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INTRODUCTION

The Sendai Framework for Disaster Risk Reduction 2015-2030 (UNISDR, 2015) is aimed at preventing new
disaster risks and mitigating the existing ones, a target which should be achieved through a tangible
implementation of combined economic, social, cultural, environmental, scientific, technological, political and
institutional measures. Besides reducing the hazard of several phenomena andthe corresponding vulnerability of
exposed elements, the resilience of the wholesociety should be strengthened (UNISDR, 2016).

Landslides are recognized as part of the geological hazards. They represent a variety of slope failure
processes, which resultin the downward movement of a soil/rock mass, as final effect of a progressive evolution of
the slope equilibrium conditions. The slope failures could be predisposed by hydrological, hydrogeological and
mechanical slope features. At the same time, they could be triggered by climatic events, along with earthquakes,
wildfires, snowmeltand anthropogenicactivities, as stated by UNISDR (2016). Landslide hazard is a function of
landslide susceptibility (spatial propensity to landsliding) and time-based probability of occurrence ofthe landslide
process. Its assessment may be carried out either with reference to vast areas (i.e. at small scale, e.g. regional), or
with reference to asingleslope (i.e.at large or local scale; Fell, et al, 2008 a, b; Corominas, at al,2014; UNISDR, 2016).

FIG. 1 shows the classified Pan-European landslide susceptibility map proposed by Giinther, et al, (2014)
and resulting from heuristic spatial multicriteria evaluations, which were supported by analytical hierarchy
processes and validated based upon landslide inventories. The highest susceptibility (50% of landslide-affected
pixels) is concentrated within hilly and mountainous areas, such as, for example, across large part of the Italian
peninsula (FIG. 1).

Despite the on-going scientific and technological enhancement of both hazard and vulnerability
assessment methods, as well as of risk modelling, human injuries and deaths, along with damages to structures
and infrastructures caused by landsliding are still huge, not onlyin Europe (Haque,et al, 2016), but throughout the
world (CRED Crunch, 2016). With reference to the European countries, from 1995 till 2014 a total of 1370deaths and
784 injuries have been recorded as result of 476 landslide events (Haque et al, 2016). In this regard, it is worth
pointing out that the quoted numbers may be underestimated. This is because the fatalities and damages are often
consequentto landsliding caused by earthquakes and floods (UNISDR, 2015), and are associated to the landslide
causes and not to the landsliding itself.

From an economicpointof view, the 1995-2014 landslide events in Europe caused a total economic loss

about4.7 billion Euros per year, and Italy experienced the worsteconomicloss dueto loss due to landslides (3.9



billion Euros; Klose, et al, 2016; Haque, et al, 2016). Moreover, an increasing trend of fatal landslides was observed
both in Europe and all around the world, from 2008 to 2014; these landslides were mostly triggered by natural

extreme events, earthquakes and floods (Haque, et al, 2016; CRED Crunch, 2016).

FIGURE 1. Classified Pan-European landslide susceptibility map (from Giinther, et al, 2014); the studied area

correspondsto therectangular frame.
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Hence, the large amount of deaths and losses caused by landsliding recorded around the world (Petley, 2012; CRED
Crunch, 2016) testifies that eitherthe landslide risk assessments, or the corresponding risk mitigation strategies,
are not properly developed yet. Especially so at the small scale, where landslide hazard assessment is most often

carried out by means of either heuristic or statistical methods (Fell, et al, 2008a, b; Corominas, et al, 2014), which



do not entail the interpretation of the landslide processes, along with the identification of the landslide
predisposing and triggering causes (Cascini, 2015; Cotecchia, et al, 2016a and b).

As agreed by the Priority Action 1ofthe Sendai Framework (UNISDR, 2015), the landslide risk management
should be based on the characterization of all the components of the disaster risk (i.e. hazard, exposure and
vulnerability). Such characterization requires an integrated and multidisciplinary approach to landslide risk
analysis, including results of social, economic, political, geological and engineering analyses. To achieve such
characterization, the existing knowledge about the slope processes bringing about landsliding should be
accounted for. Furthermore, foe landslide risk mitigation, the scientificand technical advancement in landslide risk
mitigation design should be invoked, in order to protect social society and historical and cultural heritages
(UNISDR, 2015).

Moreover, the policies for landslide management should comply with the current availability of
deterministicapproachesto landslide hazard assessment, at either large or small scale (multi-scalar approaches),
which allow for more objective and physically based evaluations of landslide risk, by comparison with those
pursued using either heuristic, or statistical methods. Such approaches take account of the predisposing and
triggering landslide causes, their spatial and temporal variability, and their role in the instability processes.
Therefore, they allow for the characterization of the cause-effect relations bringing about thelandsliding, by means
of geo-hydro-mechanical modelling of the slopes.

Such deterministichazard assessment methods allow to create hazard mapsin which the main factors
controlling the slope stability are explicitly reported, avoiding the redundancy of parameters often used within
purely empirical approaches. Besides the landslide diagnosis allows to select the mitigation measure based upon
the knowledge of the slope processes determining the slope failure. As a consequence, the mitigation strategy is
often more sustainable and long-lasting. Despite the difficulty of adopting deterministicapproaches to landslide
risk assessment at the small scale, Cafaro, et al, (2017) have recently shown how such analytical strategy is
applicable on the vast area.

The present paperintends to contribute to the dissemination of quantitative hazard assessment methods
(Corominas, et al, 2014) at the small scale usinga deterministic approach, and to show that this effort may be
beneficial to improve disaster risk reduction policiesin landslide prone areas. To this aim, a methodology for the
quantitative assessment and mitigation of landslide hazard at small scale is presented in the paper. The proposed

methodology, known as Multiscalar Method for Landslide Mitigation (recalled as MMLM hereafter; Cafaro, et al,



2017), could be applied everywhere in the world, being based on objective geo-hydro-mechanical diagnoses of the
landslide processes.

Within the Priority Action 1 of the Sendai Framework (UNISDR, 2015), the MMLM starts from the
understanding of the landslide mechanisms and of the relating hazard (FIG. 2), to derive a diagnosis based on a
deterministic approach. Accordingly, it is capable to address the selection of the most appropriate landslide
mitigation measures, using either structural, or non-structural interventions, and to enhance the resilience of the
assets and environments within which landslides take place (Priority Action 3-Sendai Framework; UNISDR, 2015;

FIG. 2).

FIGURE 2. Geo-hydro-mechanicalapproach to landslide mitigation in the spirit of the Sendai Framework:
from the understanding of the processes to the social, environmental and engineering impacts and

influences (after Basu, et al, 2015, modified).
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The concurrentscientificadvancementin the assessment and mitigation of landslidehazard, along with
the compelling of amore routine transfer of knowledge from the scientific community to the institutions, industry
and civil society (UNISDR, 2015), accomplishes Priority Action 2 of the Sendai Framework (FIG. 2). It strengthens the

consciousness of both landslide risk and the availability of proper prediction tools (UNISDR, 2015). At the same



time, it may prompt the social, technical and economic effort necessary to select the adequate mitigation measures
forany critical slope condition (Cafaro, et al, 2017).

In the following, the paper describes the main actions of the MMLM and its application to a prototype
region (theDauniaregion,SouthernItaly). Somelandslide mitigation measures,designed onthebasison the MMLM

application, are also reported in the paper (according to the priorities for both Actions 1 and 3; UNISDR, 2015).

GEOGRAPHYCAL CONTEXT OF REFERENCE

The MMLM was applied to the Daunia region, including 25 urban centres located in an extensively
populatedregion oftheeasternsectoroftheSouthern Italian Apennineswhich displaysahigh toveryhigh landslide
susceptibility, as shown in the Pan-European map (FIG. 1).

The Dauniaurban areas are representative for many other mountainous populated regionsin Italy and
more generally in Europe, whose social and urban development suffers from the fragility of theterritory where they
are located. Many of these urbanised territories have an extraordinary historical value (e.g. archaeological remains
of Roman Age, historical monuments and churches dating back to X-Xll centuries). The old part of the urban centres
is generally founded on stable rock outcroppings (FIG. 3). On the contrary, the most recent urbanization, dating
back to the last century, often extends over unstable slopes, where weak soil units and ancient landslides are
located. This is why landsliding strongly affects these portions of the towns, causes damages to the existing
structures and infrastructures and inhibits the urban expansion (Cotecchia, et al, 2010; Palmisano and Elia, 20143,
b, FIG. 4). It follows that landslide reactivations (FIG. 5) are found to contribute to the depopulation of these urban
centres, despite their historical background.

Over the years, several public investments have been provided (Italian and European funds) for the
landslide mitigation of these unstable slopes. Invasive retaining structures or deep large piles have been routinely
used as stabilization measures, often designed disregarding the landslide mechanisms and their causes (e.g.
kinematics of the slope failure, depth of the landslide bodies, cumulative rainfall or single intense rainfall events,
slope undercutting and so on). As a result, these measures have been found to fail in assuring long-term
stabilisation of the landslides within the clayey-rocky slopes, hence disrespecting the efficiency requested by
Priority Action 3 of the Sendai Framework. The limited efficacy of such interventionsis at present revealed by the
monitoring of on-going landslide movements, which are often involving the above-mentioned stabilisation

measures (FIG. 6).



FIGURE 3. Typicalurban structure of the mountainous populated regions of the Southern Italian Apennines.
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The MMLM resulting from studies across the Daunia region, was part of a wide multidisciplinary project
aimed at the enhancement of landslide risk assessment. The Apulia Region funded this project (Framework
Program for Research and Technology 2003-2005 - Strategic Projects), which is entailed academic, scientific and
research entities together with private companies.

In particular, geotechnical researchers, together with geologists and hydrogeologists, were engaged into
the development of the MMLM, whereas economists and town planning experts performed studies onthe exposure
componentofriskand on the landslide susceptibility using well established statistical methods, for comparison
with the hazard assessments resulting from the use of the MMLM within the same region. The statistical methods
being used were multivariate and based on data processingin a geographical information system. The logistic
regression was chosen to produce a susceptibility map over the studied region (FIG. 7; Mancini, et al, 2008), which
implemented both morphometric and non-morphometric predisposing factors (i.e. drainage basin, land cover,
lithology, distance from rivers). The landslide inventory map used for the statistical analysis corresponded to the
landslide map built up during the application of the MMLM.

Structural engineering researchers were instead involved into the development of a new multi-level
approach to the vulnerability assessment, which started from the damage assessment of the buildings located

within the urban centres (FIG. 8; Palmisano, 2016; Palmisano, et al, 2018).

FIGURE 6. Examples of ineffective stabilisation measures realised on the unstable slopes.




FIGURE 7. Susceptibility landslide map of the Daunia region resulted from linear regression data analyses

(from Mancini, et al, 2008).
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FIGURE 8. Landslide damage geotechnical chart for the town of Bovino in the Daunia region (after Palmisano

et al. 2018).
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THE MULTISCALAR METHOD FOR LANDSLIDE MITIGATION

Before describing the main actions of the MMLM, it isimportant to recall briefly the engineering definition
of landslide mechanism. The landslide mechanism is the final process of a sequence of complex and coupled
deformation phenomena taking place in the slope, which involve strain localisation and progressive failure
(Chandler, 1974; Chandlerand Skempton, 1974; Potts, et al, 1997). The landslide mechanism may be modelled
through several numerical strategies, for example, through the solution of a boundary value problem which
requires the simultaneous integration of equilibrium, compatibility and constitutive relationships, along with fluid
mass conservation equation (Biot, 1941; Fredlund and Rahardjo, 1993; Potts, et al, 1997; Gens, 2010; Leroueil, 2001;
Elia, etal, 2017).

The integration of the system refers to the boundary value problem representing the slope, characterized by the
internal and the external factors (Terzaghi, 1950). The internal factors account for all the features predisposing the
slope to failure (i.e. the slope geometry and geo-structural set-up, the mechanical properties of the materials, their
permeability and the slope boundary conditions), while the external factors represent the actions (i.e. climate,
earthquake, man-made actions etc.), which may alter the slope equilibrium conditions, being possibly triggering
factor of the slope mechanism. Although the basic processes controlling the slope equilibrium and, eventually,
bringing about failure, are always represented by the same set of laws (e.g. equilibrium and compatibility

equations, liquid mass balance etc.), the landslide mechanisms vary with the variability of thelandslide factors and
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boundary conditions. Hence, both the landslide factors and the boundary conditions should be investigated in
order to correctly diagnose the landslidemechanismoccurring within any slope, whose landslide hazard should be
quantified. As previously said, this landslide diagnosis is strictly related to the Priority Action 1 of the Sendai
Framework (FIG. 2; UNISDR, 2015).

The MMLM starts with the deterministic awareness of these geo-hydro-mechanical processes and the
related slope factors at the slope scale and, through a reductionist approach, identifies a limited number of
prototypes of slope set-ups and landslide mechanisms to be extended at smaller scales, followinga bottom-up

approach (FIG. 9; from the slope to the regional scale; Cascini, 2015).

FIGURE 9. Reductionist approach followed by the Multiscalar Method for Landslide Mitigation.
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FIG. 10 shows the sequence of actionsrequired to derive landslide hazard assessments according to the MMLM
(Cotecchia, et al, 2010, 2016b; Cafaro, et al, 2017). The actions are comprised in two subsequent phases. The first
oneisaddressed to the sortingout of the landslide mechanisms representative for the region under analysis (FIG.
10a) through the above-mentioned reductionist approach. The second phase concerns the assessment of the

landslide hazard for a given territorial cell of the region (FIG. 10b).

FIGURE 10. Flow chart of the MMLM (from Cotecchia, et al, 2016a, b): a) Phase 1: characterization of the

landslide mechanism at the regional scale; b) Phase 2: landslide hazard assessment in a given territorial cell.
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The proposed methodology assumes that a limited number of geo-hydro-mechanical set-ups, GMi (which

are setting of slopes having similar lithology, mechanical behaviourand hydraulicproperties at the slope scale),
can beidentified in anysufficiently limited region (hypothesis 1in FIG. 10a), despitethe variability of the geological
landscape. This assumption is valid if soil/rock mechanics is used to characterize the slopes, since the mechanical
properties of the soils vary among geological formations less than the corresponding geological features. A limited
number of GMiimplies a limited number of landslide mechanisms, Mi, as the laws controlling the slope equilibrium
conditions are always the same (e.g. equilibrium, compatibility and liquid mass balance), and, once for a given set
of slope factors, similar landslide mechanismsshould be expected (hypothesis 2 in FIG. 10a). Therefore, the MMLM
may be applied in any geo-mechanically homogeneous region where the environment could be categorised infew
GMi and Mi, according to the geo-hydro-mechanical features of the natural assets. Forinstance, a national territory
could be discretised in different sub-territories, each of them with representative GMi and Mi (e.g. volcanic
environment with rapid-very rapid flows; rocky territories with rock mass movements; etc.).
Once the hypotheses 1and 2 are assumed, the MMLM entails Step 1 of Phase 1 (FIG. 10a), which deals with the
creation of an analytical database of both the internal and external slope factors across the region. The generation
of such database requires the analysis of the geo-hydro-mechanical factors for several slopes across the region. The
analysis of all the data acquired during the first step of Phase 1 (FIG. 10) will allow for the identification of the geo-
hydro-mechanical classes, GMi, representative for the region.

Thefollowing Step 2 of Phase 1 (FIG. 10a) entails the recognition ofthe connections between the intemal
factors, characterising the GMi classes, the external factors and the failure processes recurrentin the slopes of the
region. Therefore, this step concerns the interpretation of the landslide mechanisms, that is developed through

three different stages of diagnosis: I, phenomenological, Il, using the limit equilibrium method, and lll, with finite
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element (FE) numerical analyses. The first stage deals with a phenomenological interpretation of theslope factors
and of the either possible or active failure mechanisms at several sites in the region. At this stage, field surveys,
aerial photointerpretation, studies of historical evolution ofthe landforms and analyses of pre-existing slope data
(geological, geotechnical, hydraulicand monitoring data) are performed extensively across the region. During this
stage, the database is also enlarged to include several landslide maps (e.g. landslide inventory, event and mult-
temporal maps).

Afterwards, limit equilibriumand numerical analyses are carried out for some of the slopes characterised
through the previous phenomenological studies. Parametric limit equilibrium analyses, implementing the results
of the previous stage,are then performed for several slopes, in order to verify the phenomenological interpretation
of the landslide mechanisms. These analyses are also aimed at improving the knowledge of both the landslide
activity and the hydro-mechanical behaviour of the slopes, along with the slope failure causes. The numerical
analyses, instead, are conducted only for few unstable slopes whose landslide mechanisms are the most
representative across the region. Designed on the basis of the results of the | and Il stage-studies, these analyses
are aimed at solving the boundary value problem, through the implementation of the algorithms that simulate the
relevant processes active within the modelled slope. These analyses should provide furtherinterpretation of the
landslide mechanism, allowing to characterize the predisposing and triggering causes of failure, along with its
expected progression with time. As a consequence, the quantitative modelling of the hydro-mechanical processes
thatcause landslidingallowstoupdatetheknowledgeaboutthelandslidemechanismsin differentslopescenarios,
improving the landslide hazard assessment for the region under study. After Step 2, themost relevant slope factors
and processes are deduced.

Step 3 of Phase 1 (FIG. 10a) then deals with the classification of the representative landslide mechanisms
of theregion, Mi, and is carried out through a screening of all the mechanisms recognized in the previous step. The
predisposing and triggering causes ofthe Mi are to be defined, together with their possible timing and magnitude.

All the knowledge acquired during Phase 1, along with the methodological stepsto be applied forthe
assessment of the landslidehazard in a given specificterritorial cell of interest for theoperatorin theregion, has to
be collected in a Regional Landslide Manual (RLM, FIG. 10a) and framed within a GIS platform-database (Mancini,
et al, 2008; Cotecchia, et al, 2012; Santaloia, et al, 2012a, b). In such away, the mapping of landslide hazard would

be based on the geo-hydro-mechanical diagnosis of the slope processes as resulted from the RLM, hence
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overcomingthe landslide hazard mapping based onheuristicand/or statistical analyses (Reichenbach, et al, 2018;
Corominas, et al, 2014; Norwegian Geotechnical Institute, 2010).

The RLM is meant to be also the handbook gathering the geo-hydro-mechanical knowledge about the
slopes across the region, of reference forall the operatorsinvolved eitherin land use planningor in mitigation
design forthe unstable slopes of the region. Therefore, the RML should be in continuous upgrading in any region.
Atthe same time, the RLM could be useful for strengthen the disaster risk governance, in agreement witha phase
of knowledge-transferthatis the core of Priority Action 2 (FIG. 2) in the Sendai Framework.

During Phase 2 (FIG. 10b), the RLM becomes a guidelinefor the operatorinthe assessment of the landslide
hazard within the given territorial cell of interest. As first, the slope factors within the territorial cell of interest are
identified and logged, following the procedures reported inthe RLM (Step 1, FIG. 10b). Step 2 (FIG. 10b) entails the
creation of a medium-scale analytical database, moredetailed thanthatof Phase 1. It will include data representing
the landslide factors at the site of interest, with particular emphasis on those recognised to be predisposingthe
landslide reactivationsin the first phase, and data about the slope movements (e.g. topographic, interferometric,
inclinometer monitoring data and structure damage data). The joined consultation of the local GIS database and
of the RLM (Step 3) should lead to the recognition of boththe class of geo-hydro-mechanical set-up (GMi) and the
class of failure scenario (Mi) that are likely to occurin theterritorial cell of interest. At the same time, the RLM should
also indicate how to carry out either limit equilibrium or numerical analyses of the slope conditions for the given

expected failure scenario, to validate the hazard assessment derived on the basis ofthe RLM indications.

APPLICATION OF THE MMLM TO THE EASTERN SECTOR OF THE ITALIAN

SOUTHERN APENNINES

The application described in the following represents an example that, however, can be extensively
replicated in other geological contexts. According to FIG. 2, it starts from the understanding- driven by a geo-
mechanical approach - of the slope scale contexts (Priority 1 of Sendai Framework), in orderto find outboth the
representative slope models to be applied at regional scale and the factors that control the spatial-temporal
dynamics of the processes. Such a deterministic-based knowledge is found to impact on the selection of the

mitigation strategies (Priority 3; FIG. 2), in order to guarantee their long-term efficacy.
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According to Phase 1 of the MMLM (FIG. 10a), a widespread survey of the slopeswithin the urbanized

territories of the eastern sector of the Southern Apennines was carried out; in the frame of the | stage analyses (FIG.
10a). Theinformation concerning: the topographic, lithological and geo-structural features of the slopes, as well as
the hydraulicand mechanical properties of theslope materials, were collected andimplemented in a GIS platform
database (Palmisano, 2016; Cotecchia, et al,2012; Lollino, et al,2012a, b; Santaloia, et al, 2012a, b).
A schematic geological map of the Apennine sectorunder study is shown in FIG. 11. This region is made up of
geological formations that include mainly clayey marls, clays and silty clays, interbedding either limestone or
sandstone strata (often as floating blocks within the clayey matrix). At places, also sands and conglomerates
outcrop. Tectonics largely caused fissuringand disturbance of the soils. As a consequence, the clays are largely
fissured and the rocks are fractured (Santaloia, et al, 2012 a, b; Cotecchia, et al, 2015).

Based on the lithological and the meso-structural features of the geo-materials (Vitone and Cotecchia,
2011;Vitone, et al, 2018; Cotecchia. et al, 2007; Silvestri, et al, 2007), as well as on their mechanical behaviour, three
main geo-mechanical units were distinguished: rocky, conglomerate-sandy, and clay units (FIG. 12).

Accordingto the spatial distribution of the geo-mechanical units within the region under study, four main geo-
mechanical set-ups were identified at the slope scale. They were selected to be the representative set-ups of the
slopesin theregion: GM1-GM4 in FIG. 12. These GMi mainly differ for the trend of the contact between the units; this
contact may be either stratigraphicor tectonic (FIG. 12). In general, all the GMi in the region appear to host seepage
domains having shallow water table (no more than 4-5 m below ground level). High piezometric heads are recorded

down to large depths.

FIGURE 11. (a) Schematic structuralmap of Italy; the studied area is in the rectangular frame. (b) Simplified
geological map of the Apennine sector where the studied area is located (modified from Patacca and
Scandone, 2007). Key: 1) continental, marine, volcanite and volcanoclastic deposits (middle Pliocene-
Holocene); 2) Pliocene and uppermost Messinian deposits; 3) uppermost Tortonian-Messinian terrigeneous
deposits unconformably overlying theApenninic Units; 4) Apenninic Units(Lagonegro, Sannio, Fortore, Serra
Palazzo, Daunia Units, middle Triassic-Messinian); 5) geological contacts (a-stratigraphic, b-fault, c-synclinal

axis, d-thrust); 6) areas of detailed studies; 7) urban centres out of the studied territories; 8) altitude points.
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Based on the data collected in the regional database, phenomenological analyses and interpretations of
the slope stability conditions were carried out for several slopes throughout the studied area. Through the
comparative phenomenological analyses, five main categories of representative landslide mechanisms, M1-M5,
were selected, with two additional secondary classes: M6-M7.

FIGURE 12. Some examples of the geo-mechanical units recognised in the studied region together with the

geo-hydro-mechanical set-ups, GMi, recurrent in the same territory (after Cafaro et al, 2017, modified).
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Accordingto the landslide classification proposed by Cruden and Varnes (1996), the mechanism classified
asM1lincludes compound, orroto-translational slides,usually deeperthan 30 m (M1,FIG. 13). The M2 mechanisms
correspond to clay slides (or mudslide according to Hutchinson, 1988), with one or more source areas and an
elongate or lobate body (FIG. 13). Thick shear bands, located at medium to high depth, bound these slides. The
thickness of these shear bands mayreach even several meters. The third category, M3, includes flow-likelandslides,
defined as earthflows by Hungr, et al, (2014). They extend over few kilometres and their depth is generally either
aboutorhigherthan 15 m (Cotecchia, et al, 2009). M4 category represents a composite and complexlandslide: a
deep (more than 30 m) rotational landslide evolving into a shallow earthflow downslope (less than 10 m deep; FIG.
13). Finally, shallow soil slips (M5), slumps or shallow rotational slides (M6), and rock falls or toppling (M7) are other
failure mechanismsidentifiedin the studied territories.

These landslides mechanisms were validated by the Il and Ill stages of diagnosis performed for some of
the slopes studied during the first stage as requested by the MMLM.

With reference to the studied slopes, M2 is the most largely present landslide mechanism, followed, in
decreasingorder, by M1, M5, M3 and M4. The others, M6 and M7, occur locally in steeper slopes.

Based on the land Il stages results, most of the M1-M4 landslides involveslopes location of ancient failures, which
are at least in part reactivated at present. The current landsliding is slow to very slow, of rates v<5x10° mm/s
(Cruden and Varnes, 1996).

The reactivation of M1, M2 and M4 landslides occurs with operational strengths between peak and

residual, as deduced by means of limit equilibrium back-analyses of the landslide bodies. Ground surveyingand

inclinometer monitoring have given evidence to the recurrence of movementaccelerations, for M1, M2 and M4,
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from the end of winterto mid-spring. These landslide accelerations occur in a region whose climate is generally

quite dry in summer and the wettest from mid-winter to mid-spring (Cotecchia, et al, 2016¢, d).

FIGURE 13. Landslide mechanisms (after Cafaro, et al, 2017 modified): M1) compound or roto-translational
landslide; M2) clayslide or mudslide; M3) earthflow; M4) slump-earthflows or slump-mudflow; M5) soil slip;

M6) rotational landslide; M7) fall (a) or toppling (b).

In general, forany landslide typology involving clays or clays with fractured rocky levels, from M1 to M6
(excluding the rock-falls M7), the weakness of the tectonised slope clays represents an internal cause of the slope
failure,in thewhole region. In particular, for M1, M2, or M4 landslides, limit equilibrium analyses have shown that,
given the strengths available in the slopes, the stability factor (FS) decreases with increasing depth (Cotecchia, et
al, 2009). This decrease in FS justifies the recurrent observation of deep sliding in the region. Furthermore, the
deepest M1 and M2 landslide mechanisms often involve slopes where the soil plasticity indexincreases with depth,
inducing a consequent decrease of the intrinsic strength of the soil with depth (Lollino, et al, 2010), that is
detrimental for the slope stability. Besides, the high piezometricheads recorded down to large depthsare also
recognised as predisposing factor of failure for thelandslide classes M1, M2 and M4 (Cotecchia, et al, 2016b).

Referring to the triggering factors, the rainfallinput plays animportant role into the change of the current
slope equilibrium within the studied region. The current activity of the shallow soil slips (mechanism M5) is
influenced by single intense and prolonged rainfall events (Sorbino and Cotecchia, 2012). Conversely, the current
activityof M1,M2 and M4 landslidesislargely affected by thereach of themaximum piezometricheadsintheslopes,
as result of the seasonalrecharge of the seepage domain, given the regional climatic conditions. A very similar

seasonal trend of displacement accelerations, piezometric head fluctuations and 180-day cumulative rainfalls has
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been recorded in slopes location of M1, M2 and M4 mechanisms. FIG. 14 shows an example of the seasonal activity
of these deep slow-moving landslides in the clayey-rocky slopes in Daunia (e.g. Pisciolo slope: M2 landslide
mechanism within a GM3A slope; Cotecchia, et al, 2014; FIG. 12). The figure gives evidence to piezometriclevel
excursions (P7 electric piezometersin the figure) with time, which recur with the variations with time of the 180-
day cumulative rainfalls. Furthermore,FIG. 14 reports the rates of sliding of the M2 landslide recorded, by means of
inclinometer monitoring (112 monitoring), at the base of the body, very close to the piezometric cells. The rates of
movement logged at the ground surface by meansof a GPS sensor (S2) are also shown. On the whole, the data
indicate that piezometricheads and the landslide displacement rates follow a seasonal trend, in accordance with
the trend followed by the 180-day cumulative rainfalls: the maximum rate values occur between the end of winter
and mid-spring, when also the peak values of the piezometric heads and of the 180-day cumulative rainfalls are
reached. The same trend is recorded in several other hill-slopes location of landsliding within the whole Southem
Apennines (Cotecchia, etal, 2009; 2011a;2015; 2016¢, d).

The lll stage modelling has validated the interpretation that the current activity of most of the M1, M2 and
M4 landslides is related to the seasonal slope-atmosphere interaction. In particular, the finite-element analyses of
theyearly transient seepage in the slope, with the daily rainfalls and the evapotranspirationimplemented at the
ground surface of the slope (as top boundary condition ofthe slope model),have confirmed that the combination
of the regional climate with the hydro-mechanical properties of the slope soils allows for seasonal fluctuations of
the piezometric heads down to large depths (Pedone, 2014; Tagarelli, 2019). These seasonal piezometric cycles
bring about variations of the available strengths and, hence, of the slope stability factor, that range from 20 to 8%

forslip surfaces of maximum depthranging from 20 to 40 m, respectively (Cotecchia, et al, 2014;2018).

FIGURE 14. Pisciolo slope: displacement rates at 17-19 m depth down inclinometer 112 and at ground surface
(GPS sensor S2); piezometric levels at 15 m and 36 mb.g.l. down borehole P7 and 180-day cumulative rainfall

(from Cotecchia, et al, 2014).
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As concernsthe M3 landslides, the landslideactivity appears not to be controlled by the seasonal climate
in the way recognized forthe landslides M1, M2 and M4. The hydraulics of the slopes, location of landslides of M3-
type appears to be more complex, hence the reactivations of these landslides should be analysed within the
geomorphological evolution of the slope affected by this type of landslide mechanism.

The recognition that the reactivation of landsliding for several ofthe slopes of the regionis climate driven
has prompted studies of the measures capable of mitigating the effects of climate on the seepage within the slopes
of theregion, as discussed in the following. This approach to landslide risk mitigation, result of the applicationof
the MMLM, represents a significant change with respect to the routinemanagement of the landslides for the region

understudy, where structural interventions are the most used stabilization measures,as previously described.

MITIGATION MEASURES RESULTING FROM THE APPLICATION OF THE

MMLM TO THE APENNINE SLOPES

As anticipated, the diagnosis of the landslide mechanisms representative for the studied region advises
the design of the measures to be adopted for the risk mitigation, following the recognition of the recurrent
inefficiency of the structural stabilizations. In this way, the public and private funds could be invested into
stabilization measures addressed by a deterministic landslide diagnosis and, therefore, that would be more
effective to increase the system resilience (i.e. that of the society exposed to the specific environmental risk; FIG. 2).

Therefore, the research has also entailed the design of measures to mitigate the causes of the climate

driven landslide activity that has beenfound to be sodiffusein the region.
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Forthe shallow (M5) to deep landslides exhibiting a climate driven activity (M1, M2, M4; Cotecchia, et al,
2014;2016a;2018), mitigation strategies aimed at the reduction of the piezometricheads are underinvestigation.
Some preliminary results of this research are briefly discussed in thefollowing.

In particular, the efficacy of either drainage trenches (Cotecchia, et al, 2011b; 2016c) or highly transpiring
vegetation, is under study, since these measures are not only capable, in principle, ofincreasing the available soil
strength from small to large depthsin the slope but are also the least expensive and invasive. Hence, these
interventions are expected to be relatively efficient. Moreover, in line with the definition provided by Basu, et al,
(2015), they are considered to be highly sustainable, so as to survive and retain their functionality over the time.
The stabilizing effect of systems formed by medium depth to deep drainage trenches was investigated through the
combination of finite element modelling of the seepage in the slope and limit equilibrium analyses of the slope
stability. 2D finite-element analyses (code Seep/W; GeoStudio, 2004) of the effects of the trenches on the
piezometric heads were performed for several transversal sections of prototype slopes, location of deep sliding
bodies (slopes with GM1-GM3 and M1-M2 classes; FIGS. 12 and 13). FIG. 15a shows the results of the seepage
analyses, in terms of pressure head alonga deep horizontal plane (45 m depth below the ground level; passing
through point A in FIG. 15b), after 5 years since the activation of the drainage trenches. The pressure heads
calculated after this time period were foundto approach a steady-state condition (Cotecchia, et al, 2011b; 2016¢).
The highest pore pressures were found to occur below the centre of the system, that was the deepest portion of the
spoon-shapedslip surfaces (FIG. 15b). In the figure, the predictions refer to trenches of depth, H, 12 m, spacing, S,
variable between 13 and 22 m, and number of trenches, n, ranging between 3and 7. They exemplify what found
also for othertrench systems (different values of H, S, n).

In particular, the changes in piezometric head calculated in the several transversal sections were
implemented along the slip surface inthe LE analyses, to derive the variationin stability factor of the landslide body
dueto drainage. Referring, for example, to one of the studied slopes (Fontana Monte landslide, maximum depthof
45-50 m, represented by the M1 and GM2B classes), an increase in the stability factorin the range 8.4%-10% was
calculated, forexample, for drainage systems made of 5 to 7 trenches, with H=16 m, S=12 m (Lollino, et al, 2016).

Therefore, itis recognized that the drainage trench system, onthe whole, generates a “group effect”, that
allows forahigherdepression of the pore water where the slip surface is the deepest. This effect is beneficial to the
efficacy of theinterventionin the stabilization of deep landslides having a spoon-shaped slip surface, as observed

formany landslides in clayey and clayey-rocky slopes. Moreover, itis found that the reductionin piezometric head
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is controlled not only by the S/H ratio, i.e. the parameter generally considered to control the performance of
drainage trench systems (Hutchison, 1977; Desideri and Rampello, 2009), but also by the total width of the trench
system,L=n xS. The group effect had not been reported inthe literature before Cotecchia, et al, (2011b), probably
because the previous studies had always considered the use of drainage trenches solely for the reduction of the

piezometric heads at shallow depths.

FIGURE 15. a) Details of the finite-element mesh adopted for the seepage analysis and curves of pressure
head calculated for different trench systems at depth z=45 mfrom g.l., after 5 years of transient seepage; b)
Schematiccross-sectionofthedrainage system and of theslip surface. S-spacingbetween trenches; H-depth

of trenches; z-depth of slip surface; L-total width of the trench system (from Cotecchia, et al, 2018).
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Theseresultsindicate that the group effect of the drainage trench system makes this mitigation measure capable
of risk mitigation notonly for shallow landsliding, but also for the deep one (Cotecchia, et al, 2016c). Therefore, the
drainage systems are thought to be useful for mitigating the deep, climate-driven, slow-moving landslides,
involving the several clayey or clayey-rocky slopes located all around the world.

Furthermore, the use of vegetation as landslide risk mitigation measure has been investigated. If the
definition of R, rainfall, ET, evapotranspiration, and RO, run-off, are recalled, the difference R - ET corresponds to
the net rainfall (NR);in turn, the difference NR - RO represents the rainfall infiltration (RI) water flux at ground
surface. This infiltration generates variationsin pore water pressures and, consequently, changes in the effective
stresses and available shear strengths, which control the slope stability. Therefore, given the same R and RO, the
increase of ET, induced by the presence of a vegetation cover, causes a decrease of RI, thusindirectly influendng

the stability of the slope (Cotecchia, et al, 2018; Tagarelli, 2019).
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Numerical finite element analyses (code Seep/W-GeoStudio, 2004) were addressed to measure theeffeds
of acrop coveron the hydraulicregime of a prototype slope (GM3A asset and a M2 class in FIGS. 12 and 13;Tagarelli,
2019), which had proved to be representative of several other unstable slopes located throughout the Southem
Apennines.

The boundary conditions applied and the mesh features of the FE model are reported extensively in
Cotecchia, et al, (2014) and Tagarelli, (2019). Being the soils partially saturated during most of the year, the
hydraulic properties of the slope clays, both saturated and unsaturated, once measured in the laboratory, were
employed in the simulations (Pedone, 2014; Tagarelli, 2019).

Net rainfall, referring to a representative year according to the average rainfall trend at the
prototype slope, was applied cyclically alongthe rest of the slope ground surface for 8 years (Tagarelli,

2019). Net rainfall was determined as difference between the total daily rainfall and the actual

evapotranspiration estimated on a daily basis (Cotecchia, et al, 2018; Tagarelli, 2019) by means of the FAO

Penman-Monteith method (Allen, et al, 1998). The dual crop coefficient approach, which provides daily

estimations of both the evaporative and transpirative fluxes, was adopted.

The piezometriclevels, resulting from the numerical analyses, are compared with the monitoring datain FIG. 16.
The numerical predictions are in rather good agreement with the monitoring data, both at shallow and large
depths, despite the simplification of the analysis. Indeed, this good agreement can be predicted if the slope model
reproduces the current geo-hydro-mechanical setting of the prototypeslope and the net rainfall is considered.

Moreover, some FE simulations have been carried out in order to evaluate the effects of herbaceous perennial deep-
rooted plants at the ground surface, which are able to induce higher transpiration fluxes than the traditional
vegetation species, all along the plant life-cycle. Preliminary FE results have shown, so far, the occurrence of a
significant lowering of the piezometricheads in the slope as effect of these plants, also at depth, suggesting that

these plants may be able to hydraulically contribute to the stabilization of deep sliding bodies (Tagarelli, 2019).

FIGURE 16. Comparison of numerical results (black lines) and in situ measurements at piezometer P7 (red

dots).
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A quantitative methodology for landslide hazard assessment and mitigation, based on the geo-hydro-

mechanical diagnosis of landsliding, has been presented. The methodology has been framed within the context of
the Sendai framework, in accordance with Priority Action 1, as an example of its application to landsliderisk.
The application of the MMLM can be performed at any scale, from large to small, also in complex geological
contexts. It involves different stages of analysis, first phenomenological, thereafter mathematical/numerical, to
both identify and characterize the representative geo-hydro-mechanical settings and landslide mechanisms of the
region, togetherwith the factors controlling them.

The validation of the MMLM in the slopes of the eastern sector of the Southern Italian Apennines, where
tectonised clays and rocks outcrop, has revealed that, despite the geological complexity of these slopes, the
reductionistapproach providesageo-hydro-mechanicalknowledgeofthelandslidingintheregion.Itisthen shown
how this knowledge prompts alternative and more sustainable stabilization strategies (i.e. drainage trench systems
and vegetation installations) for the landslide risk mitigation, with respect to those traditionally used the most.

It follows that theapplication of the MMLM, starting fromthe deterministicunderstandingofthe processes
(FIG. 2; Priority Action 1 of the Sendai Framework), addresses and impacts several technical and socio-economic
aspects and enhances the resilience of the contexts affected by landsliding (Priority Action 3, e.g. long-term
mitigation measures, land use, urban planning,building codes, health and safety standards).

At the same time, the advancement provided by a more rigorous assessment of landslide hazard is supposed to
increase the transfer of knowledge from the scientific community to the institutions, industry and civil society

(UNISDR, 2015), according to the Priority Action 2 of the SendaiFramework.
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