baum et al., 2005). Among these indices, the most widely used

in slope stability modeling is the topographic wetness index introduced by Kirkby

and Weyman (1972).

The evaluation of hydrological processes, mainly predicting through models how

pore water pressure varies in response to precipitation events, is fundamental to

evaluate their influence on mechanical processes and calculate the probability of SLs

event.

2.1.2 Mechanical processes

The relationship between driving forces, such as gravity, soil particle friction, and

pore water pressure, result in the local loss of shear strength and thus the initiation

of SL. This central concept can be incorporated into the Mohr-Coulomb rupture

criterion that defines the shear strength of saturated soils. Terzaghi, 1943, with his

theory of effective stress, identifies the difference between total stress and positive

pore water pressure as the leading cause of changes in soil mechanical behavior and

the consequent movement of the unstable mass on the slip plane.

Through root reinforcement (RR), vegetation provides greater resistance to soil

movement due to root-soil friction, greater cohesion, and stiffness of the soil man-

tle. The contribution of RR in increasing soil cohesion was highlighted since the

1970s (Gray, 1974). This effect was analyzed in both laboratory tests, using stan-

dard Casagrande shear box (Giadrossich et al., 2010), large machines reproducing

the same principle (Yildiz et al., 2018), and field experiments (O’Loughlin, 1972;

Ekanayake et al., 1997). Giadrossich et al., 2017 reviewed methods for evaluating
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and quantifying RR, where the discriminant is the consideration of soil-root interac-

tion and the behavior of the root itself in the final output. A key aspect discussed

concerns the better accuracy of data measured in the field than those obtained in

the laboratory. Field tests preserve the complexity of the soil-root system, which is

partly lost in laboratory reconstructions.

The geometry and conceptual representation of SL have led to a distinction be-

tween Basal Root Reinforcement (BRR) and Lateral Root Reinforcement (LRR). BRR

acts on the basal shear surface of the SL and would be the most effective rein-

forcement mechanism if uniformly distributed along with the profile (Cohen and

Schwarz, 2017). However, the progressive reduction in root number, with increasing

soil depth, affects the intensity of RR (Swanson and Swanston, 1977; Schmidt, 2001;

Rickli and Graf, 2009; Giadrossich et al., 2019). Some studies (Schmidt, 2001; Mont-

gomery et al., 2009; Schwarz et al., 2010) highlighted the need to also consider LRR

as a stabilizing mechanism that can be activated in the lateral sides of potential the

SL and able to influence their size (Reneau and Dietrich, 1987; Schmidt et al., 2001;

Roering et al., 2003; Schwarz et al., 2010). The magnitude of the LRR depends on the

spatial distribution of the roots (Cohen and Schwarz, 2017; Giadrossich et al., 2020)

and the sliding mass deformation (Zhou et al., 1998; Giadrossich et al., 2019), activat-

ing simultaneously along all sides in case of the soil mass rigid behavior (Zhou et al.,

1998; Giadrossich et al., 2019), or progressively in case of differential deformation.

Schwarz et al. (2015) have schematically reconstructed the progressive triggering

of rainfall-induced SLs and the corresponding activation of the RR. Due to the in-

crease in pore water pressure and subsequent reduction in soil suction, a local loss

of shear strength occurs, resulting in downslope movement of the sliding mass. This

condition is evident in the field with the development of a tension crack at the top

and sides, where tension-activated roots can be observed to counteract the failure.

Simultaneously, lateral compressive stresses develop in the downslope zone due to

root compression and passive earth pressure. If the cumulative lateral stress exceeds

the critical value, the soil gives way by developing a failure surface. This condition

is similar to the passive soil pressure conditions (Kramer, 1996). Considering the

root compression, this study observed that it does not affect overall soil strength but

increases stiffness and acts as a delay factor in the initiation of SLs (Schwarz et al.,

2015).

Passive soil pressure is still poorly considered in stability assessment. Most

geotechnical parameter studies in the literature focus on soil shear strength, while

few consider passive wedge of shearing soil. Field observations have shown that

the triggering mechanisms of SLs are characterized by differential deformations that

show localized activation of zones in tension, shear, and compression (Schwarz et

al., 2015; Cohen and Schwarz, 2017; Cislaghi et al., 2019). In our knowledge, the

study of Burroughs (1985) is the first effort to integrate ground water response, soil

shear strength, and root strength in slope stability modeling.

Assessing how soil mechanical processes, and in particular RR, change over
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(D’Ambrosio et al., 2003). Studies have demonstrated the ability of some models to

reproduce complex dynamics that occur in large and medium-sized SLs, for exam-

ple, through the cellular automaton model. The original cellular automaton model

(Segre et al., 1995) aimed to solve the overestimating problems of the frequency of

large SLs events highlighted by the use of power-law statistics. This approach does

not consider the temporal resolution and hence different timing of triggering small

events, tending instead to merge them into a single large event. A solution has been

proposed by the model of Bak et al. (1988), better known as the sandpile model,

by developing cellular automatons based on the self-organized criticality approach.

This simple method considers progressive slope failure, with scalable results for

more realistic analysis. The main features of the sandpile model are the discretiza-

tion of the system into elements identified by two- or three-dimensional cells, and

the application for each cell of specific evolution rules (i.e., triggering, movement,

and stopping). Hergarten (2003) identified some critical issues of this model related

to the scalability of the obtained results, proposing a solution through the use of

the spring-block model of Olami et al. (1992) (Hergarten, 2013). The spring-block

model discretizes the slope into blocks based on the digital terrain model grid (Bak

et al., 1988). Each block represents the unit of FoS estimation and is connected to

neighboring blocks and a rigid guide plate through elastic bonds that simulate the

activated forces on the slope. When a block loses stability, it is displaced, causing

the neighboring blocks to move. This model implies dissipation, i.e., the potential

energy stored gradually in the elastic bonds is partly transferred to the guide plate

and partly lost by the system (Liucci et al., 2017). The development of new cellular

automatons has continued over the years: Pelletier et al. (1997) and Piegari et al.

(2006) have produced a model that considers topography and soil water content;

Segre et al. (1995), Avolio et al. (2000), and D’Ambrosio et al. (2003) have developed

alternatives to cellular automaton models with self-organized criticality approach.

2.2.2 Statistical approaches on slope stability analysis

The statistical models are based on two key assumptions i) future SLs may occur in

the same areas susceptible to landslides in the past, and ii) the parameters needed

for stability analysis, i.e., mechanical and hydrological information, are derived from

the digital terrain model (Guzzetti et al., 2000; Ruette et al., 2011). Environmental

variables considered include slope gradient and curvature, contributing area and

curvature, soil and bedrock types, and, only in a few cases, the effect of vegetation.

Ruette et al. (2011) consider four explanatory variables of which the vegetation type

is a binary choice between grassland and forest. In statistical models, vegetation is

considered a variable that includes all direct and indirect effects on slope stability.

In order to quantify the correlation between precipitation duration-intensity and

the probability of SLs occurrence, inventories (Malamud et al., 2004; Ruette et al.,

2013), and global case studies (Guzzetti et al., 2008) are considered. The statistical

coefficient representing this correlation is estimated by different methods, the best
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known of which are: i) bivariate and multivariate analysis (Carrara, 1983; Süzen

and Doyuran, 2004b), also called logical regression (Hosmer and Lemeshow, 2000;

Süzen and Doyuran, 2004a), through the consideration of explanatory variables clas-

sified in some discrete classes (e.g., classes of soil types, ranges of slope angles, etc.),

ii) classification and regression trees (Nefeslioglu et al., 2009; Yeon et al., 2010) and

random forests (Breiman et al., 1984), recursively analyze information through the

graphical realization of a decision tree that allows the identification of values that

best represent a given attribute (Nefeslioglu et al., 2009; Felicísimo et al., 2013); iii)

support vector machines (Vapnik, 2013) proceeds through nonlinear transforma-

tions of variables and binary identification of the probability SLs occur (Brenning,

2005); iv) artificial neural networks (Brenning, 2005; Falaschi et al., 2009; Arnone

et al., 2014; Koopialipoor et al., 2019) based on complex interactions between units,

also called neurons, through rules that simulate SLs dynamics. Some studies have

demonstrated good accuracy of logistic regression (Süzen and Doyuran, 2004b; Ay-

alew and Yamagishi, 2005; Nandi and Shakoor, 2010), comparable to more complex

neural network methods (Nefeslioglu et al., 2008; Yilmaz, 2009; Rossi et al., 2010). In

conclusion, Ruette et al. (2011) argued for the possibility, through statistical meth-

ods, of identifying key factors controlling the triggering of SLs to be considered in

more detailed analyses with physically-based models.

Physically-based models PMs generally combine a hydrological module to quan-

tify the pore soil water pressure varying over space and time and a mechanical mod-

ule to evaluate soil mechanical parameters changing due to hydrological response

(Capparelli and Versace, 2011). The combined analysis of the processes provides nu-

merical values indicative of the slope stability condition and its failure probability.

PMs analyze morphological, hydro-mechanical, and meteorological information

that influence SLs triggering (Kim et al., 2014). For example, these models evaluate

the susceptibility of SLs by extrapolating the following data from the digital terrain

model: i) slope and altitude (Kim et al., 2014); ii) soil properties, depth, and soil

water flows.

PMs mainly consist of i) fully deterministic models, entirely based on measured

or estimated parameters, and ii) probabilistic models, which consider a probability

distribution, both in terms of spatial distribution and uncertainty of the parameters

considered.

The reliability of the analysis performed with PMs depends strongly on the type

of input parameters measured or estimated, but also on the degree of complexity

implemented in PMs for the simulation and modeling of the interactions of under-

lying processes. In particular, in the stability analysis on vegetated slopes, adding

a fixed value of root cohesion to soil cohesion is potentially less plausible than an

analysis based on estimating the variability of diameter and number of root-bundles

in the soil. However, another aspect of evaluating the accuracy is the objective of the

analysis.

PMs are based on numerical models for the reconstruction and evaluation of the
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investigated slope, considering a spatial and, in some cases, temporal dimension for

stability assessment.

2.2.3 Physically-based modeling approaches

Physically-based models PMs generally combine a hydrological module to quantify

the pore soil water pressure varying over space and time and a mechanical mod-

ule to evaluate soil mechanical parameters changing due to hydrological response

(Capparelli and Versace, 2011). The combined analysis of the processes provides nu-

merical values indicative of the slope stability condition and its failure probability.

PMs analyze morphological, hydro-mechanical, and meteorological information

that influence SLs triggering (Kim et al., 2014). For example, these models evaluate

the susceptibility of SLs by extrapolating the following data from the digital terrain

model: i) slope and altitude (Kim et al., 2014); ii) soil properties, depth, and soil

water flows.

PMs mainly consist of i) fully deterministic models, entirely based on measured

or estimated parameters, and ii) probabilistic models, which consider a probability

distribution, both in terms of spatial distribution and uncertainty of the parameters

considered.

The reliability of the analysis performed with PMs depends strongly on the type

of input parameters measured or estimated, but also on the degree of complexity

implemented in PMs for the simulation and modeling of the interactions of under-

lying processes. In particular, in the stability analysis on vegetated slopes, adding

a fixed value of root cohesion to soil cohesion is potentially less plausible than an

analysis based on estimating the variability of diameter and number of root-bundles

in the soil. However, another aspect of evaluating the accuracy is the objective of the

analysis.

PMs are based on numerical models for the reconstruction and evaluation of the

investigated slope, considering a spatial and, in some cases, temporal dimension for

stability assessment.

2.2.4 Numerical methods for slope modeling

The factor of safety (FoS) calculation can be made by models based on different anal-

ysis methods, from limit analysis to the widely used limit equilibrium methods, and

finally, more complex numerical or analytical approaches (finite element method;

discrete element method).

Limit analysis Limit Analysis (LA) assumes that the soil mass has a perfectly plas-

tic stress-strain relationship (Drucker and Prager, 1952) and can be represented em-

pirically by two theorems: upper bound or lower bound plasticity (Chen, 2007).

These theorems are shown to be helpful when both lower and upper solutions can
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be estimated, considering the collapse load enclosed between edges from below and

above (Yu et al., 1998).

The lower bound plasticity theorem assumes that the external loads are not more

significant than the collapse loads and that the material failure criterion is not ex-

ceeded at any point in the soil mass. The equilibrium is satisfied by the stresses

on the entire soil mass. This theorem does not consider deformations and displace-

ments, and the stress state is not necessarily the actual state at collapse (Leshchinsky

and Ambauen, 2015).

The upper bound plasticity theorem considers a set of external loads acting on

a failure mechanism, and their work on a displacement increment is equal to that

from the internal stresses (Yu et al., 1998). When the work rate along a kinematically

allowable collapse surface due to the external loads is greater than or equal to the

work done by the internal stresses, the external load cannot exceed the effective

collapse load.

Lower bound and upper bound analyses support the exact solution (Leshchinsky

and Ambauen, 2015; Yu et al., 1998), a necessary consideration when applying these

approaches to slope stability.

The LA fundamentals applied to rigid-perfectly plastic material are i) the soil

mass reaches the breaking point though without yielding if in the lower limit the

stress is at equilibrium; and ii) the soil mass moves past internal dissipation if plas-

tic deformation develops in the upper limit. Liu et al. (1995) pointed out some prob-

lems in the formulas used in the LA, such as the complexity of the computational

formulation, low efficiency for problem-solving, and limited scope. The applica-

tions of LA are mainly with plane stress-strain and asymmetric plate/shell analyses

and assumes the effect of pore water pressure by reducing soil strength (Camargo

et al., 2016). Recently updated versions of LA-based methods are emerging as ef-

fective slope stability assessment techniques, e.g., the 3D numerical limit analysis of

Camargo et al. (2016).

Limit Equilibrium Methods Limit Equilibrium Methods (LEMs) are among the

most widely used solutions for slope stability assessment, the spread of which has

been aided by the ability to analyze complex soil profiles and different loading con-

ditions (Yu et al., 1998; Lepore et al., 2013; Arnone et al., 2016a). For these reasons,

LEMs are used to evaluate both two- and three-dimensional systems. In addition,

simple analyses of two-dimensional systems can be used to preliminary assess the

slope stability conditions. Space discretization assumptions allow for more or less

complex solutions. The simplest leads in the Infinite Slope Method (ISM), while

more complex is the Method of Slices (MS). For example, ISM assumes the slope as

a rigid block, homogeneous in its mechanical and hydrological characteristics, and

calculates the FoS required to reach a state of limiting equilibrium.

ISM is the oldest, simplest, and most widely used among LEMs (Selby, 1993;

Pack et al., 1998; Montgomery and Dietrich, 1994; Burton and Bathurst, 1998; Borga
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et al., 2002; Arnone et al., 2011; Lepore et al., 2013). Its main feature is modeling the

slope failure considering it as planar and parallel to the slope surface. This approach

allows verifying the equilibrium either by considering a single point on the slope or

assessing the stability of a soil block by knowing width and length dimensions and

the fixed profile thickness of soil. The latter assumption is considered reasonable

because SLs are generally characterized by shallow depths relative to the length of

the failure surface. The ISM assumes homogeneous or average soil properties along

the soil profile to make the model statically determinate, analytically tractable, and

computationally effective. Both of the former assumptions favor the application of

ISM at a large scale even when the model domain is finely discretized. However, re-

searchers aimed to establish a threshold value of approximate length-to-depth ratio

to avoid significant errors due to oversimplification. Griffiths et al. (2011) proposed

a threshold value of sixteen, based on a series of numerical experiments using a con-

tinuum mechanics model. Milledge et al., 2012 extended these experiments using

the same model to examine thousands of slope scenarios covering the range of con-

ditions expected for natural and found that the FoS was in error by less than 5%

when length/depth ratios exceeded twenty-five.

The ISM root reinforcement is usually implemented as additional values of fixed

cohesion representing the combined soil-root combination in the Mohr-Coulomb

equation, both for deterministic and probabilistic approaches. This is the simplest

assumption considering that most studies do not have spatially explicit controls on

root reinforcement’s spatial density or depths. Variable value of root cohesion in

ISM is implemented by using the Root Bundle Model with Weibull survival func-

tion (RBMw) (Schwarz et al., 2013; Dazio et al., 2018; Gehring et al., 2019), or the

Fiber Bundle Model (FBM) (Pollen and Simon, 2005).

The MS discretizes the slope into vertical slices, and calculates the forces and/or

moments acting on each slice. Several methods were proposed, differing on how the

interaction between the various slices is considered (Chen et al., 2017), and whether

equilibrium is calculated for forces and/or moments. As a result, the value of the ob-

tained FoS may be different. Considering that the number of available equilibrium

equations is less than the number of unknowns in slope stability problems, MS re-

lies on assumptions to make the problem controlled (Duncan, 1996). Some of these

assume i) the absence of deformation on the boundaries between the slices (Mor-

rison and Greenwood, 1989), ii) the influence of different inter-slice forces (Chen

and Shao, 1988; Zheng et al., 2014) or pore water pressures acting on the inter-slice

boundaries (Morrison and Greenwood, 1989). Duncan (1996) observed that when

all equilibrium conditions are satisfied (the equilibrium of forces and moments), no

effect of these assumptions was observed in the FoS calculation, while when only

the equilibrium of forces is satisfied, the FoS is significantly affected by the slope set

for the lateral forces between slices. For this reason, they stated that force equilib-

rium methods offer a reduced degree of accuracy compared to methods that satisfy

all equilibrium conditions. In the MS approach the RR is implemented as fix value
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(Greenwood, 2006) calculated by using the Wu-or-Waldron Method (WWM) (Wu et

al., 1979; Waldron and Dakessian, 1981).

LEMs are still widely used and generally preferred to complex numerical models

because of their simplicity (Chen et al., 2003).

Numerical analysis methods Numerical analysis Methods (NMs) were implemented

to simulate the spatial complexity of geotechnical and hydrological parameters con-

sidered in slope stability analysis. NMs consider deformation, subsidence, pore

pressure, and soil suction changes after an intense rainfall event. For this reason,

NMs are more descriptive and accurate, but they need high computational costs

and detailed input data (Rossi et al., 2013; Milledge et al., 2014). The most currently

used NMs modeling can be divided into three main groups: i) continuous, ii) dis-

continuous, and iii) hybrid.

The Finite Element Method (FEM) belongs to continuous NMs and is commonly

used to evaluate condition changes of elements subjected to stress and deforma-

tion arising from resisting and driving forces. FEM was adopted to solve over-

simplification in modeling through ISM, where variations in soil mechanical be-

havior caused by the heterogeneity of physical characteristics and lateral interac-

tions/deformations are neglected. The basic FEM approach is partitioning complex

structures, characterized by infinite degrees of freedom, into a set of simpler ele-

ments connected to form a single mesh at specific points called nodes (Rajapakse,

2016). In the case of slope modeling, parameters related to displacements, velocities,

and balance of forces are attributed to each node while material properties defin-

ing the stress-strain behavior are attributed to elements consisting of polygons com-

posed of nodes. This discretization approach allows the calculation of active forces

through simple algebraic equations (Rapp, 2017), providing more realistic modeling

of progressive soil deformations.

Applications of FEM consider several approaches. Some are based on the Mohr-

Coulomb concept of elastic-plastic soil, to which a value of apparent cohesion rep-

resenting root reinforcement is added. These applications involve meshing the root

model and soil matrix by nodes and considering contact near the soil-root interface

using kinematic conditions (Dupuy et al., 2005). Other applications of FEM con-

sider the development of new material models for rooted soil. The study of Świtała

et al. (2018) and Świtała et al. (2019) proposed a coupled hydro-mechanical model

to assess the root effect on soil’s mechanical and hydrological behavior. Root rein-

forcement, considered as uniform parameter which change depending on vegetation

type (Świtała, 2016), is combined with the Cam-clay model for unsaturated soils (Ta-

magnini, 2004) and implemented through a finite element code (Sanavia et al., 2006;

Sanavia et al., 2008). Further FEM applications consider root as geogrid discrete el-

ement into the soil mesh (Mickovski et al., 2011; Mao et al., 2014b). These recent

studies assume that all roots have same properties: their basic constitutive material
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is isotropic and strength and modulus of elasticity are equal in case of compression

and tension loadings.

Despite the significant advances in slope stability modeling made by FEM, there

are some significant limitations. For example, difficulties in modeling the develop-

ment of soil cracks consequent to the SLs initiation can be addressed by applying

the material point method of Sulsky et al. (1994), able to deal with large material

deformation. The material point method involves i) a continuum discretized into

a finite number of material points, representing the volume of an element (Abe et

al., 2014) and characterized by mass, velocity, acceleration, stress, strain, and other

properties (Lagrangian description of the material) (Andersen and Andersen, 2010),

and ii) an empty computational mesh in which the stability equations are solved and

iteratively updated during the analysis (Eulerian grid) (Conte et al., 2020). From the

combination of these two methods, the model was implemented simulating the re-

action of an elasto-plastic material when subjected to significant deformations (An-

dersen and Andersen, 2010). However, to the best of our knowledge, there are no

applications of this modeling approach in rooted soils.

As alternative solutions to continuous approaches, discontinuous methods have

been developed for slope stability assessment. The Discrete Element Method (DEM)

is the most widely used, developed to address engineering problems in granular,

discontinuous, heterogeneous, anisotropic, and nonelastic materials. The DEM, like

the FEM, is used to evaluate the effect of roots on different analysis scales. For ex-

ample, Cundall and Strack (1979) and Bourrier et al. (2013) applied this method to

study roots influence on the shear resistance, while Cohen and Schwarz (2017) im-

plemented the DEM in the development of a new SSM, SOSlope.

The studies of Cundall and Strack (1979) and Bourrier et al. (2013) propose a

modeling approach that discretizes the soil into locally deformable individual spher-

ical elements and the roots as flexible cylinders embedded in the soil matrix. This

model considers the root tensile loading until breakage, the root bending loading,

the root-soil adhesive links until adhesion breakage, the root slippage associated

with a frictional resistance at the root-soil interface (Bourrier et al., 2013). Under the

influence of loading forces, elements move through space and interact with neigh-

boring elements. At each time step, the contact forces between the particles are cal-

culated for each displacement and recursively summed before the next time step.

The study of Cohen and Schwarz (2017) proposes the use of DEM for slope mod-

eling and analysis using SOSlope. In this model, the DEM is combined with the

spring-block model of Olami et al. (1992) (a subset of the self-organized criticality

approach of Bak et al. (1988)) to consider forces redistribution on the slope and re-

cursive computation of equilibrium. Starting from raster information of the digital

terrain model, the slope is discretized into a series of blocks connected by links that

simulate the mechanical forces of roots and soil (Cohen et al., 2009). In this way, in

quantifying the factor of safety, derived from the ratio between resistive and active

forces, the effect of the basal root reinforcement is considered a resistive force, while
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the lateral root reinforcement as an active force. Like the previous method, the loss

of block stability caused by the increase of the soil water content causes its move-

ment, affecting lateral bonds and positions of the adjacent blocks. Depending on the

movement direction of the block, the bonds simulate tension or compression forces.

Finally, hybrid NMs modeling was also developed combining FEM and DEM

and obtaining the combined Finite-Discrete Element Method (FDEM). FDEM allows

simulating a solid region as a set of deformable finite elements, by FEM, that may be

subjected to progressive fracturing, by DEM (Munjiza et al., 1995).

2.2.5 Dimensional systems of slope stability analysis

Currently available SSMs have been realized in one, two, and three dimensional sys-

tems (1D, 2D, and 3D), providing different solutions depending on the final analysis

purpose, data, and tools availability. Implementing a complex multidimensional

system requires detailed data availability regarding the starting stability condition

with a certain degree of precision and variability (uncertainty and spatial distribu-

tion). With the increase of spatial dimension, also the computational time increases

due to a large number of freedom degrees necessary to solve.

The most commonly used models are those in 2D, generally based on ISM, which

allow making assessments either in planimetric terms, as in the case of most SSMs,

or considering the vertical section of the slope, such as SLIP4EX (Greenwood, 2006).

The advantage of 2D SSMs is the low number of data inputs required, and lower

computational time, allowing wider use in both engineering and scientific research

(Pollen-Bankhead and Simon, 2010; Greenwood, 2006; Genet et al., 2010; Thomas

and Pollen-Bankhead, 2010). More complex FEM- and DEM-based SSMs imple-

mented in 3D require more input data, associated with greater inherent uncertainty,

and a deeper understanding of processes, thus requiring more computational time.

Root reinforcement does not usually have the same spatial dimension as the re-

spective SSM in which RR is implemented. In most PMs, the root contribution is

considered in the force balance as a constant (static) value of uniformly distributed

cohesion (Fig. 2.2a), and accounted for as basal cohesion. However, in both SSDMs

and SSPMs, some models calculate the root reinforcement considering the spatial

variability of RR. Among these, we can mention Mao et al. (2014a) which uses a

homogeneous root cohesion for each soil layer, while it is set to zero in the case

of non-vegetated areas. On the other hand, Arnone et al. (2016b) instead consid-

ers variations in basal root reinforcement (Fig.2.2b) based on the distribution of

trees. More complex models consider the RR variability across multiple dimensions

(Fig.2.2c), considering spatial variability of both lateral and basal RR. Among the

SSPMs, Zadelhoff et al. (2021a) and Cislaghi et al. (2017) consider both basal and

lateral RR. While among the SSDMs, Milledge et al. (2014) consider both lateral and

basal root cohesion which decrease exponentially with increasing depth, identifying

the critical depth and position of water table (Liucci et al., 2017). Cohen and Schwarz
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(2017) consider basal and lateral RR spatially distributed based on the tree position

and dimensions, including root -tensile and -compressive forces on the slope.

FIGURE 2.2: Root reinforcement a) uniformly distributed on horizontal layers, b) two dimension
spatially variable on horizontal layers, and c) spatially variable both for horizontal and vertical
surfaces.

Regarding the time dimension, only a few SSMs consider the progressive slope

failure caused by the variation in the short time of the parameter values and thus

the equilibrium conditions of the slope (Montgomery and Dietrich, 1994; Baum et

al., 2002; Rossi et al., 2013; Cohen and Schwarz, 2017). For example, Bordoni et al.

(2015) reported some studies where the TRIGRS model (Baum et al., 2002) was used

to analyze timing and location of SL triggering considering local (Salciarini et al.,

2008) and regional (Salciarini et al., 2006; Godt et al., 2008) scales.

Aiming to obtain a more complete analysis, parameters variability should be con-

sidered changing over time. Particular attention is focused on factors that, changing

over short time periods, significantly influence in the triggering process, such as the

increase of pore pressure (Montgomery and Dietrich, 1994; Baum et al., 2002; Rossi

et al., 2013) and soil saturation (Montrasio and Valentino, 2008), or the activation

of roots resistance forces (Schwarz et al., 2013). However, also changes over longer

periods, such as soil depth (D’Odorico and Fagherazzi, 2003) or root decay (Vergani

et al., 2016; Vergani et al., 2017b), should be considered allowing the stability assess-

ment over years or decades (D’Odorico and Fagherazzi, 2003; Ciervo et al., 2017).

2.3 Root reinforcement modeling approaches

Although the contribution of RR is recognized as an influential factor in the hydro-

mechanical dynamics that determine changes in slope stability conditions, quantify-

ing their contribution is still difficult. Such estimation requires parameters that are

often complex to measure, such as root geometry and size, but most importantly, it

requires information on the mechanical characteristics determining the effective ac-

tivation of RR during a SL event. Therefore, considering the difficulty of measuring

and modeling the effect of roots, this factor is generally assumed as a constant and
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uniform value of cohesion (Figure 2.2 a) added to the soil strength (Waldron, 1977;

Wu et al., 1979), often calculated with the Mohr-Coulomb equation.

However, while this solution has shown practical advantages when used in SSMs,

it does not allow quantifying and predicting the contribution of roots during soil de-

formation caused by the loss of stability (Michalowski and Zhao, 1996; Ekanayake

and Phillips, 1999). Observations made by Fannin et al. (2005) showed the occur-

rence of two peaks during the slope failure process, the first due to soil shear strength

and the second due to RR activation. In Figure 2.3, it is evident that these two peaks

occur at different displacements, and the root contribution to soil stability is consid-

ered by adding it to the soil shear strength.

FIGURE 2.3: Picture from Cohen et al. (2011) showing an example of field pullout test dy-
namic from Fannin et al. (2005) study, highlighting the root’s effects on soil stress-strain
behavior. The graph shows three different curves: i) the curve with black squares and two
different peaks shows soil matrix shear and roots tensile forces, ii) the green curve shows the
only soil shear stress, and iii) the brown curve shows the root contribution.

For decades, and often still today, the estimation of apparent root cohesion is

done with the models proposed by Waldron (1977) and Wu et al. (1979). These mod-

els consider roots as elastic fibers oriented perpendicular to the slip plane and affect-

ing the soil’s normal stress component. After losing soil stability, roots elongate sub-

jected to tension forces developed due to downslope soil movement. The estimation

of RR in these two RRMs does not consider the actual roots’ diametric distribution,

calculating the force as linearly proportional to the root area ratio. The root area ra-

tio derives from the ratio between the area occupied by roots and a unit area of soil

(Bischetti et al., 2005). The root inclination is also considered by becoming slightly

negative in the case of roots not perpendicular to the cutting surface (Thomas and

Pollen-Bankhead, 2010).
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Waldron model Waldron (1977) proposed a first RRMs that considers the soil-

root friction force, root diameters, and elastic modulus (estimated using Hooke’s

law). This model assumes that roots have identical properties and sizes. Since the

shear strength value of each is inversely proportional to one-fourth of the root cross-

sectional area or, similarly, to one-half of its diameter, small roots provide greater

strength than coarse roots at an equal root area ratio.

Based on the concept of activated root length, the correlation between root ten-

sion and displacement and their progressive failure during soil deformation were

exposed for the first time. However, this model showed the disadvantage of requir-

ing parameters challenging to measure and estimate, e.g., soil depth, root length,

and inclination.

Wu model After a few years, Wu et al. (1979) proposed a new simplified RRMs

based on simultaneous activation and failure of all roots crossing the failure plane.

This assumption shows an inevitable order-of-magnitude error in RR quantification

(Schwarz et al., 2013) (Figura 2.4). Nevertheless, Gray and Ohashi (1983) proposed

a further simplification of Wu’s model by assuming that the average RR of the total

rooted area is equal to the average of the product of root strength and root area.

Again, the simplicity of the model’s use influences its accuracy, producing an even

more significant overestimation of the RR than the Wu model.

In general, both previous models consider i) maximum root resistance is additive

to soil resistance, ii) RR is independent of displacement, and iii) simultaneous root

activation and failure occur without accounting for their spatial variability in size.

These assumptions are refuted by field and laboratory studies (Pollen and Simon,

2005; Docker and Hubble, 2008; Mickovski et al., 2007; Loades et al., 2010), which

highlight the importance of considering diametric variability of roots in space and

their progressive activation during SL initiation. The RR overestimation causes a

potential underestimation of the slope stability in an investigated area (Montgomery

et al., 2009; Schwarz et al., 2010).

However, the little information required, considering the critical root tensile strength

and the cross-sectional area of roots crossing the failure surface, still favors the use

of the Wu model (see Tables 2.1 and 2.2).

Fiber bundle model A first alternative to the previous RRMs was proposed by

Pollen and Simon (2005) who, reconsidering the concept about progressive roots fail-

ure when subjected to a tension force (Waldron, 1977), developed a model in which

roots, considered as a bundle of elastic fibers, are subjected to stress-step loading.

The FBM and its updated versions (Pollen, 2007; Pollen-Bankhead and Simon, 2010;

Thomas and Pollen-Bankhead, 2010) are widely used.

Although FBM has contributed to improving the estimation of RR, it still shows

some limitations, mainly related to the roots’ diametric distribution, geometry, and

mechanical properties, due to the step-loading estimation approach. Considering
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force dependence on load instead of displacement, it is not possible to estimate the

residual tensile force remaining after the activation of maximum RR.

Root bundle model Following field observations that highlighted the importance

of LRR in determining SL probability and size, it was considered necessary for RRMs

to consider this effect. Therefore, Schwarz et al. (2010) created the Root Bundle

Model (RBM) by implementing a strain-step loading approach. The RBM neglects

the use of the correction factor for root inclination, assuming them to be oriented

parallel to the sliding direction (Riestenberg and Sovonick-Dunford, 1983). This

assumption is justified by the sampling method by which field measurements are

made on lateral roots protruding from the vertical soil profile.

Unlike other models, the RBM considers the displacement and force ratio and

estimates the RR by considering the root strength, the elastic modulus, geometric

characteristics such as diameter, length, tortuosity, and branching points, and their

density in the soil.

By considering RR as dependent on displacement instead of load, RBM allows

for a complete force-displacement curve and redistribution of forces on each root,

based on their geometric and mechanical properties (and not statistically imposed)

(Schwarz et al., 2013).

RBM preserves the assumption of cumulative progressive activation of RR (in-

troduced by Waldron (1977) and subsequently neglected by Wu et al. (1979) and

FBM) along the activation area due to root-soil friction, assuming its measurement

during pullout tests (Figure 2.3). Field pullout tests (Schwarz et al., 2010; Schwarz

et al., 2011) showed a negligible influence of soil pressure and water content on the

corresponding force and displacement, emphasizing the effect of root diameter and

length instead.

Root bundle model with Weibull distribution function Considering the applica-

bility of the Weibull function, Schwarz et al. (2013) have included this function in the

RR quantification, considering the intrinsic variability of the mechanical properties

of roots with similar diameters. This new version of the model, called RBMw, pro-

poses a simplified mathematical formulation compared to the RBM, considering the

"average" mechanical behavior of each root diameter class (Schwarz et al., 2013).

The figure 2.4 shows that, among the analyzed solutions, RBMw best fits the

measured field values.
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FIGURE 2.4: The graph from Schwarz et al. (2013) compares measured pullout force as a function
of displacement (gray points) with the two versions of RBM and RBMw. It is immediately evident
that the WU model provides a uniform and significantly greater RR value with respect to the
other RRMs and to the measured values. The RBM (lightgreen line) overestimates the RR, while
the RBMw (darkgreen line) better fits the measured data.

2.3.1 Numerical methods for root reinforcement modeling

The measurement of parameters required in analytical models still shows some gen-

eral difficulties, e.g., related to the availability of instruments and time needed for

field surveys and specific problems in estimating the geometrical and mechanical

characteristics of the roots. The various measurement methods have been reviewed

by Giadrossich et al. (2017) showing different approaches to quantify the force for

single root, through tensile tests or pullout tests, or for rooted soils, through shear

strength tests. Therefore, as an alternative solution to complex experimental meth-

ods, some studies proposed and validated complex numerical modeling methods for

RR quantification based on the FEM and the DEM. Both methods, already widely

used in slope stability analysis (section 2.2.3), have proved to be applicable also in

the study of soil-root interaction during soil movement processes.

FEM has been applied in the analysis of wind-induced uprooting and anchor-

age mechanisms (Dupuy et al., 2007; Fourcaud et al., 2008), as well as root pullout

analysis (Lin et al., 2010) and direct shear tests (Mickovski et al., 2011; Frydman and

Operstein, 2001). These studies have highlighted that, although the model shows

some difficulties in validating field measured data (Dupuy et al., 2007), FEM can be
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considered as a valid numerical method (Mickovski et al., 2011; Mao et al., 2014b)

able to provide data comparable to experimental tests.

Some examples of the FEM application have already been presented by Mick-

ovski et al. (2011) and Mao et al. (2014b). In these studies, the investigated soil sam-

ple is modeled in 3D through a mesh made of tetrahedral deformable elements with

four nodes. In contrast, the roots are modeled considering two different elements,

beam, and truss. Beam type simulates the strength of roots in tension, compression,

shear, bending, and torsion, while truss type exclusively simulates the strength in

tension and compression (Spyrakos, 1994). This rooted soil sample was subjected to

stress-strain until roots failure (figure 2.5).

FIGURE 2.5: The picture, from Mao et al. (2014b), shows a modeled shear box test and the devel-
opment of plastic zones on rootless and rooted soil samples, highlighting the influence of RR on
soil mechanical properties. In the rootless soil, the plastic zone is verified on the left side (Figure
a) and develops along the shear surface as soil strain increases (Figure b). In the rooted soil, the
roots’ effect is simulated by considering different inclinations: in Figure c, roots are inclined by
45°in the opposite direction of shear, while in Figures d and e, roots are inclined by 45°in the same
direction. In these cases, the development of a plastic zone is evident perpendicular to the shear
zone, differing in magnitude according to the two types of inclination (Figure c and Figure d).

Bourrier et al. (2013) proposed a new approach to modeling and evaluating soil-

root interaction based on the DEM use. In this case, the soil is modeled by locally

deformable rigid spheres and roots as deformable cylinders (figure 2.6). The set of

spheres, uniformly distributed in space, simulates the soil particles and their inter-

action. The dimensions used for the spheres are equivalent to about 5 to 8 mm in

diameter and, although larger than the real soil particles, Bourrier et al. (2013) jus-

tifies this decision as a necessary solution to model the evolution of soil movement

under shear load. As for the roots, these are individually represented by deformable

cylinders considered, as in the case of FEM, beam and truss elements (Mao et al.,

2014b).
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FIGURE 2.6: The two Figures show a shear box modeled by the DEM after Bourrier et al. (2013).
Figures (a) is an example of modeled soil by locally deformable rigid spheres, while Figures (b) is
an examples of root bundle modeled as deformable cylinders.

Through the DEM approach, it is possible to simulate the interactions between

soil particles and between soil and roots, evaluating in detail forces developed at the

soil-root interface.

The discussed RRMs are implemented on SSMs to consider the influence of RR

in the assessment of slope stability in vegetated areas (Tables 2.1 and 2.2, specifically

the column named Root reinforcement model).

2.4 Comparison of physically-based models

Twenty-one slope stability models (SSMs) are analyzed in this paper (Tables 2.1 and

2.2). Tables 2.1 shows the probabilistic model approaches, while table 2.2 shows the

deterministic model approaches. The selection of models was made with objective

criteria based on those models that consider the contribution of roots in the FoS cal-

culation. In addition, some models among SSMs were selected with a subjective

criterion, considering which, in our opinion, are the most used in the literature but

which do not consider the RR. Models in both tables are sorted by date of publica-

tion. The main objective of each model is to meet the operational needs of stabil-

ity analysis and assessment in specific applications. For this reason, it is difficult

identifying the strengths and weaknesses of a SSM. However, it is more functional

understanding in which environments and analysis scale the use of the SSM is most

effective by considering methods and approaches implemented.

Starting from the evaluation of the modeling approach used to develop the SSM,

it is evident from the Table 2.1 that all SSPMs are based on the ISM and consider a

2D dimensional space. Assuming its easy applicability and the request of few in-

put data, often efficiently obtainable, the ISM allows to optimize the computational

time for obtaining information about the stability conditions of the area. However,

it especially encourages the application of SSPMs in analysis over extensive areas.
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Differently, SSDMs aim to provide more detailed information about the processes

promoting the SLs initiation. To do this, some SSDMs apply more complex mod-

eling methods that allow for better implementation of soil-root interactions. Table

2.2 shows that the most recent SSDMs consider the slope through multidimensional

systems based on the FEM and DEM. The complexity of these models requires more

significant detail in the input data, resulting in longer modeling times that require

consideration of smaller areas of extent.

The modeling approach generally influences the choice of the analysis scale, an-

other essential criterion to evaluate the appropriate SSM. Their application ranges

from regional scale to slope scale of analysis (Table 2.3). In particular, regional scales

analyses aim to identify susceptible and more landslide-prone areas by investigating

catchments, while slope scales analyses aim to understand in detail how variations

in water content can determine the instability of sloping soils.

In large areas, the accuracy of the analysis depends on the SSM ability to simulate

the spatial variability and uncertainty of environmental characteristics and physical

parameters (e.g., soil depth and porosity, root cohesion), aiming at obtaining more

realistic and plausible values through the probabilistic distribution of input param-

eters.

In the analysis of smaller areas, it is relatively easier to have detailed informa-

tion, which can also be obtained by measuring required parameters in the field. In

this context, parameters variability is reduced, consequently reducing the degree of

uncertainty and allowing the assumption of uniform distribution relative, for exam-

ple, to hydrological and mechanical soil properties or the rainfall distribution over

the investigated area.

Based on this reasoning, SSPMs are preferred in regional analysis scales, as they

better implement physical parameters and landscape variability. In contrast, SSDMs

are generally preferred in local scales, providing detailed information about hydro-

mechanical processes that favor SL triggering on a slope. However, the Table 2.3

shows that SSPMs can be used also for slope-scale analysis but obtaining less de-

tailed results, while some SSDMs are valuable also for regional scale analysis, for

example SHETRAN model can be applied to a single hillslope or to all subbasins in

a large (e.g., 5,000 km2) river basin (Ewen et al., 2000).

Modeling approach and analysis scale influence the analysis purpose of appro-

priate SSM application. The Table 2.3 shows that all SSMs allow for risk analysis,

some even identifying SL trigger locations, sizes, and flow paths. Only a few have

proven useful for assessing the effect of vegetation, and in particular, how the stabil-

ity of the area changes as forest structure changes (Mao et al., 2014b; Arnone et al.,

2016a; Cohen and Schwarz, 2017; Cislaghi et al., 2017; Zadelhoff et al., 2021a). In

these cases, evaluating the actual vegetation’s conditions and its influence on soil

protection is necessary to identify appropriate management criteria aimed at pre-

serving and improving the mitigation effect. Furthermore, considering changes to
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which ecosystems and landscapes are and will be subjected in the future due to nat-

ural and human disturbances, assessing consequent changes in root reinforcement

(Preti, 2013; Vergani et al., 2016; Vergani et al., 2017a) and landslide susceptibility is

critical for accurate and effective land-use planning.

For this reason, it is crucial to focus on analyzing how SSMs consider the effect

of vegetation in stability assessment. From both Tables 2.1 and 2.2, it is evident the

use of different methods to quantify and implement the root reinforcement effect.

In particular, in addition to SSPMs and SSDMs that neglect the effect of vegetation,

other SSMs consider vegetation using either a spatially uniform value or a variable

value of root reinforcement added to soil cohesion. Observing the temporal order

used to illustrate the SSMs considered in the Tables 2.1 and 2.2, it is evident that

in both cases, the most recent ones incorporate more carefully the root reinforce-

ment, preserving its characteristic of spatial and temporal variability. This aspect

is justified by the possibility of developing SSMs implemented with more complex

modeling approaches, thanks to the improvement of technology and techniques for

data collection and measurement. Focusing on the purpose of this article, the root

reinforcement model and how SSMs consider this factor as input parameter is ana-

lyzed.

In the specific case of SSPMs, only two of the investigated models neglect the

effect of vegetation, i.e., the method proposed by Park et al. (2013), for stability anal-

ysis in a GIS environment, and the HIRESSS model of Rossi et al. (2013), which

analyze SL triggering conditions in real-time and on large areas. The decision to ne-

glect vegetation effects could be justified by choice to find a simple and accessible

method, as in the case of Park’s method, or by the analysis purpose, as in the case of

the HIRESSS model that aims to limit the processing complexity and get the result

in the shortest possible time.

The remaining SSPMs that consider the root reinforcement contribution allow

for more realistic evaluations of vegetated slopes. LISA (Hammond, 1992), SINMAP

(Pack et al., 1998), STARWARS-PROBSTAB (Beek, 2002), and GEOtop-FS (Simoni et

al., 2008) consider root reinforcement an additional uniform value of apparent co-

hesion calculated using the static model proposed by Wu et al. (1979) and Waldron

and Dakessian (1981). In contrast, tRIBS-VEGGIE (Arnone et al., 2016a), PRIMULA

(Cislaghi et al., 2017), and SlideforMAP (Zadelhoff et al., 2021a) consider root rein-

forcement variability over space. These consider variable or dynamic root cohesion

are based on the fiber bundle model of Pollen and Simon (2005) (PRIMULA) and the

RBMw of Schwarz et al. (2013) (tRIBS-VEGGIE and SlideforMAP). Another impor-

tant aspect to highlight is that while tRIBS-VEGGIE considers only basal reinforce-

ment, PRIMULA and SlideforMAP consider both basal and lateral reinforcement,

improving the broad applicability of these models. These SSPMs are also appro-

priate for forest planning purposes, automatically reconstructing the hypothetical

vegetation cover using probabilistic approaches applied to accessible information

layers (e.g., comparisons between digital terrain and surface models, applications of
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tools, showing a critical limitation in using some models.

2.5 Final remarks

Slope stability models are fundamental tools for understanding and quantifying the

susceptibility to landslides of areas with critical environmental characteristics. As

a mitigation factor in the shallow landslide initiation process, the focus on the pro-

tective role of vegetation has increased in slope stability models since the 2010s,

considering the complexity represented by variability in root reinforcement.

The analyzed SSMs show various solutions applicable to different environments

and scales, using hydro-mechanical soil and vegetation information to complete the

stability analysis. However, it is difficult to make a rank of the most suitable models.

The SSM choice depends on the context for which it has been realized, considering

different aspects of the model such as dimensional space, computational scale, the

purpose of the analysis, and output data. More recent SSM such as tRIBS-VEGGIE,

PRIMULA, and SlideforMAP for SSPMs, and MD-STAB, Ecosfix 1.0, and SOSlope

for SSDMs, highlight an increasing attention in considering root reinforcement as a

variable factor in space and time. This type of model offers a more detailed output

concerning the static ones. Moreover, all physically-based probabilistic models are

more suitable than deterministic ones to perform regional-scale analysis.

Stability models may improve simultaneously as the techniques for data collec-

tion and measurement. The improvement of survey techniques, e.g., aerial and ter-

restrial laser scanning, is evident to obtain digital terrain and surface models used

to estimate forest structure in spatial and dimensional terms. This improvement is

not the same for techniques for acquiring data on root reinforcement. SSMs that

consider root reinforcement need field measurements for their characterization and

quantification. However, there are no shared standards in the specific case of root

measurements, and hence aggregation of different sources is relatively ineffective.

The proposal of standardized surveying methods and techniques will allow more

systematic data collection implementation and improve the quality of root distribu-

tion and tensile strength data, particularly in the Findability, Accessibility, Interop-

erability, and Reuse (FAIR) perspective of Open-Science. The study of equations and

models for reconstructing hydrological and mechanical processes will also need to

evolve, accommodating this increased detail and then be implemented in increas-

ingly advanced slope stability models.
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Chapter 3

Software

All three software used in this research project were developed by or in collaboration

with the international research group ecorisQ. Their application allows estimating

the contribution of RR on soil stability considering three different scales of analysis

(Figure 1.3), from the single tree scale using RBM++, to the local slope scale using

SOSlope, and to the regional forest scale using SlideforMAP.

The only one currently available on the ecorisQ webpage is SOSlope, developed

by Cohen and Schwarz (2017) and presently in the update phase for its second ver-

sion. As for the remaining two software, RBM++ is currently in the first phases of

application and GUI finalization, while SlideforMAP is still in the source code de-

velopment phase and therefore usable only by code line via shell.

A fundamental aspect about the RR estimation is that all these software imple-

mented the same standard values quantified for some tree species. These species

are:

• tree of heaven (Ailantus altissima, (Mill.) Swingle);

• birch (Betula pendula, L.);

• chestnut (Castanea sativa, Mill);

• european beech (Fagus sylvatica, L.);

• spruce (Picea abies, (L.) H.Karst.);

• radiata pine (Pinus radiata, D.Don);

• black poplar (Populus nigra, L.);

• pubescent oak (Quercus pubescens, Willd);

• chinese windmill palm (Trachycarpus fortunei, (Hook.) H.Wendl.);

• gray alder (Alnus incana, (L.) Moench).

From the results of scientific research on RR of these tree species, standard values

for the RR mechanical parameters were identified and made available for analysis

with these software through the species choice option. The standardization process

involves the steps described in sections 4.1.2 and 4.1.3 of this thesis, but requires
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merging more data from locations with similar environmental conditions. In this

way, it is possible to characterize the tree species well.

In the following sections, each software will be presented in detail.

3.1 The software RBM++ for root reinforcement estimation

RBM++ is a new software developed as part of this research project to estimate and

evaluate the RR. The central part of the software development work involved rewrit-

ing the original R code of the Root Bundle Model with the Weibull survival function

(RBMw) of Schwarz et al. (2013) in C++ programming language. This process al-

lowed equipping the RBM++ with a GUI for easy use by researchers and profession-

als. RBM++ allows analyzing the displacement strength of root bundles and their

spatial variability at different soil depths and distances from tree stems.

The beta version of the software (Figure 3.1) still depends on preliminary analysis

through the original R code for quantifying the standard mechanical parameters of

RR.

3.1.1 Input data

Using RBM++ requires specific information necessary to proceed with RR estima-

tion:

1. the Roots distribution file, containing the root density recorded for each diame-

ter class. The file should be created similar to the example in Table 3.1, consid-

ering 1 mm of increase of each diameter class. In this file:

• Id_Trench corresponds to the profile in which roots are counted;

• Id_Tree corresponds to the trees in which roots are counted;

• Distance (in m) expressed in meters is the distance between the tree stand

and the soil profile;

• Depth (in cm) can be or the whole soil profile, or different layers of soil.

This choice is at the user’s discretion and depends on the detail of the

analysis to be obtained.

• columns from 1 to n correspond to root diameter classes.

2. the Trees file should be like the example in the Table 3.2. In this file:

• Id_Tree should correspond to the previous table. This allows to assign

specific trenches to their own tree;

• X and Y coordinates allow to identify the position of each tree investigated;

• Age is the tree age and an accessory information which allows reasoning

over different characteristics of the tree, that influence the reinforcement.
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• DBH is the tree diameter at 1.30m and an accessory information which

allows reasoning over different characteristics of the tree, that influence

the reinforcement.

• Stand is the location of the investigated tree and an accessory information

which allows over different characteristics of the tree, that influence the

reinforcement.

TABLE 3.1: Example of root distribution input file in RBM++

Id_Trench Id_Tree Distance (m) Depth (cm) 1 2 ... n

j i f l nφ1 nφ2 ... nφn

... ... ... ... ... ... ... ...

TABLE 3.2: Example of tree file data input file in RBM++

Id_Tree X_coord Y_coord Age DBH Stand

i x y n d place

... ... ... ... ... ...

The RBM++ application allows proceeding by two modes of data sets: i) through

the User defined mode (Figure 3.1), permitting the user to enter specific values of

the RR parameters related to the tree specie investigated, or ii) by choosing the tree

specie among those already available by default. The latter function is helpful in case

it is not possible to perform field sampling and quantify the specific values (Figure

3.2).

The User defined option allows obtaining root reinforcement estimation for spe-

cific trees or case study. This application required proceeding with data collection in

the field and pullout tests (Giadrossich et al., 2017). Field or laboratory data should

be used with RBMw equations to obtain the values corresponding to the mechanical

root parameters shown in Table 3.3. Equation implemented into RBM++ are very

complex, we suggest to see Giadrossich et al. (2013) and Dazio et al. (2018).

TABLE 3.3: Mechanical roots parameters required in User defined method in RBM++

Parameter Symbol

Force factor F0

Force exponent α

Weibull survival mean µ

Weibull survival standard deviation σ

Root stiffness slope ks

Weibull survival shape factor ω
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FIGURE 3.1: Graphical User Interface of RBM++ software showing the User defined option to es-
timate root reinforcement. This option allows the quantified values for the specific tree species
investigated to be entered into the appropriate cells. However, input data on root distribution,
measured for different soil depths and at different distances from the tree, and tree location, are
common with the option of choosing the species from those already standardized. The software
allows the user to indicate the folder to save the final processing results.

These mechanical parameters will be better discussed when showing the tree

scale analysis in the Japanese cedar case study (section 5.1.1)

RBM++ allows to choose a tree species for RR estimation among the ones listed

before. Considering the limited number of tree species available, it is possible to

choose a tree species with characteristics more similar to the investigated one. In

this way, the lack of data necessary to estimate the actual mechanical parameters in

the Table 3.3 is overcome.



3.1. The software RBM++ for root reinforcement estimation 39

FIGURE 3.2: Graphical User Interface of RBM++ software showing the Species choice option to
estimate root reinforcement. In the space referring to root mechanical properties, it is possible to
view the already standardized tree species list and choose which one to use in estimating root
reinforcement.

3.1.2 Output data

From the application of the RBM++ software, it is possible to obtain graphic results

directly viewable in specific windows of the GUI and output files in text format.

In fact, the same data displayed graphically are available in file format to allow for

further analysis and processing.

Results displayed in the GUI are:

• the window of the Map root reinforcement space distribution, allowing the vi-

sualization of the estimated RR referred at each tree and different distances

from the stem. This simplified visualization permits quick estimation and rep-

resentation of RR for the investigated trees. It is also possible to query each

element in the graph and visualize the maximum force values estimated for

each trench.

• the window of Displacement-Force Plot, showing a technical plot of the force-

displacement ratio for each trench. This window is also interactive, giving the

possibility to turn the display of a specific trench on or off. Values shown in

this graph represent the total RR that can be activated in case of SL on the entire

depth profile along the longitudinal trench.

• windows of Displacement-Force for each depth layer, allowing to observe and an-

alyze in detail the RR in a specific depth. The number of windows depends on

the soil layers identified by the user.

All the windows will be shown describing the study case of Japanese cedar RR

estimation (section 5.1.2).
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3.2 The software SOSlope for local scale analysis

The software Self-Organized Slope (SOSlope) developed by Cohen and Schwarz

(2017) was used in this research project for a local scale analysis. This software is

based on a slope stability physically-based deterministic model (Table 2.2), which

allows assessing the slope stability focusing on RR contribution on soil protection.

We already discussed in the chapter 2 the main characteristics of this model when

comparing with the other SSMs available.

Specifically, SOSlope is an hydro-mechanical model that allows calculating the

Factor Of Safety (FoS) on a hillslope considering the effects of RR in tension, com-

pression, and shear (Schwarz et al., 2015). Unlike other SSMs (described in Table

2.2), which consider only the BRR, SOSlope produces the analysis of LRR, in tension

and compression, and the roots stiffness. Also in SOSlope, the calculation of RR is

based on the RBMw by Schwarz et al. (2013).

3.2.1 Input data

SOSlope is developed with an intuitive GUI where the main parameters required

must be inserted. Some of these data are in raster format, while others are entered

directly into the GUI in number format or text files. Raster data required are:

• the digital elevation model (or digital terrain model) considers the area mor-

phology. Furthermore, this data is also used for the spring-block model (Olami

et al., 1992) implemented in SOSlope, allowing consideration of the progres-

sive slope failure discretizing the slope in three-dimensional blocks considered

as soil units. Each block contains soil physical parameter values and is con-

nected by bonds to nearby blocks. Each bond represents mechanical forces,

such as tension and compression of roots and soil.

• the contributing area (or catchment area) considers water flow movement on

the soil. This data is estimated in GIS environment with different modules

available.

Also in SOSlope, there is a double possibility to proceed with slope stability

assessment. In this case, the User defined option regards soil physical parameters.

Therefore it is possible to use:

1. the User defined application (Figure 3.3), where soil parameters from a specific

area (i.e., cohesion, friction angle, density, porosity, initial water content, Van

Genuchten parameters, soil depth, and slope) can be put in by the user.

2. choosing among default soil type (Figure 3.4), which allows to consider al-

ready standard soil parameters. In this case, the Unified Soil Classification

System (USCS) is implemented in SOSlope and considers:

• well-graded gravel, fine to coarse gravel soil type;
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• poorly graded gravel soil type;

• silty gravel soil type;

• clayey gravel soil type;

• clayey gravel with many fines soil type;

• well-graded sand, fine to coarse sand soil type;

• poorly graded sand soil type;

• silty sand soil type;

• clayey sand soil type;

• silty sand with many fines soil type;

• clayey sand with many fines soil type;

• silt soil type;

• clay of low plasticity, lean clay soil type;

• clay of high plasticity, fat clay soil type;

• organic silt, organic clay soil type;

• organic clay, organic silt soil type;

• silt of high plasticity, elastic silt soil type.

FIGURE 3.3: Graphical interface of SOSlope with User defined option for setting soil physical pa-
rameters. This option allows using the values of the main mechanical and hydrological parameters
measured for the soil in the investigated area. These parameters are cohesion, friction angle, den-
sity, porosity, initial water content, and van Genuchten. Estimating the latter parameters is rather
complex, but values already estimated by (Likos et al., 2014) for each USCS soil class are available
in the literature. The other required parameters are standard for each calculation option.
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FIGURE 3.4: Graphical User interface of SOSlope with Soil type choice option for soil physical
parameters data setting. Under soil type, it is possible to observe the list of USCS soil classes.
Choosing the corresponding class of the investigated area allows using the standardized default
parameters. The rest of the information required to perform the processing is identical to the User
defined option.

Other necessary parameters regarding the morphology of the area are about min-

imum and maximum values of both soil depth and slope.

The advantage of using SOSlope is its strong focus when considering the spatial

distribution of the forest and, consequently, RR. For this purpose, it is possible to

consider tree presence in the investigated area and consider the forest by proceeding

with three different options:

1. by using a text file with specific coordinates X and Y, and diameter at 1.3m of

each trees;

2. by creating a virtual forest considering space structure and tree dimensions:

• uniform forest, which regards to a regular structure built considering a

tree density per hectare, and a uniform diameter at 1.3m. This application

is helpful in the case of reforestation.

• random forest, which considers random position identified considering a

tree density per hectare, and random size based on average and standard

deviations values of diameter.

As with RBM++, quantified standard reinforcement values can be used in SOS-

lope by choosing the tree species among available ones.

SOSlope allows simulating rainfall events by setting intensity and duration of the

event. The simulated rainfall event increases the soil mass of the slope and decreases
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the blocks’ soil shear strength. FoS is calculated each time using a force balance, and

if one or more blocks show FoS minor of 1, they are moved downslope by a prede-

fined amount (usually 0.1 mm), and the FoS is recalculated for each one. This relative

motion triggers instantaneous force redistributions across the entire hillslope simi-

lar to a self-organized critical (SOC) system of which the spring-block model (Bak

et al., 1988; Hergarten and Neugebauer, 1998; Cohen et al., 2009) is a subset. FoS es-

timation and blocks’ movement in case of instability are done in a loop and repeated

every time until a new equilibrium is found. However, if all blocks are stable, whit

a FoS greater than or equal to 1, the slope is stable, while if some blocks failed with

displacements more significant than the set value (usually a few meters), the SL oc-

curs.

The equation used for FoS estimation on SOSlope (Cohen and Schwarz, 2017) is:

FoS =
Fs + Fr
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∣

∣
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Fd + ∑
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(3.1)

where Fs is the soil basal resistive force including soil cohesion and friction, Fr is the

basal root resistance, Fd is the driving force of gravity, and Fj, j=1,..., 4, simulate soil

and root tension or compression.

3.2.2 Output data

The stability analysis carried out through the SOSlope software allows obtaining

different output data in raster and text format (Table 3.4).
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Output data Data type Description

Basal_root_reinforcement.asc raster BRR activated over space expressed in newton.

Displacement.asc raster Soil movement expressed in meters.

FOS.asc raster FoS values over space.

Landslides.asc raster Number and sequence of triggered SLs.

Landslides.dat text SLs information its location (X and Y coordinates of barycenter),

the number of failed cells, area and volume.

Max_root_compression_mobilized.asc raster Activated LRR in compression expressed in newton.

Max_root_tension_potential.asc raster Potential LRR in tension expressed in newton.

Max_soil_compression.asc raster Soil compression values over space expressed in pascal.

Max_suction.asc raster Soil suction values over space expressed in pascal.

Max_water_pressure.asc raster Soil pore water pressure values over space expressed in pascal.

results.dat text All values of computed variables during the simulation.

rootdensity.dat text Root density values over space.

run.log text Log file of the run.

Secant_root_stiffness.asc raster Soil stiffness by roots expressed in newton.

Soildepth.asc raster Variability of soil depth over space expressed in meters.

TABLE 3.4: Output data information and type obtained from SOSlope

An essential point to mention is the result referred to the pore water pressure.

The application of the Dual-Porosity model (Cohen and Schwarz, 2017) allows to

estimate the evolution of this factor, distinguishing it in water pressure in macrop-

ores and soil fractures, and water pressure in the soil matrix. Obtaining these two

separate data is allowed only by using SOSlope on the shell by command line. The

raster-format data denoted Max_water_pressure.asc, in the Table 3.4 above, provides

information on the spatial distribution of maximum pore water pressure without

reporting any distinctions.

All of this information obtained from SOSlope provides a complete picture of the

dynamics leading to the eventual triggering of SLs.

3.3 SlideforMAP model for regional scale analysis

The software used for regional scale analysis is SlideforMAP (Zadelhoff et al., 2021b),

a physically-based probabilistic model (SSPMs) that predicts SL probability on a

raster by calculating the ratio of failed hypothetical landslides over the total num-

ber of hypothetical landslides. Hypothetical SLs are randomly located on the raster

and have an elliptical shape. The area of each hypothetical SLs is randomly selected

from a Gamma distribution function (Malamud et al., 2004). The FoS is calculated



3.3. SlideforMAP model for regional scale analysis 45

using the limit equilibrium approach (Table 2.1) and evaluates the ratio of resistance

to gravitational active forces over the area of the SL. Also in this case, a value of the

FoS less than 1 indicates a failed SL. Calculation of forces along the slip surface take

into account the effect of water pressure on soil strength, where the water pressure

is computed from the saturation index obtained using the TOPOG model (Vertessy

et al., 1996). Force calculation requires values of soil cohesion, friction angle, hy-

draulic conductivity, and porosity. Wet soil density is calculated assuming a solid

and water density of 2600 and 1000 kg m3, respectively. LRR is added to the resis-

tive forces on over half the circumference of the SL, while BRR is added over the

area of the SL. LRR is calculated using the model of Moos et al. (2016) at the center

of a triangulated tree configuration which gives the lowest value of reinforcement.

The distance from this center to the triangulated trees is estimated based on an av-

erage tree density over the landslide area and transformed into a distance between

tree trunks. Details of the calculations can be found in Zadelhoff et al. (2021b). This

version of SlideforMAP includes the effect of soil compression at the toe over half of

the circumference of the landslide.

Currently, SlideforMAP does not have a GUI, so its application was made through

the source code run in the shell and by using a configuration file with all the param-

eter values.

3.3.1 Input data

The data required for analysis with SlideforMAP are:

• the digital elevation model (or digital terrain model) in raster format, to model

the area morphology and estimate slopes;

• the contributing area (or catchment area) in raster format, to model the up-

slope catchment area, evaluate the soil water movement, and verify the soil

saturation index;

• soil physical characteristics in text file format, such as cohesion, friction angle,

hydraulic conductivity and porosity;

• average and standard deviation of soil depth values in text file format;

• the presence, structure, size, and species of trees in text file format, to quantify

RR values and estimate its spatial distribution.

• information about rainfall intensities of different return period, to evaluate SL

failure probability considering extreme rainfall events.

It is evident that input parameters required by SlideforMAP are very similar to those

of SOSlope, being based on very similar SSMs. The main difference between the

two software is that SlideforMAP, being part of SSPMs requires mean values and

standard deviations of physical soil and hydrological parameters. Because of this,

the software considers the spatial variability of these values.
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3.3.2 Output data

SlideforMAP results are all in raster format and, in general, similar to SOSlope ones.

Besides the information about the different types of RR (BRR and LRR), and the

soil pore water pressure, SlideforMAP produces a fundamental output data about

the failure probability estimated for the investigated area. This main information

allows knowing the probability of SL occurring in case of specific rainfall intensity

and duration.

SlideforMAP output data are reported in Table 3.5

Output data Description

LargeWoodVolume.tif The effective volume of large wood mobilized expressed in cubic meters.

Number_ls_per_cells.tif The number of SLs simulated in each cell.

PotLWVolMobil.tif The potential volume of large wood mobilized expressed in cubic meters.

Prob_failure.tif The failure probability estimated in the study area.

Prob_runnout.tif The runnout probability estimated in the study area

Root_basal.tif The BRR activated expressed in newton.

Root_lateral.tif The LRR in tension activated expressed in newton.

Slope.tif The slope gradient estimated for the investigated area.

Soil_thickness.tif The variability of soil depth over space expressed in meters.

TreesInCell.tif The number of trees in each cell.

Trees_weight.tif The estimated weight of the trees expressed in kilos.

Water_pressure.tif The soil pore water pressure expressed in pascal.

Wetness_index.tif The wetness index variability over space.

TABLE 3.5: Output data information and type obtained from SlideforMAP

The SlideforMAP application case study proposes a methodology for land anal-

ysis based primarily on failure probability assessment (section 4.3.2).
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Methodologies

In this chapter, three methodologies applied for the analysis in different scales and

contexts are described, all based on the use of a software previously described. Ap-

plying the three methodologies in the same study area was impossible because of the

necessity to adapt the work to the different phases planned in the research project.

Therefore, while tree and local scales of analyses are carried out in Switzerland (Zol-

likofen and Rüdlingen) during the abroad period at the Bern University of Applied

Science, the regional scale analysis is carried out in Italy (Monviso region) in collab-

oration with the company D.R.E.Am Italia.

4.1 Analysis on tree scale

Quantifying root reinforcement (RR) requires an upscaling process starting from

forces measured from a single root, estimating the force procured by a bundle of

roots, and finally quantifying the total reinforcement activated from the tree to con-

trast the soil movement (Schwarz et al., 2010). This upscaling process requires the

elaboration of data collected in the field with two different sampling methods: i) a

method for collecting the number and size of roots in the soil (subsection 4.1.2), and

ii) a method for measuring the tensile force activated by individual roots through

pullout tests (subsection 4.1.2). Considering that in this work, the quantification

of RR was performed through the RBMw proposed by Schwarz et al. (2013), data

were collected directly in the forest. Field measurements allow obtaining a more

realistic quantification of root strength, which is also the result of interactions with

several complex factors depending on the tree’s environment (e.g., root-soil bond

strength, water content, stoniness). Tests in natural soil allow considering essential

aspects such as root tortuosity, generally neglected in laboratory tests. Tortuosity

and elasticity characterize the force-displacement behavior and thus the force peak

of a bundle of roots (Giadrossich et al., 2017).

Therefore, quantifying the number of roots and measuring their size allows for

assessment of the RR spatial variability, both in vertical (BRR) and horizontal (LRR)

directions. On the other hand, pullout tests allow the measurement of force-displacement

values necessary for RR upscaling.

https://www.bfh.ch/hafl/en/
https://www.bfh.ch/hafl/en/
http://www.dream-italia.it/
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In this study, the RR of Japanese cedar (Cryptomeria japonica, (Thunb. ex L.f.)

D.Don) is quantified. This tree species is widely used in East and Central Asia,

and temperate climate countries for reforestation, so its importance for this research

project depends on its common location in slope areas and its use in nature-based

engineering. The Japanese cedar has been investigated in other studies, e.g., Genet

et al. (2006) and Yamase et al. (2019), but no study deals with the biomechanical

characterization of RR in the field.

The present study and analysis have provided three main steps:

1. the fieldwork to collect data about root density and forces;

2. the application of the original R code of the RBMw to quantify standard me-

chanical parameters of this species;

3. the application of the RBM++ software (section 3.1), realized within this re-

search project, for RR estimation on different distances and soil depth layers.

The last step allowed us to observe and evaluate the spatial variability of RR of

the two investigated Japanese cedar trees in Switzerland.

4.1.1 Zollikofen study area

For this analysis, two Japanese cedar trees were individuated in the didactic forest

located behind the building of the Bern University of Applied Science in Zollikofen

village (Bern, Switzerland; Figure 4.1). This forest is mainly composed by conifers, as

in Japanese cedar, and broadleaf trees, such as Sycamore maple (Acer pseudoplatanus,

L.).

FIGURE 4.1: Figures show the framing of the study area. Zollikofen is a Swiss village belonging
to the canton of Bern. The two plants investigated (Figure c) are located in the forest behind the
School of Agriculture, Forest, and Food Science (HAFL) of Bern University of Applied Science
(BFH).
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number of roots and their diameters were measured for different soil layers, each

one identified with a thickness of 15cm (Figure 4.3 b), paying attention to consider

only roots corresponding to the investigated species.

FIGURE 4.3: Figure (a) shows the two trenches dug around tree 1, which identify the four soil
profiles at 1.5, 2.5, 3.5, and 4.5 meters from the tree. In each profile, sampling was done by sys-
tematically following the design presented in Figure (b) from Schwarz et al. (2010). By identifying
sectors of 1m width and length equal to the maximum soil depth that could be investigated, layers
of 15 cm each were identified in which the number and size of roots were recorded to quantify
root density.

Root strength measurements

The pullout tests were carried out on 35 roots, distributed in several diameter classes

ranging from a minimum of 1 mm to a maximum of 36 mm. This representative

sample of data referring to different diameter sizes allows for a better root tensile

strength upscaling. The importance of conducting field tests rather than laboratory

tests is that field tensile tests consider the effect of the soil-root interface and all of

the complex dynamics in the forest.

Following the methodology of Giadrossich et al. (2017), vertical trenches were

dug to promote root escape from the soil. Carefully removing the soil to expose

an adequate length and debarking the end of the root made it possible to anchor it

to the pullout machine (Figure 4.4). The pullout machine has a complex structure

consisting of a load cell for measuring the force activated by the root during the test

and a wire displacement sensor for measuring the relative displacement. This means

taking the root and elongating under tensile force until it breaks. It is possible to

proceed with the root tensile tests through a constant tension guaranteed by a winch

located in the final part of the machine. The test ends when the root, expressing

its peak force, breaks. The root diameter is measured near the soil profile, i.e., the

nominal diameter, and at the breaking point. In branching roots, it is possible to

have multiple breakage diameters.
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FIGURE 4.4: The Figure shows the pullout machine specially made to perform tensile tests on
roots. This machine is equipped with a pulling system connected to a winch, a load cell to measure
the force, a displacement sensor to measure the root displacement, and a datalogger for measuring
data. In the anchoring process, the root, debarked, must be tied to a threaded bar with a ring to
allow connection with sensors and the machine itself. The test begins when the root is subjected
to tension force and proceeds until its complete failure.

4.1.3 Root Bundle Model with Weibull survival function

RBMw is a RRMs developed to quantify RR by considering the inherent variabil-

ity in mechanical root properties, even in similar diameters. The model considers

each root as a linear-elastic fiber that breaks when subjected to a tensile force and

once it reaches a threshold displacement corresponding to its maximum force. Esti-

mating the tensile force in a root using the fundamental equation of linear elasticity

requires knowledge of its geometry (diameter, length, tortuosity) and mechanical

properties (maximum tensile force, Young’s modulus). In contrast to the original

RBM (Schwarz et al., 2012b), RBMw implements a survival function, also known as

a complementary cumulative distribution function, used to estimate the probability

of failure of a complex system once a certain threshold is exceeded. The Weibull

distribution is adaptable in the study of root failure (Pollen and Simon, 2005; Cohen

et al., 2011).

The first step to calculating the RR is processing the raw data from the field-

recorded pullouts to identify the equation for maximum reinforcement quantifica-

tion (eq.5.1), minimizing the sum of the squared errors (Figure 5.2 c), and calculating
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the equation for the secant spring constant (Figure 5.3). Both factors are estimated

as a function of the root diameter (Dazio et al., 2018).

The equation 4.1 allows the quantification of maximum root reinforcement as a

function of root diameter:

Fmax(φ) = F0φα (4.1)

where Fmax is the maximum tensile force (in newton), φ is the root diameter (in me-

ters), F0 is the constant, and α is the exponent.

However, the application of this equation can overestimate the maximum forces

for root diameters ≤5mm, causing significant errors (Dazio et al., 2018). In order

to improve the curve calibration for smaller roots, the equation 4.1 is modified by

multiplying a cumulative normal distribution function:

C(φ) =
1
2
[1 + er f (

φi − φm

φsd
√

2
)] (4.2)

where φm and φsd are the coefficients that correspond to the mean and standard

deviation of the cumulative normal distribution, respectively.

Considering the secant spring constant calculation, it is assumed that roots have

a linear elastic behavior when subjected to a tension force (Schwarz et al., 2013). This

constant varies with root diameter and is obtained from the ratio of the maximum

root pull-out force to the respective displacement:

k(φi) = k0 + kiφi (4.3)

where kφi is the spring constant (in Nm−1), φi is the root diameter (in meters), and

k0,i are constant parameters.

Through the Weibull survival function, RBMw considers the intrinsic mechanical

properties of roots (e.g., the ratio of lignin to cellulose or the root’s moisture content)

or the heterogeneity of soil mechanical properties. In the specific case of RBMw, the

Weibull distribution, developed by Weibull (1939), is applied to calculate the fail-

ure time of roots (Pollen and Simon, 2005; Cohen et al., 2011). Therefore, the model

assumes that the probability of root survival varies as a function of normalized dis-

placement, which is obtained through the equation 4.4:

S(∆x∗) = exp[−(
∆x∗

λ∗ )ω] (4.4)

where ∆x∗ is the normalized displacement, ω is the Weibull shape factor, and λ∗ is

the Weibull scaling factor. The displacement normalization process is necessary to

constrain the effect of the root diameter on the maximum displacement (Schwarz

et al., 2013).

The quantification of the bundle root reinforcement (RRmax) referred to a specific
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displacement (∆x) is obtained by summarizing the force of each root and multiply-

ing by the survival function (S) as shown below:

RRmax(∆x) =
Φmax

∑
Φ=1

nΦF(φΦ, ∆x)S(∆x∗Φ) (4.5)

where Ftot is the root reinforcement of a root bundle per linear width of the trench (in

Nm−1), ∆x is displacement (i.e., the amount of root elongation under tensile force

until the breaking point) (in meters), n is the number of roots corresponding of a

root diameter class (φ), φΦ is mean root diameter of each root diameter class, Φmax

is maximum root diameter class considered, and ∆x∗Φ is normalized displacement of

each root diameter class.

While key parameters for equations from 4.1 until 4.4 were obtained by applying

the R code, values of RR were estimated in the RBM++ software by using the User

defined option.

In the next chapter (section 5.1), data obtained from R elaboration and RBM++

application are shown and discussed.
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4.2 Analysis on local scale

4.2.1 The TRAMM project

In this research project, SOSlope software (section 3.2) was used for a back-analysis

of an artificially triggered SL during an experiment led in March 2009 with the

Triggering of RApid Mass Movements (TRAMM) research project. TRAMM (WSL

project webpage) was a multidisciplinary research project managed by the ETH

Competence Centre of Environment and Sustainability to analyze and understand

initiation and evolution processes of rapid mass movements, and the application

of numerical and analytical methods to assess slope stability. The objectives set by

this project were: i) understanding the mechanisms of SL initiation, ii) investigating

the cause of changes in the soil mass velocity after its failure, and iii) analyzing the

influence of hydrological conditions on slope stability.

Rüdlingen study area

The study area is located near the village of Rüdlingen, precisely on the east bank

along the Rhine River (Figure 4.5). In the past, this area already showed a high

predisposition to landslides. Askarinejad et al. (2012) reported the event occurred

in May 2002 when, after intense rainfall lasting 42 minutes and with intensity of

100mm, 42 SLs were activated in the surrounding area (Fischer et al., 2003).

FIGURE 4.5: The figures show the framing of the study area. Rüdlingen is a Swiss village belong-
ing to the canton of Schaffhausen. The instrumented area (Figure c) was realized on a forested
slope on the left bank of the Rhine River.

The morphology can be considered as a predisposing factor to the SL risk, show-

ing a gradient of slope ranging from a minimum of 37°to a maximum of 43°(Springman

et al., 2009).

Field geological analysis showed an irregular substrate of Molasse, with alter-

nate depositions of seawater Molasse and freshwater Molasse. Observations before

the experiment revealed porous layers and fissures several centimeters wide in the

https://www.wsl.ch/en/projects/cces-tramm-project.html
https://www.wsl.ch/en/projects/cces-tramm-project.html
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latter substrate. Soil depth, estimated by identifying the bedrock layer using the

dynamic probing light method, was measured between 0.7 and 5.6 (Lehmann et al.,

2013). Following the USCS, the soil was classified as a medium-low plasticity silty

sand (Askarinejad et al., 2012). The presence of bedrock fissures and the high macro-

porosity of the soil, mainly due to root growth (Askarinejad et al., 2012; Schwarz et

al., 2012a), allowed the development of preferential drainage paths, influencing the

degree of soil saturation during the tests, as well as the general stability conditions

of the slope (Askarinejad et al., 2012).

The forest is classified as Aceri-Fraxinetum and composed by three layers: i) a

tree layer (about 80% coverage, 5–20 m high) in which Ash (Fraxinus excelsior L.)

prevailed, ii) a lower layer of shrubs (1–5 m), and iii) a grass layer (Schwarz et al.,

2012a). For each trees, the position and dimension were measured, allowing for the

root reinforcement estimation.

Experimental setup

The project involved the installation of an extensively instrumented area, 35 m long

and 7.5 m wide, equipped with several sensors for data collection (Figure 4.6 from

Askarinejad et al. (2018)). The sensors used were tensiometers, time-domain reflec-

tometry sensors, piezometers, soil temperature sensors, slope deformation sensors,

earth pressure cells, acoustic sensors, and rain gauges, divided into three functional

groups and placed in different strategic locations in the instrumented area.
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FIGURE 4.6: The experimental design from the paper by Askarinejad et al. (2018) shows the in-
strumentation and different rain zones at the Rüdlingen test site. Figure (b) details the depths at
which the tensiometer nodes and time-domain reflectometry sensors are located. This arrange-
ment is provided in each of the three clusters circled in blue.

Measurements of soil deformations were made from the soil surface, through

photogrammetric methods (Akca et al., 2011), and from inside the soil mass, us-

ing slope deformation sensors. The slope deformation sensors were equipped with

strain gauges and two-axis inclinometers placed on top of the instrumented area

(Askarinejad and Springman, 2017). Indeed, to detect the presence of bedrock cracks

capable of altering soil water movement, electrical resistivity tomography analysis

was applied (Gambazzi and Suski, 2009).

Hydrological effects were measured at different locations and soil depths on the

slope (Lehmann et al., 2013). Pore water pressure data were obtained by installing

one tensiometer per functional group. Each node of the tensiometer was placed at

different soil depths (Figure 4.6 b). Time-domain reflectometry sensors were used to

measure soil moisture and installed at different depths (Figure 4.6 b). Hydrological



4.2. Analysis on local scale 57

data recording during the experiments was done every 5 min.

Finally, in addition to sensors for parameter measurements, the area was pro-

vided with sprinklers necessary to simulate rainfall artificially. The number and po-

sition of sprinklers in the analysis area were modified following the results obtained

from a first test.

The experiments In the first test, conducted in October 2008, after applying arti-

ficial rainfall for 4.5 days, with an average intensity of 15 mmh−1 for the first 2.5

days and 30 mmh−1 for the last two days, only minimal downslope soil movement

occurred. Although the cumulative amount of artificial precipitation during the test

(1700 mm) was similar to the total average precipitation for two years in this region

(Askarinejad et al., 2011) and even though an increase in pore water pressure was

observed (Askarinejad et al., 2012; Lehmann et al., 2013), no relevant surface move-

ment occurred. The stable condition was maintained due to the development of

rapid drainage flows through interconnected bedrock fissures and soil macropores,

thereby preventing the initiation of SL.

Based on the observation in this first test, the experimental design was subjected

to some modifications before proceeding with the second test in March 2009. Specif-

ically, the number and location of sprinklers were changed to simulate greater pre-

cipitation intensity in the upper part of the instrumented area (see Figure 4.6 where

the white oval symbol represents the sprinklers of the test in 2008, while the red oval

symbol represents those of the test in 2009). The new sprinkler location, designed to

increase the volume of water delivered to the soil in the upper part of the study area,

resulted in the triggering a 130 m3 SL after 15 h of artificial rainfall with an average

intensity of about 10 mm/h (specifically around 20 mm/h on the upper part and

around 5mm/h in the lower part). Soil deformation sensors and photogrammetric

images recorded the progressive slope failure, which began with slight soil move-

ment approximately 2 hours before the effective failure, and then continued with

gradually increasing velocity over the next 30 minutes. The main factor of the pro-

gressive slope failure was the gradual activation of the RR driven mainly by their

size (Schwarz et al., 2012a). In addition, water exfiltration phenomena were also

observed at the back of the slope, confirming what was already observed in the pre-

vious experiment regarding the presence of preferential flow paths (Lehmann et al.,

2013).

Hydrological and geotechnical observation The geotechnical and hydrological

data collected during both experiments were analyzed to understand the dynam-

ics that favored the loss of stability.

Regarding the hydrological behavior, variations of pore pressure and volumetric

water content was analyzed in detail. After the second test, it was observed that the

higher artificial rainfall intensity in the upper part of the area promoted the devel-

opment of higher pore water pressure values. However, these values did not show
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significant changes before or during the triggering (Askarinejad et al., 2018). Re-

garding the volumetric water content, volume increases of about 17% at depths of

0.6cm and 31% at 1.2m were recorded in the upper part of the instrumented area.

The changes in water content along with the soil profile, as measured by the time-

domain reflectometry sensors, were caused by different porosity in deep soil layers

and, probably, by the presence of the water table at depths of 1.2m (Askarinejad

et al., 2018). However, at about one hour before the slope failure, reductions were

recorded both in the porosity, reaching in the upper part up to 0.7 kPa, and in the

soil water content. Causes that explain these dynamics were either soil expansion

at the failure surface due to increased pore pressure or the development of drainage

flows through ongoing slope deformations.

Analysis of the data measured through the slope deformation sensors and strain

gauges observed the presence of two slip surfaces, a shallow one at 0.5m, developed

in the latter stages of slope failure, and a deeper one at 1.30m. This feature of the area

affected the movement of water in the soil and caused different rates of movement

of the unstable soil mass. From the photogrammetric images, it was observed that

up to 23 min before failure, small movements occurred both downward and along

the slope (Askarinejad et al., 2018). The upper part of the area began moving at a

rate of 0.5 mm/s 22 min before the actual failure of the slope, then increasing to 140

mm/s 30 s before failure.

The root reinforcement observations Relative to the quantification of LRR poten-

tially activated to counteract slope failure, the RBM from Schwarz et al. (2010) was

used. Twenty-seven field pullout tests were performed on roots with diameters up

to 5.5 mm using the methodology proposed by Schwarz et al. (2011). Root density

and size data, necessary to upscale force values, were measured from an ash tree

using the methodology proposed by Schmidt (2001). In addition, once the landslide

occurred, the roots exposed on SL scarp were also mapped and measured. Root

density was modeled and compared with the field measured one.

RR results showed values of 106 kN using the modeled root distribution and 83

kN using the field measured root distribution (Schwarz et al., 2012a). The difference

of 23kN using RBM is due to overestimating the root number for diameter classes of

1, 2, and 3mm. However, RBM generally underestimates the braking forces of a bun-

dle (of about 10% and 20%; Schwarz et al. (2011)). The calculated RR is reduced as

a function of spatial variation in root density and size. Increasing the distance from

the tree, root density and size decreases, affecting RR values over space. In conclu-

sion, the progressive failure of the artificially triggered SL was caused by fluctuating

variations in pore water pressure, the development of interacting unstable blocks

along the failure area, bedrock and soil surface heterogeneity, and root failure near

the upslope area and in shear zones lateral to the SL.
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4.2.2 Methodology

The methodology applied for the reconstruction of triggering dynamics of the ar-

tificial SL is based on applying the SOSlope software. As mentioned above, SOS-

lope uses both information in raster format, specifically for the digital terrain model

Digital Terrain Model (DTM), and the contributing area, and information in numer-

ical format. It is essential to highlight that due to it being a complex deterministic

model (section 2.2.4), the model application requires minimum resolutions of 1m per

1m, in order to obtain good results.

Calculation of the contributing area While the DTM was obtained online from

the Swiss National Geoportal, the contributing area information was calculated in

GIS environment using the Catchment Area (Top-Down) module of SAGA GIS (Mod-

ule description sheet). This module provides several algorithms for estimating flow

directions and calculating upslope areas using the rectangular grid of the DTM as

base information. For this case study, among the algorithms made available, the

Deterministic Infinity method of Tarboton (1997) was chosen, considering it more

adequate to meet the needs of the analysis performed. In fact, because of the above

condition related to the input data resolution, this method proved to be less sen-

sitive than others to the resolution of the data (unlike the Multiple Flow Direction

method of Freeman (1991) and the Triangular Multiple Flow Direction method of

Seibert and McGlynn (2007)), although not overly accentuating the estimated runoff

(as in the processing obtained with the Deterministic 8 method of O’Callaghan and

Mark (1984) and the Rho 8 method of Fairfield and Leymarie (1991)) (Figure 4.7).

Catchment Area (-)

FIGURE 4.7: The four pictures show the results of applying five algorithms available for the calcu-
lation of the contributing area. Shown respectively are a) the Deterministic Infinity method, b) the
Multiple Flow Direction method, c) the Triangular Multiple Flow Direction method, d) the Deter-
ministic 8 method, and e) the Rho 8 method.

Identification of the others input parameters The remaining input data required

in numerical format were collected through bibliographic analysis of papers pub-

lished on the TRAMM project or chosen from those already provided by default in

https://saga-gis.sourceforge.io/saga_tool_doc/2.1.3/ta_hydrology_0.html
https://saga-gis.sourceforge.io/saga_tool_doc/2.1.3/ta_hydrology_0.html
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SOSlope from the USCS. These values are reported in the following Table:

Parameters Values Unit Source

Soil Type (USCS) ML Askarinejad (2013)

Friction angle 31.0-34.5 degree Lehmann et al. (2013)

29.5-32.5 Askarinejad and Springman (2017)

29.3 Casini et al. (2009)

33.0-34.0 Askarinejad (2015)

Dry density 1700 kg m−3 Schwarz et al. (2012b)

Initial water content 0.15-0.20 m3 m−3 Schwarz et al. (2012b)

0.15 Askarinejad (2015)

0.27( depth 0.6-1.2m) Askarinejad et al. (2012)

0.35 (depth 0.9-1.5m) Askarinejad et al. (2012)

van Genuchten parameters α = 0.2 kPa−1 Lu et al. (2010)

α = 0.7 kPa−1 Askarinejad (2015)

n = 0.537 - Askarinejad (2015)

Soil min depth 0.7 m Lehmann et al. (2013)

Soil max depth 1.37 m Askarinejad et al. (2018)

Slope min 37 degree Springman et al. (2009)

Slope max 43 (middle slope) degree Springman et al. (2009)

43 (middle slope) degree Askarinejad et al. (2012)

40 Schwarz et al. (2012b)

Mean rainfall intensity 10 mm h−1 Schwarz et al. (2012b)

Rainfall duration 15 hours Askarinejad (2013)

TABLE 4.1: Values of input parameter from TRAMM project scientific papers

Pore pressure reconstruction An essential step in this methodology was to recon-

struct the hydrological dynamics that favored the SL triggering, therefore taking into

account the difference in simulated rainfall intensity between the upper and lower

parts of the area due to the non-uniform sprinkler arrangement (Figure 4.6). How-

ever, in order to account for this process, it was necessary to find a solution to correct

the main hydrological information required in SOSlope, i.e., the catchment area, and

obtain a new ad hoc datum for this landslide event. Among the various hydrologic

information available from the TRAMM project, measured pore pressure values at



4.2. Analysis on local scale 61

different locations in the instrumented area (at 5m, 15m, and 25m from the upper

boundary of the area (Lehmann et al., 2013)) were used to calibrate and correct the

new catchment area values.

The reconstruction process then involved dividing the area into three sub-areas

based on sprinkler density (red ovals in Figure 4.6). Next, each of these areas was

assigned a corrective value calculated from the ratio of the pore pressure value mea-

sured during the test (Lehmann et al., 2013) with values estimated from processing

with SOSlope at the same point (see Table 3.4 for output data Max_water_pressure.asc).

Finally, by multiplying the original contributing area values (Figure 4.7 a) with the

three correction coefficients (Table on Figure 4.8), it was possible to obtain a new

catchment area data to be used for the dynamics reconstruction of Rüdlingen SL

triggering.

Area Correction value

1 1.67

2 0.85

3 0.62

FIGURE 4.8: The Figure shows the three areas identified to make the contribution area correction.
In reconstructing the slope’s hydrological dynamics, it was necessary to quantify correction values
to be applied in areas with different rainfall intensities. This difference depends on the number of
sprinklers placed in each area during the March 2009 experiment (red ovals). The corrective values
estimated from the ratio of pore pressure values measured in the field and obtained through a
preliminary analysis with SOSlope are given in the table.

In SOSlope, several simulations were performed modifying the combination of

parameters identified through the literature search (Table 4.1). Among the simula-

tions performed, the one that best represents what happened during the second test

in Rüdlingen was carried out with the input parameters shown in Table 4.2.
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Parameters Values Unit Source

Digital terrain model - Resolution 1x1 Swisstopo

Contributing area Deterministic Infinity method Resolution 1x1 Digital terrain model

Cohesion 0.5 kPa default from SOSlope for ML soils

Friction angle 30 degree Askarinejad and Springman (2017)

Dry density 1700 kg m−3 Schwarz et al. (2012b)

Porosity 0.42 % Calibrated

Initial water content 0.20 m3m−3 Schwarz et al. (2012b)

van Genuchten parameters α = 0.130 kPa−1 Default SOSlope

n = 1.46 - Default SOSlope

Soil min depth 1.1 m Calibrated

Soil max depth 1.37 m Askarinejad et al. (2018)

Slope min 37 degree Springman et al. (2009)

Slope max 40 degree Schwarz et al. (2012b)

Mean rainfall intensity - - TRAMM measurements

Rainfall duration and intensity - - TRAMM measurements

Tree size and position - - TRAMM measurements

TABLE 4.2: Values of input parameter used on SOSlope simulation

For the evaluation of data quality and comparison with the results obtained from

the TRAMM project, it is necessary to highlight that the rainfall data used in SOSlope

simulation start one hour after the effective start of the field experiment. Looking at

Figure 4.9 taken from Askarinejad et al. (2018), the data used in SOSlope excludes

the rainfall provided on the soil before the first break, corresponding to about an

hour. Data about this first simulated rainfall were not available for the simulations.

Therefore, we chose to use the maximum value of initial water content reported in

the literature (Table 4.2), which is 0.2 m3m−3, to simulate the water delivered to the

soil in the time frame previous to the simulation.
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FIGURE 4.9: Variability of precipitation intensity in the experiment conducted in May 2009
(Askarinejad et al., 2018). Specifically, the lines with different shades of blue represent the rainfall
intensity measured in the raining zones located centrally and in the lower part of the instrumented
area, while the red line represents the intensity measured in the raining zone located in the upper
part and provided with a more significant number of sprinklers (see Figure 4.6). Finally, the black
line represents the average rainfall intensity and corresponds to the values used in the analysis
with SOSlope.

Regarding the calibration of the porosity and minimum soil depth (Table 4.2),

the values were calibrated based on the known ones, derived by default from SOS-

lope or the literature, and changed according to the results obtained from SOSlope

simulations. Therefore, the porosity value was identified starting from the default

value suggested by SOSlope for the sandy silt soil type (equal to 0.47) and gradually

changed until finding a better combination with the values of the known parame-

ters. On the other hand, soil depth was calibrated based on what Askarinejad et al.

(2012) observed about the failure surface, placed at a depth between 0.8m and 1.3m.

The value chosen for the simulation is the average between these two values.
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4.3 Analysis on regional scale

The area under analysis is currently subject to renewal of the Piano Forestale Azien-

dale (PFA). The PFA is a detailed planning tool developed for planning silvicultural

practices necessary for forest management (Regione Piemonte website).

Considering the typical alpine landscapes, characterized by steep areas, large

valleys, and tributaries, in the past, this area has been shown to be susceptible to

landslides, as reported by the Landslide Phenomena Information System of Pied-

mont (SIFRAP) (website). For this reason, a new methodology for the estimation of

SL probability was applied, based on SlideforMAP software (section 3.3). This anal-

ysis allows evaluating the forest’ protective effect currently present, and identifying

points where it is necessary to intervene through silvicultural management and im-

prove the protective effect.

4.3.1 Monviso study area

Morphology and slope The analyzed area is located in Piedmont, in the province

of Cuneo (Figure 4.10), among the southern Cottian Alps, along the initial part of the

Po river valley. It presents a highly variable morphology, with a wide central valley,

where the Po River flows towards the flat area in the innermost part of the region.

It is evident that also the altitude varies considerably, reaching maximum altitudes

above 3500m asl, with the highest peak Monte Viso (3841 m asl), to the minimum

altitude of 252 m a.s.l. in the plain. This morphology also determines a consider-

able variability of the slope, locally exceeding 100%, highlighting the presence of

numerous tributaries that influence the water flow in the area under analysis.

FIGURE 4.10: The figures show the framing of the study area. The area subject to planning is
located in the Monviso valley, in the province of Cuneo, and involves the public part of the total
forest cover.

Climate The morphology that characterizes the Monviso area has favored the pres-

ence of a climate with high continentality. Morphological and altimetric factors

https://www.regione.piemonte.it/web/temi/ambiente-territorio/foreste/gestione-bosco-taglio/pianificazione-forestale
http://webgis.arpa.piemonte.it/geodissesto/sifrap/iilivelli.php
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cause a diversification of local climatic conditions, influencing temperatures, pre-

cipitation exposure, and intensity of rainfall events. In general, the area climate

presents cold winters (average minimum temperature of Cuneo in January, with an

average of 1.8°C) and mild summers (average maximum temperature of Cuneo in

July of about 21.6°C) (data source CentroMeteo). Precipitations show an annual aver-

age of about 950 mm, with frequent snowfalls near the highest altitudes and favored

by the effect of the Bora wind which is typical in alpine areas.

From the studies carried out by the Interreg ALCOTRA CCLIMATT (Climate

Change in the Transboundary Territory project, 2014-2020), it was observed that the

whole Piedmont region presents a rapid alternation of extreme events, which are

becoming more intense and frequent. These effects are evident at high altitudes,

affecting agro-silvopastoral activities, tourism, and, to some extent, the intensity and

frequency of natural hazards. It has been shown that in the last 38 years, there has

been an increase in maximum temperatures concentrated mainly in the summer and

autumn seasons, while precipitation alternates between consecutive years of lower

rainfall amount and periods of several years with significant rainfall average. Over

the past 30 years, a precipitation deficit has been observed during the winter and

summer seasons, with moderate precipitation during the spring period. In contrast,

the fall period is characterized by a positive anomaly.

All of this information regarding the area’ climate suggests the crucial role of its

variation in the frequency and intensity of SLs.

Geology The geology of the area has seven major classes. The Po river flow valley

and the flat area to the west consist of lowland and valley floor of alluvial deposits

and represent the most significant extent (about 52% of the area). The other two

most widespread geologic classes are represented by occhiadine gneisses (Monte

Rosa and Val d’Ossola massifs) and minute gneisses (Dora-Maira, Sesia-Lanzo mas-

sifs), respectively 23% and 18% of the total area, located near the mid-elevations,

between the plains and the Alps. The other less represented classes are serpentinites

(Piamont zone, Jurassic-Cretaceous), with 4% of the surface localized near the alps.

Less extensive surfaces, percentages less than 1, are represented by moraine deposits

(Quanternary), dolomite and limestone (Mesozoic units), and calcareous (Piamont

zone, Jurassic-Cretaceous).

Pedology Considering that 2% of the area is characterized by outcropping rock,

the soil is present for the remaining 98% and includes four soil orders. The soil

order which occupies a greater extent of area is the alphisols (about 35%), whose

pedogenesis was favored by the transport action of soil particles deposited by the Po

River. There are lowland alphisols, mountain alphisols, and a small part of alphisols

of localized ancient terraces of the soil class level. The second order of soils diffusely

present are inceptisols (about 30%), with mountain and lowland inceptisols. The

following order is entisols (about 28%) and a small portion of spodosols (about 5%).

http://www.centrometeo.com/previsioni-meteo/previsioni-meteo-regionali/5629-meteo-e-clima-in-provincia-di-cuneo
https://www.interreg-alcotra.eu/it/decouvrir-alcotra/les-projets-finances/cclimatt-cambiamenti-climatici-nel-territorio
https://www.interreg-alcotra.eu/it/decouvrir-alcotra/les-projets-finances/cclimatt-cambiamenti-climatici-nel-territorio
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Vegetation Information on vegetation is only available for areas subject to plan-

ning (Figure 4.10 c). From the Figure 4.11, it is possible to observe the prevalence of

thickets (BS, 41%) consisting mainly of upland and invasion birch. The vegetation

cover represented by this category is concentrated on the mountain areas, forming

extensive surfaces. The second category in terms of the surface is the forest category

resulting from the association among maple, linden, and, ash forests (AF, 13%), spa-

tially distributed. Next, there are the categories of chestnut, larch, green alder, and

beech forests (CA 10%, LC 9%, OV 9%, and FA 8%, respectively). As in the case of

maple-linden-ash forests, chestnut forests also cover spatially distributed areas, gen-

erally at lower elevations than other categories such as thicket and beech forests. On

the other hand, larch forests, generally upland or grazing, are located near moun-

tainous areas. Green alder stands are located at higher elevations and generally

consist of invasive green alder stands associated with other broadleaf types. The

beech forested area is mainly constituted by the area located south of the Monviso

region and other smaller ones at higher altitudes, often shown in association with

chestnut trees. Areas of reduced extension are still destined for reforested areas (RI

4%), generally consisting of mountain pine and mixed conifers. The remaining cate-

gories involve tiny vegetated areas. These are oak mixed with mesophyll broadleaf

forest (QC 1%), black locust forests (RB 1%), and white willow forests (SP 0.1%).

These three categories are predominantly related to lowland and riverine environ-

ments. Specifically, oak-carpine groves are located in lowlands, while black locust

forest and willow forest are located near the flowing course of the Po River.
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FIGURE 4.11: The map in the Figure shows the major forest categories identified in the area under
planning.

The current functional destination of each forested areas is a central aspect of

this study. The forest plan of Piedmont region defines forests with a direct protec-

tive function those directly involved in protecting structures and infrastructures or

in vulnerable areas (steep slopes, old landslides areas, river strips). The manage-

ment of thee forests mainly aims to preserve this protective role. In the whole area

of Piedmont, 15% of the forests have a protective function, and 40% are public prop-

erty. Considering silvicultural practices, on more than half of the surface involves

monitoring process, while on 20%, improvement interventions can be carried out,

e.g., conversions, and for 16%, renewal interventions, which mainly concern selec-

tive cuts in the forest.

The regional forestry plan also defines production-protection destination forests

as located in mountains and hills with no direct protection and located in not partic-

ularly vulnerable stations. However, these areas are still subject to hydrogeological

constraints. In these forests, it is possible to carry out sustainable silviculture aimed

at wood production without compromising soil protection. In the Piedmont area in

general, and in the area subject to planning in this study, the productive-protective

destination is the most prevalent, with more than 45% of the regional surface. Most

of it is managed through active short-term management, mainly through coppicing
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and mixed management (more than 50%), improvements (37%), and forest regener-

ation cuts (10%).

In the specific case of the planning area, the currently assigned functional desti-

nations are depicted in Figure 4.12.

FIGURE 4.12: The map in the Figure shows the five functional destinations assigned to the different
parts of the planning area. This assignment depends on their location, composition, structure, and
characteristics. For example, in the case of direct protection forests, these are generally located
near structures and infrastructures subject to the occurrence of natural hazards.

The pie chart in Figure 4.12 shows that a half of the planned area currently has

a double function of production-protection (53%; PP in orange), assigned mainly

to forest categories such as thickets, chestnut, maple-linden-ash forests, beech, and

larch forests. Another large portion of the forest has been assigned to natural evo-

lution (2%; EL in blue), without specific function, and naturalistic destination (12%;

NA in green). Minor parts are dedicated to public use (5%; FR in yellow) and direct

protection against potential natural hazards (4%; PT in red).

Observing in detail the composition of forested areas with direct protection, Fig-

ure 4.13 a) shows that 59% of the whole surface is composed of thickets (BS), while

32% is comped of maple-linden-ash forests (AF). This functional destination is also

assigned to smaller surfaces of chestnut (5%; CA), larch (2%; LC), reforested areas
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(1%; RI), and beech (1%; FA). The composition of forested areas with a productive-

protective destination is different from the previous one. Since, also in this case,

the most widespread forest category is thickets (38%; BS), the rest of the area is bet-

ter divided among the other categories. Figure 4.13 b) shows almost equal surfaces

of chestnut (18%; CA), maple-linden-ash forests (14%; AF), and beech (12%; FA).

Smaller parts are composed of larch (8%; LC), reforested areas (5%), and green alder

(5% OV).

FIGURE 4.13: Forest categories composing direct protection and productive-protective destina-
tions (BS: thickets, AF: maple-linden-ash forests; CA: chestnut; LC: larch; RI: reforested areas; FA:
Beech; OV: green alder; RB: black locust: AN: black alder).

4.3.2 Methodology

Simulations of different rainfall events scenarios

The stability analysis performed using the method proposed in this research work

compares four scenarios that differ in rainfall intensity and in the presence or ab-

sence of vegetation:

• analysis with rainfall intensity of 2-year return period with current vegetation

(2RT_Wa), simulating the current scenario with common rainfall event;

• analysis with rainfall intensity of 100-year return period without vegetation

(100RT_W0), simulating the worst-case scenario with exceptional rainfall event;

• analysis with rain intensity of 100-year return period with current vegetation

(100RT_Wa), simulating the current scenario with exceptional rainfall event;

• analysis with rain intensity of 100-year return period with an ideal value of RR

(100RT_Wi), simulating the ideal scenario with exceptional rainfall event.

Average hourly rainfall intensities derive from the inventory of intense precip-

itation available online from the Regional Agency for Environmental Protection of

Piedmont (Inventory webpage). Among these simulations, analysis performed in

2RT_Wa scenario was used to evaluate and calibrate input parameters to be used for

next simulations.

Specific studies about rainfall intensity events and SLs occurrence showed that

rainfall with return times of 1 or 2 years is unlikely to promote the initiation of SLs

(Lu et al., 2010). For this reason, in the context of this analysis, the intensity referred

http://webgis.arpa.piemonte.it/atlante_pioggia_webapp/
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to 2 years return period cannot be considered an exceptional event. Therefore, to

consider this fundamental aspect in the analysis, it is assumed as a parameters vali-

dation criterion that at least 98% of the investigated area must present a probability

of SL occurrence lower than 10%.

The hourly rainfall value for different return periods is justified by observations

from studies that stated this time frame is sufficient for achieving peak pore pressure

and consequent changes in soil water movement (Lu et al., 2010).

Tree position and size estimation

In order to quantify and estimate the mitigation effect due to tree presence, and in

particular root systems, another ecorisQ software was used, called Find Individual

Trees (FInT) (Dorren, 2014). FInT allows estimating the location and size of trees

based on DTM and Digital Surface Model (DSM). Once the position of the tree is

identified and its height estimated, the software calculates the diameter at 1.3m us-

ing allometric functions.

In the specific case of this analysis, DTM and DSM with a resolution of 2m were

used. Since the source data has a resolution of 5m, the use of the minimum reso-

lution required by FInT to avoid further cell value re-sampling was preferred. The

minimum height set for estimating tree size was 1m. Considering that most of the

area belongs to the forest category of thickets, a minimum value of height was pre-

ferred. In addition, to consider the wide variability in size, a random processing

value of tree diameter was set at 30%. Taking into consideration that forest structure

variability is fundamental when analyzing extensive areas such as in this study.
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FIGURE 4.14: The Figure shows the Graphical User Interface of FInT software. This software
estimates the tree’s location and diameter based on input information such as the digital terrain
model, the digital surface model, and the minimum plant height present in the area. Once the
height of the identified hypothetical tree is estimated, FInT applies allometric equations to estimate
its respective diameter. FInT makes it possible to reconstruct the hypothetical structure of the
investigated forest virtually.

Once the tree data obtained from FInT had been verified and the outliers re-

moved, the points relative to each tree were reported in the GIS to join the informa-

tion relative to the forest category (Figure 4.11) with the QGIS module Joint attributes

by location. This information is contained in the updated data of the new PFA ver-

sion. In addition, to avoid the forest margin effect, trees located within a buffer of

about 100m from the actual planning area boundary were also considered. In this

case, the tree species was attributed to each point considering the nearest point-

tree by using the QGIS Join attributes by nearest module. The assignment of the tree

species is fundamental for the RR calculation and the assessment of SL probability

in the scenario involving the actual forest (100RT_Wa).
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FIGURE 4.15: The Figure shows the location and diameter size at 1.30 m estimated for trees in the
planning area. In the detail of the Figure in the red box, it is possible to observe the variability of
the size of the green dots. i.e., the trees, based on the estimated diameter.
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Chapter 5

Results and discussions

5.1 Tree scale analysis: the Japanese cedar root reinforcement

The tree scale analysis described in this study provides a first result related to the

root reinforcement (RR) mechanical parameters of Japanese cedar. These mechanical

parameters are necessary for the RR standardization of this tree species, as well as

for the RBM++ software application for the RR spatial quantification.

5.1.1 Results from analysis using R

The values and information obtained from the elaboration performed with the R

code of RBMw are similar to others published by previous studies on Japanese cedar

reinforcement (Genet et al., 2008; Yamase et al., 2019). The results derived from these

preliminary computations in R and the application of RBM++ will be discussed in

more detail in the following subsections.

Root density values

The number and size of roots depend greatly on the tree species and by environ-

mental characteristics such as soil type, area morphology, competition for space,

and nutrients with neighboring trees that affect water and nutrient availability.

Figure 5.1 shows, for both Japanese cedar trees investigated, how the number

of roots varies, increasing both the distance from the tree stem and the soil depth

(each graph represents a distance to the corresponding tree, and each bar a soil

depth layer). In general, it is possible to observe that this tree species has a strongly

branched structure, with a substantial prevalence of small roots. However, signif-

icant differences are highlighted between the two investigated trees. Considering

that the trees have an identical size in diameter at 1.30m of 27cm, these differences

depend exclusively on the local conditions surrounding the tree. More precisely, in

the specific case of Tree 2, there was strong proximity with neighboring trees, which

could have created a competition condition for space and nutrients.

Root diametric class ≤2mm (yellow bars) prevails considerably in all distances

and soil depth layers, confirming the strongly branched structure of the root system.

The 2-5mm diametric class (red bars) is also well represented, generally reducing as
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the distance increases, although in a different way for the two trees. While in Tree

2 the number of roots belonging to this diametric class reduces almost constantly,

in Tree 1 the reduction shows a different root density trend, with roots belonging

to this diameter class also in the furthest profile from the tree (Figure 5.1d). Roots

belonging to the 6-10mm diametric class (orange bars), are infrequent and generally

observed at distances close to the tree and in shallow soil layers. Their variability is

similar to previous classes, but with quite smaller density. Also roots belonging to

11-15mm diametric class (green bars) were recorded, only in the distances closest to

the stem and generally in the first 15cm of soil depth (Figure 5.1a, b, and e). Finally,

only tree 1 presents roots with diameters belonging to the 16-30m class (blue bars;

Figure 5.1a e b) and ≥30 mm class (purple bars; Figure 5.1a), on the shallow soil

layer.

FIGURE 5.1: The graphs in this Figure show the measured root density in the two Japanese cedar
trees considering soil profiles at different distances (each letter) and depth layers. Individual roots
were grouped into diameter classes having a range of 5 mm. The distribution graph highlights the
branching structure of the root system of this tree species.

In conclusion, results regarding root density confirm observations from previous

studies of Fujimaki et al. (2007) and Genet et al. (2008). In particular, in the latter

study they stated that part of the additional soil cohesion procured by roots is ob-

served in the 0-15 cm depth layer, suggesting little contribution to the basal root

reinforcement (BRR) for this tree species.

Root mechanical parameter values

The maximum tensile force measured through the multiplication of equation 4.1 and

equation 4.2 is shown in the graph in Figure 5.2 (a and b). The mechanical RR pa-

rameters estimated are reported in the equation 5.1. The parameters F0, α, φm, and
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φsd are the first four mechanical parameters necessary to characterize this species.

As shown in the following equation: F0 = 701532.8N, α = 1.45, φm = 0.002m, and φsd

= 0.004m:

Fmax(φ) = 701532.8φ1.45 ∗
1
2
[1 + er f (

φi − 0.002

0.004
√

2
)] (5.1)

This equation allows obtaining the green curve in Figure 5.2 (c), based on field

data (red dots) and fitted values of diameter-pullout force ratio. The curve shows

values greater than 5000N for roots with diameter size of about 0.03m. The values

on the tensile strength for diameters smaller than 10 mm showed similar values

compared to published data found in other studies on the Japanese cedar (Genet et

al., 2006; Yamase et al., 2019).

FIGURE 5.2: The Figure shows the processing and fitting steps of the field-measured reinforcement
data. In Figure a, each white dot represents a tensile test performed. From the trend of these
values, it was possible to construct the regression curve (red dashed line in Figure b) that best
represents the relationship between tensile force and root diameter. However, the application of
the equation 4.2 allowed for a better fit of the curve in roots with diameter leq10mm, identifying a
new curve (solid blue line).
In Figure (c), the process of fitting the reinforcement values is depicted, i.e., the identification
of the green points representing the force values obtained by applying the least squares method
(Schwarz et al., 2013).

The two parameters of secant spring constant estimated for the equation 4.3 are

kφi = 0 and kφi = 2074442.06. The Figure 5.3 shows the trend of the secant spring

constant, representing the elasticity demonstrated by roots during pullout tests. In

the RBMw, the secant Young’s modulus is implemented, obtained from the ratio

of root strength to strain at break as done by Waldron and Dakessian (1981). As

mentioned earlier, this parameter summarizes the mechanical properties of the root-

soil system under specific conditions (root diameter, tree species, stand, soil type,

and moisture conditions) (Schwarz et al., 2013).
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FIGURE 5.3: Graph of the spring constant

In the Figure 5.4, the survival probability as function of the normalized displace-

ment (equation 4.4) is shown, with the data (gray dots) and best fit (dashed red line).

R, considers that the probability of a root to survive is a function of a normalized

displacement. The two-parameter ω (shape factor) and λ (scaling factor) for Weibull

survival function application are given by fitting the data (equation 5.4).
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FIGURE 5.4: The Figure shows the survival probability distribution as a function of the normalized
displacement. Gray points are the measured values, while the red dashed line represents the trend
of these values. The displacement normalization process is necessary to eliminate the effect of root
diameter on maximum root displacement and strength (Schwarz et al., 2013).

The RBMw considers the relative variability of root strength regardless of root

diameter. Through this approach, this simplified model reduces the number of pa-

rameters needed to assess the RR, allowing to consider the roots’ variability and

reducing the source of errors (Schwarz et al., 2013). Furthermore, the variability in
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mechanical behaviors is considered incorporated into the Weibull survival function

(Dazio et al., 2018).

Finally, the quantification of the bundle root reinforcement obtained using the

equation 4.5 is shown in the following Figure 5.5.
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FIGURE 5.5: The graph in the Figure shows force-displacement curves considering measured data
(red line), fitted data from the equation 5.1 (green line), and estimated data applying the RBMw
(yellow curve).

The force-displacement curve in Figure 5.5 for the root bundle estimated through

applying the RBMw (yellow curve) is shown to fit the curve representing the trend

of the measured field data (red curve). The narrow and elongated shape of the curve

demonstrates what was observed in the elasticity plot. The root bundle activates

progressively, showing rapid force growth until it reaches a maximum value ex-

ceeding 30KN, corresponding to a displacement of about 0.04m. Subsequently to

this peak, the force decreases gradually to 0 once the 0.10m displacement has been

exceeded.

5.1.2 Root reinforcement estimation with RBM++

The estimated values for each RR mechanical parameter of Japanese cedar were pro-

cessed in RBM++ software. The application of the software allows the estimated

mechanical parameters to be applied to the real root distribution measured in the

field (Figure 5.1). Through the User defined method, both the spatial distribution of

reinforcement and the variation of force-displacement curves as a function of soil

depths were quantified and evaluated.

Considering that in the graphs shown directly on the GUI there is no distinction

between the trees or reference to the different distances, the Trench displayed are as

follows:

• Trench 1 - Tree 1, linear profile at 1.5m distance;
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• Trench 2 - Tree 1, linear profile at 2.5m distance;

• Trench 3 - Tree 1, linear profile at 3.5m distance;

• Trench 4 - Tree 1, linear profile at 4.5m distance;

• Trench 5 - Tree 2, linear profile at 1.5m distance;

• Trench 6 - Tree 2, linear profile at 2.5m distance;

• Trench 7 - Tree 2, linear profile at 3.5m distance;

• Trench 8 - Tree 2, linear profile at 4.5m distance;

Below, we report and discuss the main aspects observed from the results ob-

tained via RBM++.

Map of root reinforcement space distribution The graph in Figure 5.6 allows eval-

uating how the RR estimated for the two trees is distributed in space. It is evident

that although the two trees have the same diameter at 1.30m, the RR of Tree 2 is

high in the trench closest to the tree. As far as the values referred to the other dis-

tances are concerned, the green color intensity clarifies no significant differences be-

tween the estimated reinforcement values. This observation is later confirmed by

the displacement-force relationship plot shown in Figure 5.7.

FIGURE 5.6: The Figure shows the Graphical User Interface of the RBM++ after the root reinforce-
ment calculation. In the graph in the left window, the brown dots represent the tree diameters at
1.30 m, while the concentric circles in green represent the trenches at different distances from the
stem. Relative to the trenches, the associated color intensity represents the estimated RR value,
which can be verified by the force value bar displayed to the right of the graph.
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Displacement-Force Plot The curve in Figure 5.7 shows the force-displacement re-

lationship for all distances from plants where density was measured. The maximum

observed value is for Trench 5, with RR equal to 898N. This value is almost twice

as high as the next trench in force intensity, Trench 1, with 566N. Although these

trenches refer to different trees, they are located at equal distances (1.5m from the

tree stem), so the significant difference in value is due to root density. As observed

in the analysis of root density (Figures 5.1 a and e), a higher number of roots was

measured in the Trench 5 compared to Trench 1, in particular for roots belonging to

diametric classes of 2-5mm and 11-15mm.

FIGURE 5.7: The Figure shows the Graphical User Interface of the RBM++ after the root reinforce-
ment calculation is completed. In the left window graph, the force-displacement curves of each
trench can be observed. In this case, the force and displacement values refer to the entire soil depth
investigated. The curve’s color is unique for each trench and can be checked on the right side of
the window.

In both of the previous trenches, it is possible to observe two peaks on the curve

that depend on the elasticity observed for the Japanese cedar and the root sizes be-

longing to the respective diametric classes.

Considering the remaining curves, it is possible to observe that Trench 7 and

6 show very similar maximum reinforcement values (Figure 5.8), 271N and 233N,

respectively. From this observation, it can be stated that the trench farthest from the

Tree 2 (Trench 7) provides a RR almost constant in space with a value equal to that

estimated for the closest distance (Trench 6). In this case, it is evident that the higher

number of roots, even if belonging to the smaller diametric classes, guarantees a

higher reinforcement than the presence of coarse roots (Figure 5.1f and g).
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FIGURE 5.8: The graph in the Figure shows the maximum estimated RR values for each trench and
soil depth layer. The number and color are distinctive for each Trench. Overlapping values can be
observed through this visualization, allowing for a more detailed reinforcement assessment.

Relative to Trench 2, this shows very similar values to Trench 7 and 6 of 227N.

Although there is a significant difference in the reinforcement on the closest trenches

(Trench 1 and 5), this difference reduces significantly as the distance from the stem

increases.

As for the remaining trenches, Trench 4 and Trench 3 show very similar rein-

forcement values, 134N and 115N, respectively, while the estimated reinforcement

for Trench 8, 43N, is significantly reduced. The reduced reinforcement value again

depends on the root number recorded in the vicinity of this plant, which is also very

small compared to the other plant.

Displacement-Force at depth 0-15 Analyzing in detail the estimated reinforcement

near the first 15 cm of soil (Figure 5.9), it is possible to observe that for all trenches,

much of the total reinforcement is procured by roots located in this soil layer, con-

firming the observations of Genet et al. (2008). For example, in the case of Trench 5,

a value of 705N is estimated, equivalent to three-quarters of the total reinforcement

value observed previously (898N). The values in the vicinity of the other trenches

continue to be significantly lower (Figure 5.8).
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FIGURE 5.9: The Figure shows the Graphical User Interface of the RBM++ after the root reinforce-
ment calculation is completed. In the left window graph, the force-displacement curves of each
trench can be observed. In this case, the force and displacement values refer to the soil layer be-
tween the surface and 15cm. The curve’s color is unique for each trench and can be checked on the
right side of the window.

Displacement-Force at depth 15-30 Relative to the reinforcement shown at the

depth layer of 15-30cm (Figure 5.10), different behavior of the various trenches can

be observed. Trench 5 still shows the highest reinforcement value, equal to 160N,

while Trench 6 shows a reinforcement value of 79N. About the Tree 1, the highest

reinforcement value, equal to 60N, is observed in Trench 2, which slightly exceeds

the trench closest to the plant, Trench 1, with 44N. In addition, the estimated value

in the trench closest to the plant also corresponds to the one furthest from the plant,

Trench 4 (Figure 5.8). From the root density graph (Figure 5.1 a and d), it is evident

that in Trench 2 there are many small roots (class ≤2mm), whereas in Trench 1 there

are less small roots and more large ones (class 6-10mm). Having more small roots

guarantees a bigger reinforcement than having less but big roots.

The minimal reinforcement previously observed in Trench 8 is completely an-

nulled at this depth.
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FIGURE 5.10: The Figure shows the Graphical User Interface of the RBM++ after the root rein-
forcement calculation is completed. In the left window graph, the force-displacement curves of
each trench can be observed. In this case, the force and displacement values refer to the soil layer
between 15cm and 30cm. The curve’s color is unique for each trench and can be checked on the
right side of the window.

Displacement-Force at depth 30-45 From the plot in Figure 5.11, it is observed

that at this soil depth, the reinforcement in all trenches is negligible. The estimated

reinforcements for the various trenches overlap, and their dependence on distance

from the tree nullifies (Figure 5.8).
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FIGURE 5.11: The Figure shows the Graphical User Interface of the RBM++ after the root rein-
forcement calculation is completed. In the left window graph, the force-displacement curves of
each trench can be observed. In this case, the force and displacement values refer to the soil layer
between 30cm and 45cm. The curve’s color is unique for each trench and can be checked on the
right side of the window.

Displacement-Force at depth 45-60 Although reinforcement values almost can-

celed out in the previous soil layer, it is observed that in Trench 1, the reinforcement

increases again to a value of 296N. This value of RR depends mainly on some roots

with a diameter of 5mm measured near this layer.
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FIGURE 5.12: The Figure shows the Graphical User Interface of the RBM++ after the root rein-
forcement calculation is completed. In the left window graph, the force-displacement curves of
each trench can be observed. In this case, the force and displacement values refer to the soil layer
between 45cm and 60cm. The curve’s color is unique for each trench and can be checked on the
right side of the window.

Displacement-Force at depth 60-75 Minimal reinforcement values were measured

in Trench 7 and 8 (Figure 5.13), albeit with negligible values.
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FIGURE 5.13: The Figure shows the Graphical User Interface of the RBM++ after the root rein-
forcement calculation is completed. In the left window graph, the force-displacement curves of
each trench can be observed. In this case, the force and displacement values refer to the deeper
soil layer investigated. The curve’s color is unique for each trench and can be checked on the right
side of the window.

5.1.3 General comment

The Japanese cedar is considered a suitable tree species for improving slope stability

(Genet et al., 2008; Yamase et al., 2019) and, therefore, potentially ideal for use in

reforestation aimed at direct soil protection on areas particularly susceptible to SLs.

However, there is still insufficient information to assess how RR of this species can

counter landslide events.

The analysis of RR performed for the two Japanese cedar trees confirms the ob-

servations highlighted by previous studies specific to this species.In particular, Fu-

jimaki et al. (2007) and Genet et al. (2008) had observed that root density decreases

with increasing depth and that most of the RR is warranted near the surface layers of

the soil. Also in this study, the typical branched root system structure is highlighted

by the root density graph in Figure 5.1, while the hypothesis of higher reinforcement

values’ activation in the surface layers of the soil is confirmed both by the curves ob-

tained through the RBM++ software and by the comparison graph in Figure 5.8.

The typical trend of the curve representing the relationship between maximum

tension force and root diameter confirms that the tensile force of the single root is

more significant as the size of its diameters increases. However, at the root bundle

scale, the root distribution becomes a determining factor for the total values of RR.

Japanese cedar roots revealed considerable spatial variability in RR values, showing
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the need for further studies to understand what physiological and environmental

factors influence root distribution and, consequently, root reinforcement. Past stud-

ies have investigated the influence of the Japanese cedar tree age on the variation of

reinforcement. In particular, Genet et al., 2008 observed that mature plants provide

greater RR than younger ones and discussed the importance of forest management

to preserve the protective effect in space and time. Regarding environmental factors,

it is necessary to study how soil characteristics and possible competition for space

and nutrients with neighboring plants affect the growth of root systems of this tree

species. Therefore, it is necessary to increase the number of data available for root

reinforcement mechanical characterization for this species and to study the correla-

tions that these variations have in combination with the environmental conditions

in which the trees are found.

To quantify RR under different environmental conditions, tools such as the RBM++

software could play a crucial supporting role in the rapid assessment and spatial

analysis of RR, as well as in the a priori knowledge of the maximum values of force

that can be activated in the event of SL triggering. The new information and as-

sumptions can be applied in larger-scale studies to evaluate this species’ effects on

slope stability and identify proper forest management of Japanese cedar stands.
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5.2 Local scale analysis: Rüdlingen artificial shallow land-

slide

Results from SOSlope about the analysis of Rüdlingen artificial SL show a strong

influence of the temporal variability of rainfall intensity in the progressive develop-

ment of all output data obtained from the simulation. In particular, fluctuations in

the pore water pressure in fractures and macroporosity show an evident dependence

on the rainfall trend (Figure 4.9).

In the following, the results obtained from simulating the SL with SOSlope are

discussed and compared with observations made in the TRAMM project.

5.2.1 Soil stability assessment

When discussing slope stability, we generally refer to quantifying the representative

parameter of that condition, the Factor of Safety (FoS), and look at how much the

soil moves once triggering occurs. These two parameters, FoS and soil displacement

are the main criteria that represent the triggering of SLs.

The following shows what has been obtained relative to these two main param-

eter for Rüdlingen artificial SL.

Factor of safety

Regarding the evaluation of slope stability through the quantification of FoS, the

results obtained with SOSlope differ from those obtained from the application of

the stability models shown in Askarinejad et al. (2012). Specifically, the minimum

value of FoS quantified with SOSlope is 0.5, while the values calculated through the

two models applied in TRAMM project are 0.76 for the 2D model and 0.83 for the

3D model, respectively. These differences depend on the equation implemented in

SOSlope (equation 3.1), which is different from that of the 2D model and 3D model

applied by Askarinejad et al. (2012). However, the main reason for this difference

is the approach used to consider RR in the FoS estimation. SOSlope quantifies RR

as a function of the tree positions, size, and species present in the investigated area.

The other two models use a constant, spatially and temporally, and uniformly dis-

tributed value of root cohesion added to soil cohesion. The progressive root activa-

tion and the values reached through the analysis with SOSlope are shown in detail

later in this section, while in Askarinejad et al. (2012) the values used are derived

from the quantification made by Schwarz et al. (2012b) and therefore equal to 0.5kPa

for BRR and 4kPa for LRR.

Soil displacement

Soil displacement results from the SOSlope analysis (Figure 5.14) show a SL shape

similar to the one observed in the field in March 2009. Despite SOSlope limitation of

being strongly constrained to the square shape of the input raster grid (see software
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description in section 3.2), the general area is quite similar. Askarinejad et al. (2012)

reports a measured landslide area of about 127 m2, while the estimated unstable area

from SOSlope is about 130 m2. In both cases, simulated and real SL (Askarinejad et

al., 2012; Schwarz et al., 2012b), the shape is related to the presence of trees on the left

side of the instrumented area. However, the tree presence influenced not only the

shape of the head of SL but also its progressive downslope movement. By analyzing

the triggering process of the simulated SL, it was possible to observe that:

1. Soil movement starts 11h 56min after the beginning of the simulation (Figure

5.14b) in the central part of the area, showing displacement values of about

0.5cm. This small movement happens were there are no trees, and therefore no

RR, and the simulated rainfall intensity is higher;

2. The effective triggering and greater soil movement (up to a maximum of 2m)

occur after 2min, around 12h after the start of the simulation (Figure 5.14d).

3. After 2h from the triggering, the SL widening occurs in the left side (Figure

5.14e). This delay depends on the progressive root failure from trees located

on the left side of the SL.

FIGURE 5.14: The Figure shows the key frames of the progressive soil movement obtained from
the SOSlope simulation. Time (t) is expressed in consecutive minutes from the start of the test,
while displacement values are expressed in meters.
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Comparing observations in the simulated SL and what was reported by Askarine-

jad et al. (2012), it is possible to state that the initial soil movement in Figure 5.14 (b)

could be assimilated to what was measured and reported in Figure 5.15. In fact, the

Graph (a) shows a slow and small movement in the whole instrumented area. Con-

sidering that the rainfall data used in SOSlope does not consider the first hour of

rain measured in the field, as stated before, it is possible to affirm that the triggering

of the simulated SL occurs at the same time as it did in reality, i.e., at 15 hours after

from the start of the test. The same can be said for the SL widening at its left side,

corresponding to the last change in the curve trend in Figure 5.15 (a).

FIGURE 5.15: Soil displacement and velocity measured in the TRAMM project and published by
Askarinejad et al. (2012). The three dots represent the investigated positions in the failure wedge
for making the displacement and velocity graphs.

In general, it can be said that the progressive movement of the unstable soil mass

reconstructed using SOSlope is quite similar to what was observed and measured in

the field.

5.2.2 Root reinforcement activation

By analyzing in detail the values and spatial distribution of RR, its crucial role in the

progressive initiation of SL was observed and confirmed.

Basal root reinforcement

The BRR is the reinforcement provided by tree roots that are vertically activated

along with the soil profile. The BRR values estimated through SOSlope, considering

the size and the tree species of the experimental site, showed a maximum value

of 5.3kPa exerted by the largest tree (62 cm) localized in the upper part of the SL.

Considering instead the whole area under analysis, the estimated average value of

BRR is 0.40kPa, with a standard deviation of 0.59kPa.
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Lateral root reinforcement

Relative to the LRR, SOSlope can provide different information related to the two

different types of reinforcement (Table 3.4). The LRR is procured by roots that are

activated horizontally and parallel to the soil surface. Generally, the LRR in tension

develops in the head and sides of the unstable soil mass to counteract its movement

by stretching until the root breakage. Conversely, the LRR in compression is acti-

vated to counteract the soil movement by contracting and finally breaking the roots

located in the sides and at the foot of the SL.

In SOSlope simulation, the mobilized LRR in tension shows a maximum value of

23.43kPa again in the vicinity of the larger plant. The higher value of LRR compared

to BRR is justified by what was observed and stated by Schwarz et al. (2012a). Re-

inforcement values ranging from 10kPa to almost 19kPa are shown on the left side

of the landslide, confirming their activation to counteract the second ground motion

discussed above. Considering the entire area under analysis, the mean value of LRR

in tension is estimated to be 1.6kPa, with a standard deviation of 4.06 kPa.

Regarding the progressive activation of the LRR in tension, it was observed that:

1. Minimum values of LRR are activated in a small area on the upper right part

of the instrumented area already 4 min after the start of the simulation (Figure

5.16b), remaining constant until 5h 45min after the phase in Figure 5.16 (c);

2. Regarding the point above, the LRR develops in space, increasing in intensity

up to values of 3kPa after 7h 22min (Figure 5.16d), and again remaining con-

stant until 9h 27min later (Figure 5.16e);

3. The LRR progressive increase occurs after 10h 32min (Figure 5.16g), with an

increase in space and intensity, reaching values up to about 10kPa;

4. The LRR continues to increase in space and intensity, reaching the maximum

value of RR activated, 19kPa, during the SL triggering at 11h 38min;

5. Remaining roots reactivate the RR in the lateral part at 12h 20min (Figure

5.16h), contrasting the lateral soil movements observed and reaching values

up to 19kPa when the lateral part of the unstable mass also moves at 14h 5min

(Figure 5.16i).
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FIGURE 5.16: The figure shows the key frames of the progressive activation of LRR obtained from
the SOSlope simulation. Time (t) is expressed in consecutive minutes from the start of the test,
while RR values are expressed in kilopascal.
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Regarding the mobilized LRR in compression, the maximum value reached is

1201.58kPa developed in the sides of the unstable mass, while considering the whole

study area, the average value of LRR in compression is estimated to be 90.14kPa,

with a standard deviation of 189.39kPa.

In general concerning the RR, only the LRR was quantified and discussed by

Schwarz et al. (2012a) in the TRAMM project. Comparing results obtained with

SOSlope and those presented in his paper (Figure 5.17), it is possible to observe

good correspondence. The RR values are equivalent, and the spatial distribution of

reinforcement is very similar between the two results. In particular, in the upper left

area of both SLs the reinforcement distributed along the high side of the unstable

soil mass show RR values greater than 10kPa.

FIGURE 5.17: The two figures show the spatial distribution of root reinforcement values estimated
through SOSlope (a) and calculated in the project TRAMM by Schwarz et al. (2012b) (b). In both
figures, the areas in yellow represent the maximum values achieved, located at the upper left side
of the landslide. The lower left side can also show good correspondence between the two outputs.

5.2.3 Hydrological dynamics analysis

The importance of hydrologic mechanisms in the initiation of SLs has already been

discussed in the overview presented in chapter 2. Therefore, to have a complete

view of the triggering phenomenon and to evaluate in detail the causes leading to

the loss of stability of a slope, SOSlope provides output data referring to the main

triggering hydrological mechanism, the increase of pore water pressure.
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Pore water pressure

The hydrological module implemented in SOSlope applies a simplified empirical

Dual-porosity model (Cohen and Schwarz, 2017), which allows reconstructing the

evolution of water content and pressure distribution in both the soil matrix and

macropores. The model considers a rapid increase in positive pore pressure in the

preferential flow domain, i.e., macropores and fractures, and the slow decrease in

soil suction matric by transferring water from macropores to the matrix. In view of

this, the two different type of soil pressure are observed and discussed.

Before proceeding with the analysis of these two outputs, it is necessary to high-

light another fundamental difference related to their starting conditions. In the case

of water pressure in macropores and soil fractures, the starting condition (Figure

5.18a) involves null values of water pressure. Since the soil is generally dry, the

voids are occupied mainly by air. In contrast, the starting condition in soil matric

pressure is different. Following the soil suction effect, there is a water request from

the soil matrix, thus promoting the development of negative pressure values. This

condition is represented by the values assigned to the Van Genucthen parameters

(Table 4.2). As the water content increases, also the pressure in the macropores and

fractures increases assuming more significant positive values, while the increase in

matric pressure promotes the reduction of the negative values that tends toward

zero.

Starting from the analysis of pressure variability in the macroporosity and frac-

tures, value variations reflect changes quite well in the intensity of simulated rainfall

(see Figure 4.9). In detail, it was possible to observe that:

1. Pressure values begin to increase after 5 min from the start of the simulation

(Figure 5.18b), probably due to an initial soil water content of about 0.2 m3m−3

(see Table 4.2). As the rainfall simulation continues, the pressure increases

rapidly until it reaches 4kPa in the upper part of the area and spreads pro-

gressively in space near the upper part of the instrumented area. In the lower

areas, the pressure also increases after 15min from the beginning of the simu-

lation (Figure 5.18c), continuing to increase in space after 30min (Figure 5.18d).

This general increase in pore pressure corresponds precisely with the intensity

peaks around 17mm/h during 30min of rainfall, shown in Figure 4.9.

2. After 37min from the start of the simulation (Figure 5.18f), it was possible to

observe a reduction in pressure up to values of 2kPa in the main part of the

investigated area, while values of 4kPa remained in the upper part. This vari-

ations depends on the rainfall intensity reduction up to 8mm/h.

3. Following the interruption of the simulated rainfall between about 2h 6min

(Figure 5.18g) and 2h 36min (Figure 5.18h), pressure values decrease progres-

sively until they annul.
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4. After the rainfall stops, pressure restarts to increase after 7h 27min (Figure

5.18i) and reduces again at about 9h 9min (Figure 5.18m). Again, the reduction

in pressure depends on the reduction in rainfall intensity in a period between

Figure 5.18i and Figure 5.18m. However, in this case, the pressure does not

fall down until 0kPa but remains with minimum values of 1.5kPa in the areas

more in downslope and 2kPa in the upslope area.

5. The pressure increases again to values of 4kPa after 9h 35min (Figure 5.18n),

which spread over the entire experimental area during the next 2 hours (11h

36min, Figure 5.18o). This moment corresponds with the triggering of the SL.

6. After triggering, the influence of rainfall intensity on pore water pressure is

significantly lower. The pressure values decrease further after the second soil

movement at about 14h, continuing to oscillate until the end of the simulation.
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FIGURE 5.18: The figure shows the key frames of the progressive evolution of water pressure in
macropores and fractures obtained from the SOSlope simulation. Time (t) is expressed in consec-
utive minutes from the start of the test, while pressure values are expressed in kilopascal.

Regarding the soil matric pressure, the presence of the initial soil water content

highly influences pressure values over space.

Analyzing the evolution of this factor, it was possible to observe that:

1. at the start of the SOSlope simulation, pressure values are different over the

investigated area, showing values of 11.4kPa at the upslope area and 14.2kPa

in the remaining part. This condition stays constant until 2h 42min (Figure

5.19b) and then start to increase until values of 12kPa.
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2. After about 3h 11min (Figure 5.19c) from the simulation start, matrix pressure

values around 11kPa begin to develop also in the downslope part. This value

spreads gradually in space until 3h 41min (Figure 5.19d). At the same time, the

values in the whole area progressively increase.

3. After 4h 35min (Figure 5.19e), following a reduction in simulated rainfall in-

tensity the soil matrix pressure also drops around values of 12kPa, before grad-

ually increasing again when the rainfall intensity stabilizes.

4. At 5h 19min (Figure 5.19f), the pressure values are around 11.6kPa in the whole

area, starting to become uniform at 11.4kPa. After 5h 49min (Figure 5.19g), the

soil matrix pressure remains uniform and constant at 11.4kPa until the end of

the simulation.
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FIGURE 5.19: The figure shows the key frames of the progressive evolution of water pressure in
the soil matrix obtained from the SOSlope simulation. Time (t) is expressed in consecutive minutes
from the start of the test, while pressure values are expressed in kilopascal.

The graphs in Figure 5.20 show the position of key frames (vertical dashed lines)

with respect to the evolution of simulated rainfall intensity. It is evident how vari-

ability in rainfall intensity influences the development of preferential flows that

cause the significant fluctuation of water pressure values in soil macropores and

fractures over time. This process demonstrates the good capacity of the soil to drain,

a condition shown to be crucial during the October 2008 experiment in which no SL

occurred. In this phase, pressure peaks coincide with rainfall intensity peaks. The

achievement of stable pressure values occurs when pressure values in the soil matrix
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also begin to increase. Once the matrix begins to saturate, the pressure of macrop-

ores and fractures no longer altogether cancel out. From this point on, the correlation

between the evolution of pressure values in the macropores and rainfall intensity is

no longer evident, while the influence of the soil matrix component comes into play.

FIGURE 5.20: The two graphs show how the temporal variability of simulated rainfall intensity
affected the evolution of the two types of pore pressure reconstructed through SOSlope. The solid
blue line represents rainfall intensity values, while the dashed vertical lines represent key frames
relative to the indicated letter. It is evident that while a specific moment of pressure evolution
in the macropores and soil fractures is greatly influenced by intensity variation, e.g., pauses, in-
creases, or decreases, the soil matrix pressure is less dependent on these variations.

5.2.4 Geotechnical dynamics analysis

Soil compression, like root compression, also plays a crucial role in counteracting

downstream soil movement. The two mechanisms develop simultaneously, but

Schwarz et al. (2015) observed that soil compression has no direct influence on the

overall soil strength yet causes an increase in stiffness that acts as a delay factor in

the SL initiation. This parameter was not investigated in the TRAMM project, as

it is still poorly understood. However, since it is a mechanical process that affects

the slope’s stability by counteracting from the downslope area the movement of the

unstable soil mass, SOSlope provides it as an output. Therefore, it was possible to

proceed with its analysis and understanding.
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Soil compression

Soil compression is a mechanical process still poorly studied and, therefore, rarely

included in the SSM (see section 2.1.2).

Regarding the analysis performed in Rüdlingen, the results allowed us to ob-

serve:

1. the initial condition shows a general equilibrium in the investigated area and

the presence of soil resistance forces in the upper part, probably due to the

slope of the area and resulting from its frictional force. This condition re-

mained stable for 7h (Figure 5.21b).

2. After 7h 20min (Figure 5.21c), at the center of the area it can be observed that

compression forces are starting to develop with values of 15kPa. This condi-

tion remains constant until 9h 18min (Figure 5.21d).

3. After 10h 50min, soil forces start to change spatially. While in the upper part

of the area, the tension forces increase in space, in the lower central part, the

compressive soil forces begin to develop (Figure 5.21e).

4. At 11h 42min after the start of SOSlope simulation, the two areas, differentiated

by activation of tension and compression forces, are still evident. After the SL

triggering (Figure 5.21f), values around 30kPa develop on the right side and at

the foot of the SL. This condition remains constant until the movement of the

left side of the SL at 14h 9min (Figure 5.21g).
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FIGURE 5.21: The figure shows the key frames of the progressive evolution of soil compression
obtained from the SOSlope simulation. Time (t) is expressed in consecutive minutes from the start
of the test, while pressure values are expressed in kilopascal (positive values represented tension
forces, while negative values represented compression forces).

5.2.5 General comment

The need to study and analyze the complex interactions among the factors determin-

ing the stability of a vegetated slope requires applying tools capable of adequately

considering each of these aspects. It was pointed out in the chapter 2 that generally,

slope stability models best develop one specific aspect while greatly simplifying the

rest. Generally, the aspect that has suffered most has been the root reinforcement so

far. In contrast, SOSlope quantifies this factor by evaluating its influence and corre-

lation with other hydro-mechanical factors (e.g., passive earth pressure, pore water

pressure). Therefore, the application of SOSlope in this case study proved to be use-

ful both in conducting a systemic analysis of the landslide event and in assessing in
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detail the evolutionary dynamics of the single factor. The results obtained allow for

the analysis of the different stages of stability variation and the hydrological causes

that favored them. It was possible not only to know a maximum numerical value of

root reinforcement activated to counteract soil movement but also to observe how

this is activated in space and time. Hydraulic dynamics related to pore pressure are

also detailed and separated into two main components: preferential flows in macro-

pores and soil fractures, and water pressure soil matric. The added value of this

study comes from verifying the correspondence of the results obtained from simu-

lations with SOSlope with what happened and measured in the field as part of the

TRAMM project. Comparison with field observations made it possible to validate

the efficiency of the software and identify some of its limitations. Among them, the

main one appears to be related to the strict dependence of the calculation process on

the DEM grid structure, identifying each cell as a single calculation unit. This de-

pendence is also reflected in the resolution of the final result, for example, the slight

overestimation of the landslide surface obtained through SOSlope. Different solu-

tions, such as using a triangular mesh, could probably improve the computational

process in terms of time and the quality of the result. As discussed earlier, future

developments should improve the computational capacity of slope stability mod-

els, ensuring that the complexity of the dynamics that come into play in vegetated

slope stability can be preserved, but especially their reliability in analyses that do

not involve event validation as in this case.
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5.3 Regional scale analysis: Monviso’s forest plan

The several results obtained from SlideforMAP elaboration have been used to realize

analysis maps. From the whole Monviso zone, a smaller area in the municipality

of Oncino is chosen as an sample area to show and explain the analysis method

applied.

5.3.1 Risk analysis

Indicative map of shallow landslide hazard

The indicative map of SL hazard in Figure 5.22 shows the spatial variability of the

failure probability values, indicating the most critical areas. However, it is funda-

mental to state that in the specific case of this analysis, the map shows an indicative

condition because it displays just the failure probability referred to a return period

of 100 years. Generally, a complete map of shallow landslide hazards must com-

pare scenarios based on different return periods (1 year, 50, 100, and 300 years) and

simulate the relative rainfall intensity.

The map in the following Figure was obtained by simulating the 100RT_W0 sce-

nario.

FIGURE 5.22: The map in Figure shows the probability of SL referring to the worst-case scenario
100RT_W0. The color range represents the probability of slope failure expressed as a percentage.
The probability of SLs occurrence increases as the red color becomes more intense. The areas
identified are those potentially most susceptible due to morphology. In this scenario, the presence
of vegetation is not considered.

The map highlights the critical role of morphology as a central factor in increas-

ing an area’s susceptibility to confirm SL occurrence. The typical valley morphology
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present in the considered area promotes high probability values localized near ar-

eas of a higher slope, along watercourses, and near tributaries. The latter aspect

is evidenced not only by the contour lines but also by the elongated shape of the

area presenting the failure probability. Additionally, north of the area, it is possible

to observe the critical role of roads in increased susceptibility. Infrastructures are

elements prone to possible SLs trigger points. Changes in slope dynamics, mechan-

ical and hydrological, caused by the construction and presence of infrastructure is

a widely studied and discussed issue (Persichillo et al., 2017; Bordoni et al., 2018;

Mauri et al., 2022).

In the following maps, as it will be further explained, it is possible to observe

that forested areas actually present reduce SL probability values. However, in some

critical areas, values of probability are still significant (small map in Figure 5.27).

Qualitative map of potential damage

The qualitative map of potential damages highlights the areas with a higher density

of exposed elements, distinguished in this analysis in structures and infrastructures.

This type of map allows observing the distribution of the elements in space; there-

fore, evaluating in detail how the occurrence of SL phenomena could affect both the

land and the environment. For each type of element, a density map (also know as

heat map) has been realized through the module Kernel Density Estimation in QGIS

and considering buffers around the element with a distance from it of 300 m for

structures and 100 m for infrastructures.

FIGURE 5.23: The map in the Figure shows the probability levels of damage to structures. The
color intensity depends on the density of the structures in the specific area. This information helps
to assess how spatially distributed the structures are.
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As far as the sample area is concerned, the map of the structures in the Figure

5.23 shows the presence of four agglomerates located in the center of the area, of

which two present considerable density with a value ≥ 100, while the other two less

dense assume a value between 50-100. These values are indicative of the number

of structures located in that area. The buffer area, which assumes a value between

10-and 50, shows that the presence of exposed elements is uniform in space.

FIGURE 5.24: The map in the figure shows probability levels of damage to infrastructures. The
color intensity depends on the density of the infrastructures in the specific area. This information
helps to assess how spatially distributed the infrastructures are.

On the other hand, considering infrastructures, the map in the Figure 5.24 shows

punctual areas where road sections are denser, assuming values generally of 15-30,

and in the specific area near the built-up area of Ciatet, values of 30-45. In this case,

the density is quantified by considering that closer road sections increase the risk

and, therefore, the potential damage.

Priority map of the potential protection forest

Identifying areas at risk requires combining information concerning failure probabil-

ity (Figure 5.22) and potential damages to structure and infrastructures (Figures 5.23

and 5.24). The areas that present specific risk values should be those in which the

forest, if present, should assume a direct protective function as a priority. Where the

forest is absent, it is possible to observe if the risk is localized in areas with different

land use and evaluate the planning of specific interventions to reduce this risk.

Generally, a SL event-triggered upslope of a structure or agglomeration is consid-

ered riskier than the same event-triggered downslope. While upslope events would
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cause direct damage by impacting structures, following the movement of the un-

stable soil mass driven by gravity, downslope events would cause indirect damage

by causing a general loss of the slope stability. Considering this aspect, buffer ar-

eas upslope and downslope of the structures were distinguished by performing a

geospatial analysis based on elevation. Combining all this information, the map in

Figure 5.25 was realized.

FIGURE 5.25: The map in the Figure identifies areas where it is possible to have a risk of a SL
occurrence. The risk level depends on the failure probability value and exposed elements’ den-
sity. In this case, considering structures, the risk level is distinguished depending on upslope and
downslope location. Generally, an event occurring upslope of a structure or agglomeration is con-
sidered riskier than the same event occurring downslope, as it could cause direct damage due to
gravity-driven movement of the unstable soil mass.

In quantifying damage near infrastructure, this distinction is not made, but the

risk is calculated by multiplying the failure probability by the exposed elements (Fig-

ure 5.26).
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FIGURE 5.26: The map in the Figure identifies areas where it is possible to have a risk of a SL
occurrence. The risk level depends on the failure probability value and exposed elements’ density.
Considering infrastructures, no distinction was made between upslope and downslope events.
Since these are, in fact, linear elements, the damage caused in the case of SL would be identical.

Based on the worst-case scenario 100RT_W0, this first part of the analysis allows

assessing the most critical areas throughout the territory. The results obtained are

combined with the forested scenarios to verify, through comparison of the forested

areas, where it is necessary to intervene in order to improve soil protection.

5.3.2 Forest analysis

The forest is an essential element capable of providing stability to vegetated slopes.

However, the presence of the forest does not always mean having adequate soil

protection and, therefore, slope stability. This analysis identifies areas where it is

necessary to intervene for improving or developing soil stability, also identifying

priorities of silvicultural interventions.

Map of the actual forest protection effect In the map of the actual forest protec-

tion effect (scenario 100RT_Wa), it is possible to observe the areas in which the forest

procures the reduction of slope failure probability. Probability failure reduction hap-

pens at localized points in the forest, providing reduction values generally around

30%. However, this reduction in values does not mean a total cancellation of the

probability.
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FIGURE 5.27: The map in the Figure shows the areas where the forest, considered with its current
structure and composition, reduces the slope failure probability. As the areas tend to be yellow,
the mitigation effect of the forest is more significant. However, it can be observed that there is not
always a correlation between effective forest mitigation and the functional definition assigned to
the stand. Although a specific forest area plays a direct soil protection role, this is generally not
assigned to this function. The map in the small box below shows that although there is a protective
effect of the current forest, this is not sufficient in some areas to nullify or reduce the probability of
SLs occurrence.

Map of the ideal forest protection effect In the map of the ideal forest protection

(scenario 100RT_Wi), it is possible to observe a significant reduction in the failure

probability, both in terms of surface and values. The possibility of being able to

guarantee in space an effective RR allows better results in the frequency and inten-

sity mitigation of SL events. This condition can be defined as aiming for a more

detailed silviculture.
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FIGURE 5.28: The map in the figure identifies areas where the potential forest, considering an ideal
value of RR, reduces the probability of failure. As the areas tend to be yellow, the mitigation effect
of the forest is more significant. The map at the bottom shows an overall significant reduction in
the probability of initiation SLs. Areas still showing the red color identify points where the forest
effect would never be able to limit the probability. In these areas, reasoning should be more related
to identifying nature-based or classical engineering solutions.

Map of the protective value of the ideal forest The map of the protective value of

the ideal forest highlights the areas where the protective effect is more urgent due to

the presence of areas with high-risk exposure. The map is obtained by relating the

ideal protective forest (Figure 5.30) to the map of potential damage, distinguished

by upstream and downslope in the case of buildings. The indicative values obtained

can be interpreted, for example, as a monetary amount that could be avoided in case

of SL event if the forest is managed correctly. The map shows low protection values

located in forested areas with a functional destination of direct protection (red areas)

or protective-productive (orange areas). This aspect highlights the need for direct

protection forests to be managed to ensure the protective effect in space and time.
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FIGURE 5.29: The map in the figure identifies areas where the protective effect is more urgent
due to the presence of areas with high-risk exposure. Generally low protection values are lo-
cated in forested areas with a functional destination of direct protection (red areas) or protective-
productive (orange areas). This aspect highlights the need for direct protection forests to be man-
aged aiming to preserve the protective effect in space and time.

Priority map of silvicultural interventions This map shows areas where the cur-

rent forest protection is adequate and those where it is necessary to improve this

effect. Specifically, the orange color highlights areas where the RR of the current

forest is better than the ideal one, while the blue-yellow color range highlights ar-

eas that can be improved and identifies the priority and urgency of intervention.

Multiplying the protective value of the ideal forest and the difference in probability

between the ideal and current forest provides a valuable criterion for prioritizing

forestry interventions.



110 Chapter 5. Results and discussions

FIGURE 5.30: The map in the Figure shows different level of silvicoltural interventions priority.
The level of priority, identified blue-yellow color range, depends on the urgency of managing that
forested area aiming to improve root reinforcement and soil protection. However, there are also
small areas where the current forest effect is still effective (orange areas).

This map also highlights the need for appropriate management of direct protec-

tion forests.

5.3.3 General comment

The analysis discussed in this section demonstrates an ad-hoc designed methodol-

ogy for identifying areas prone to surface landslides. The reconstruction of scenarios

based on statistically verified values of rainfall intensity, referring to different return

periods, and different land cover conditions allow reconstructing and assessing a

priori the degree of hazard and risk that could occur in a given area. From the anal-

ysis and comparison of the results obtained by the SlideforMAP software and rallied

to the different scenarios, it is possible to assess the forest’s actual contribution to soil

stability and verify whether this mitigation effect is adequate or requires improve-

ments. The high level of attention to considering forest structure and composition

makes it possible to simulate scenarios in which interventions are expected to mod-

ify one or both of these factors, as well as to observe how these changes may affect

the probability of occurrence of SLs. Indeed, the ability to perform parameterization

at the scale of a single tree makes it possible to simulate silvicultural scenarios and

identify appropriate small-scale management strategies (Zadelhoff et al., 2021a).

The methodology is adequate for the analysis of future, hypothetical scenarios

necessary for accurate management of direct protection forests, which is currently

based on more generic methodologies, e.g., applying RUSLE, or even on knowledge

of inventoried events in the area under investigation. To the best of our knowledge,
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no model can provide valuable indications for improving the effectiveness of the

direct protection forest. Knowing precisely where interventions are needed, assess-

ing the urgency depending on the probability and proximity to exposed elements,

and simulating different hypothetical management scenarios become invaluable in

informed forest planning aimed at mitigating this risk.

However, further applications and case studies are needed to identify potential

points of improvement in both the methodology and the SlideforMAP software. For

the latter, the most critical improvement concerns the need to collect new data on the

mechanical characterization of RR of the most common forest species. In this way,

the analysis could become part of the forest planning process in complex stands with

different specific compositions, providing an essential improvement in identifying

the correct silvicultural practices for managing direct protection forests.
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Chapter 6

Conclusions

The objective of this research work was to create, validate, and apply multiscale

analysis tools and methodologies for verifying the stability of vegetated slopes.

The state of the art analysis highlighted users’ tendency to prefer simple models,

as they are immediately understandable and based on easy-to-obtain information.

However, these models have proven to be ineffective in quantifying and evaluat-

ing vegetation’s mitigation effect because they usually assume constant and uni-

form values of root reinforcement in space and time. With the increase in com-

puter knowledge and attention to vegetation’s role in slope stability, new complex

models were developed, but their use often remains limited to the research field.

Therefore, to facilitate the use of these models, both in the academic and profes-

sional fields, new software model-based were developed and equipped with a user-

friendly graphical interface. Following this purpose, this research proposes applying

three software programs to investigate the dynamics of root reinforcement on three

different scales of analysis.

Relative to the tree scale, the RBM++ software allows quick quantification and

spatial evaluation of root reinforcement. Based on the model of root reinforcement

implemented in recent slope stability models, the Root Bundle Model with Weibull

function (RBMw), allows us to observe how the root reinforcement varies both as a

function of distance from the tree stem, but mainly as a function of increasing depth

in the soil. However, this first version of RBM++ is still constrained to preliminary

processing to be done externally to the software, but necessary to quantify the me-

chanical parameters of the reinforcement. This limitation is already partly overcome

by the possibility of using standardized root reinforcement values of some of the tree

species. Future developments of RBM++ envision complete software autonomy in

estimating reinforcement using little accessible information, e.g., tree size and root

density, and becoming a valuable tool for initial field verification and quantification

of root reinforcement.

Relative to the slope scale, the SOSlope software allows reconstruction and eval-

uation of slope hydro-mechanical dynamics, focusing on the progressive activation

in space and time of root reinforcement. Its validation through the reconstruction of

the Rüdlingen artificial landslide event demonstrated a good reconstruction of the
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complex dynamics that led to the loss of soil stability. SOSlope is suitable for de-

tailed analyses of susceptible areas, such as near structures or infrastructures, or in

planning reforestation interventions to improve an area’s stability. In the latter case,

the software makes it possible to study the structure and composition of the planting

and verify its efficiency. Future developments related to SOSlope concern the devel-

opment of a new version that will provide ad hoc solutions to overcome the square

grid of the digital terrain model with a mesh model, but above all, the inclusion of

new tree species will be available for the calculation of root reinforcement.

Finally, considering the regional analysis scale, the SlideforMAP software made

it possible to investigate the degree of susceptibility of the Monviso area to the oc-

currence of shallow landslides and quantify the actual contribution of forests to soil

protection. The case study presents the first example of this software application

in forest management decision-making. The innovative aspect of this methodology

concerns the possibility of verifying and quantifying the protective effect of forests,

guiding the identification of protection forest areas. Future developments of this

methodology involve the application of further case studies that will allow both the

software’s validation and, more importantly, the refinement of the analysis method-

ology.

These three models and related methodologies can potentially become part of

forest and land management decision-making processes to prevent and mitigate

shallow landslide phenomena. However, their application implies that although

they are software-based on complex physical models, simplifications and assump-

tions are inevitable. The already discussed difference between deterministic physically-

based and probabilistic physically-based models originates from respective simplifi-

cations, which are inevitable to allow their application and computation in different

contexts and scales of analysis. Moreover, although input data are generally read-

ily available on the regional geographical website or the literature, some contexts

must make assumptions based on weighted reasoning. An example is the lack of

standardized root reinforcement values related to a specific tree species in the inves-

tigated area. The user’s knowledge and experience will allow the user to identify

among those available the one that most closely resembles the species present in the

investigated area.

Another aspect not to be underestimated concerns that although the models can

highlight potentially overlooked situations by applying simplified approaches of

analysis and subjective evaluations, the results must be carefully interpreted by the

user. The computational process does not consider local situations that produce

objective evaluation errors. A common example is identifying potentially unsta-

ble areas near the change in slope at building construction cut-offs. In these cases,

knowledge of the investigated area is essential for correctly interpreting information.

In conclusion, the introduction and application of these tools as part of future

decision-making processes will make it possible both to know and quantify in detail

the areas most susceptible to surface landslide phenomena, but more importantly,
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to better manage the forest by identifying the silvicultural practices best suited to

improve and ensure the protective effect of the soil over time and space.
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