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Abstract

:

A correct landslide hazard assessment (LHA) is fundamental for any purpose of territorial planning. In Italy, the methods currently in use to achieve this objective alternate between those based on mainly qualitative (geomorphological) and quantitative (statistical–numerical) approaches. The present study contributes to the evaluation of the best procedure to be implemented for LHA, comparing the results obtained using two different approaches (geomorphological and numerical) in a territorial context characterized by conditioning and triggering factors, favorable to the instability of the slopes. The results obtained, although preliminary, evidence the respective limitations of the methods and demonstrate how a combined approach can certainly provide mutual advantages, by addressing the choice of the best numerical model through direct observations and surveys.
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1. Introduction


Landslide hazard assessment (LHA) is a challenging task for the prevention and prediction of a territory for local land management and security services. Proper management of landslide hazard, as well as saving human lives, can minimize socioeconomical impact that in many developing countries may equal a large percentage of the gross national product [1,2]. LHA is usually based on the spatial and temporal probability of landslide occurrences and is performed following three main steps: (i) the creation of a phenomenon inventory, (ii) a landslide susceptibility analysis and (iii) a landslide hazard analysis [3,4,5].



In Italy, the National Plan for Hydrogeological Risk Assessment (PAI) [6] is the cognitive, regulatory and technical–operational tool through which actions, interventions and rules concerning the defense against hydrogeological risk of the territory are planned and scheduled. Although the term LHA (in its Italian translation) is often mentioned within the PAI, the significance is at times contradictory, and the products of the Plan (maps, inventory sheets, analyses, etc.) rarely come from the steps described above; on the contrary, they are often realized based on an empirical approach and basic available data. In particular, hazard, vulnerability and risk degree (the latter in terms of exposed value) is closely linked to the quality of the expertise, while only in a few cases have specific studies (numerical models, statistical/probabilistic approaches) been applied [7,8,9,10,11]. As a consequence, the representation of the landslide hazard that emerges in some areas of the Italian territory can be over/underestimated, and divergent opinions may arise among technicians and public administrators. This problem, among other aspects, has also been highlighted in other countries of the European Union such as France [3,4,12,13].



In a more general context, the methods currently in use in Italy for LHA include two main types of approach: the field-based qualitative approach and the data-driven quantitative one [14]. The former type includes the so-called ”geomorphological” methods [3,5,6,7,8,15,16,17], while the latter includes the statistical analyses (i.e., bivariate and multivariate statistical techniques, [7,18,19,20,21,22]) and the deterministic methods that involve, among others, the analysis of specific sites or slopes based on numerical models [23,24,25,26,27,28,29,30].



The present work compares the results of a landslide analysis carried out in a sample area using both geomorphological and numerical approaches. The area chosen for the analysis is located in a high hilly sector of the Adriatic side of the Central Apennines (Italy), characterized by the presence of monoclinal reliefs and typical cuesta morphologies, formed by differential tectonic movements in a recent uplift area [31,32]. Despite the relative simplicity of the geological model, these contexts can generate complex mass movements, both for characteristics (type of movement) and size (extension and depth of the failure zone) and kinematics (velocity and return time) and consequently represent high hazard conditions in the presence of built-up areas and/or infrastructures. The LHA (following the significance given by Italian PAI) is typically conducted based on a geomorphological approach and an expert judgment as regards the attribution of the degree of vulnerability and the exposed value. For any reclassification of the degree of risk, site-specific analyses (i.e., instrumental monitoring, geognostic bore-holes, geophysical prospecting) or the use of numerical models (slope stability analyses) are usually required by Italian guidelines. Nevertheless, both types of investigations proposed have limitations. In the first case, the non-negligible costs of direct surveys and prospecting limit the representativeness of the surveys themselves; in the case of numerical models, on the other hand, reliability is mainly linked to a correct choice of input parameters, is sometimes not homogeneous in the area considered and is often deduced from bibliographic data.



In this study, using finite-difference software (ITASCA FLAC/Slope v.8.0 [33]) the factor of safety (FoS) was calculated on representative slope sections where detailed geomorphological surveys highlighted the presence of gravitational phenomena or stability conditions. This analysis, in particular, refers to medium-to-low depth landslides, while more complex phenomena (as specified in the following paragraphs) recognized in the area and associated with deep-seated gravitational slope deformations were not included in the study [34,35].



The objective of this study was to clarify the role, usefulness and limits of the different methods to be used in the LHA and also provide useful information for their correct use in any context of territorial planning where specific indications have not been provided. A further aim was to demonstrate a combined and intelligent use of the two methods, pending clearer and universally accepted regulatory indications on the methods to be used for the LHA, which seems at the moment the most suitable choice both in economic and safety terms.




2. Geological and Geomorphological Setting of the Study Area


The study area (around 13 km2) is located east of the Sibillini Mts. Massif (Central Apennines) (Figure 1a). This sector corresponds to a vast sedimentary basin where, starting from the early Pliocene, thick levels of sandstones and conglomerates alternated with pelitic-arenaceous levels are deposited in transgression over a Miocene (Messinian) turbidite bedrock, mainly consisting of alternating arenaceous-pelitic and pelitic-arenaceous levels (Laga formation) [36,37] (Figure 1b,c). The contact between post- and pre-transgressive sediments is marked by an erosion surface approximately parallel to the Miocene levels [32,38]. The area is particularly characterized by the presence of weak levels and ductile deformation zones, corresponding to the weathered levels of the pre-transgressive clayey basement. Such strong weathering is probably due to the long period of immersion of the Messinian sediments as well as the lithostatic charges and the constant presence of water in the arenaceous-calcarenitic aquifer.



The structuring of the pre-transgressive bedrock was essentially carried out in the early Pliocene when, after intense compressive tectonics, east-verging folds and thrusts (the latter emerging or buried) developed within the Messinian and pre-Messinian formations. Pliocene sediments, on the other hand, show a generalized monoclinal setting, linked to the subsequent tectonic uplift that affected the whole area starting from the early Pleistocene [39,40,41]; the strata generally dip between 15° and 20° (Figure 1b).



The resulting landscape, characterized by alignments of strongly asymmetrical and NNW–SSE oriented reliefs, is typical of “cuestas”, with the main element consisting of the Mount Falcone relief (Figure 2a,b). Selective erosion, due to the presence of tough and massive lithotypes (sandstones and conglomerates) overlying less resistant clayey formations, creates steep escarpments between 50 and 300 m on the southwestern flanks.



The monoclinal structure, as a whole, is displaced by direct faults, mainly oriented NNW–SSE and WSW–ENE, the displacement of which can exceed 10 m [36,42]. Micro- and meso-structural analyses carried out on middle Pliocene and upper Pleistocene formations highlighted intense fracturing according to two main joint systems, N70 ± 15, N150 ± 15, and N20 ± 15, N100 ± 10, both compatible with the abovementioned fault systems. In the arenaceous-conglomeratic body of Mount Falcone, a third system of joints, N–S and E–W oriented, has also been observed. The former, dipping W of 70–80°, completely crosses the rigid plate with a spacing of the order of a few tens of meters; the latter, characterized by less frequency and continuity, is found at the edges of the plate itself. The genesis of this third system is attributed to the expansion processes of the relief resulting from the Pleistocene tectonic uplift [43,44] to the passive action of discontinuities developed with the same direction within the pre-transgressive bedrock and, in general, to the high seismicity of the area.



From a geomorphological point of view, the joint systems described above, particularly developed within the arenaceous-conglomeratic body of Mount Falcone (924 m a.s.l.), create strong instability, especially corresponding to the W–SW portion, where the high structural scarp (about 150 m) is affected by retreat processes due to past and ongoing falls and topples (Figure 3). The accumulations of these processes, mainly consisting of pebbles and blocks, constitute an extensive and continuous talus at the base of the slope itself but can also be found further downstream, through rolling and/or passive transport processes induced by slow deformations of debris material; isolated blocks of decametric dimensions were found within the Tenna and Aso riverbeds (north and south of the relief, respectively).




3. Data and Methods


3.1. Geomorphological Approach


The information and the references related to the geological setting of the study area (already included in the text) are included in the caption of Figure 1b.



The detailed study of the morphodynamic processes active in the study area, with particular regard to landslides, was initially carried out following the classical principles of a detailed field geomorphological survey. In the first phase, all the available geological information sources (maps, profiles, stratigraphic sections, stratigraphic logs, etc.) were acquired. The base cartography was the geological map at 1:10,000 scale, which presents an almost complete coverage even at a national level; nevertheless, it is not uniform in symbolism and the legend as it is the product of autonomous regional projects. Furthermore, since this is a relatively old document (about 20 years old), the perimeters and the state of activity of the gravitational processes were updated through a detailed survey, through which soil samples were taken for subsequent geotechnical tests. In this regard, it should be emphasized that specific geotechnical data for outcropping formations are quite rare, and in some cases, it was necessary to use the results of tests conducted on samples taken from the same formations but in different (albeit neighboring) locations.



The synthesis of these surveys, mainly addressing the characterization of the type and evolutionary mechanisms of landslides, is shown in Figure 4a.



From a lithological point of view, the area can be divided into two main sectors, one to the west and one to the east of the relief of Mt. Falcone, consisting of arenaceous and arenaceous-conglomeratic lithotypes associated with a coastal transition environment. In the western sector of the relief, as previously mentioned, the Messinian arenaceous-pelitic and pelitic-arenaceous members of the Laga Formation outcrop with a counter-dip-slope attitude, ranging between 30° and 40° (Figure 4b). Pliocene arenaceous-pelitic and pelitic-arenaceous lithotypes also emerge east of the Mount Falcone relief; the frequency and consistency of the arenaceous levels is, however, less marked as along with the strata inclination (generally dip-slope and between 15–25°). A common feature of some clayey lithotypes is the presence of more or less thick and frequent weathered (weak) levels; these layers, characterized by poor geotechnical properties, are observed mostly in the western sector, within the pelitic-arenaceous member of the Laga formation.



The bedrock is often masked by powerful thicknesses (up to 30 m) of fine colluvial deposits; the greater thicknesses are concentrated corresponding to the numerous minor valleys, which originate from the arenaceous-conglomeratic plate.



The hydrographic network is fairly developed, and because of the low permeability of bedrock and covering soils, the major gullies and streams radially develop from the top of the relief, although there is important tectonic conditioning especially in the lower hierarchical reaches. Concerning water circulation, runoff is limited to a few days/weeks after considerable meteoric events, while the groundwater circulation, due to the predominantly clayey nature of bedrock, is generally limited. However, the presence of widespread perched aquifers within the colluvial deposits, with the water table close to the surface, is a crucial element for the stability of the slopes.



Landslides, as mentioned, are widespread over the area, both for the lithological nature of bedrock and the morphological–structural setting of the slopes, characterized by discrete slope angle and by strata dip often favorable to the activation of gravitational phenomena. The typology of movement is also very highly variable, with falls, topples, flows and slides with different styles and states of activity being present (Figure 4a and Figure 5). Although the stratigraphic setting is favorable to the activation of slides (rotational/planar) particularly on the eastern side, these are less frequent, while flows are dominant; this apparently contradictory aspect can be associated, as described in the following, with the good strength and deformation properties of bedrock and with the presence, on the other hand, of important thicknesses of unconsolidated continental deposits often hosting a perched water table. It is not uncommon, however, to observe complex phenomena characterized by rotational slides in the uppermost portion and flows in the median-terminal one.



The type of movement was mainly attributed on the basis of geomorphological considerations, taking into account size, morphology, typology of material involved, strata dip and damage eventually observed along roads or to infrastructures (Figure 5).




3.2. Numerical Approach


The numerical code used to perform the FoS calculations is the FLAC/Slope v. 8.0. In contrast to other “limit equilibrium” programs, which test several assumed failure surfaces (method of the slices) thus choosing the one with the lowest FoS, FLAC/Slope uses the procedure known as the “strength reduction technique”, a method commonly applied with the Mohr–Coulomb failure criterion in FoS calculations by progressively reducing the shear strength of the material in stages until the slope fails [45,46,47,48,49,50]. The main advantage of a slope stability analysis performed with FLAC/Slope is the possibility to determine a broad variety of failure mechanisms with no prior assumptions concerning their type, shape or location. Moreover, FLAC/Slope is able to combine slip along joints with failure through intact material, thus offering clear advantages in the modelling of jointed rock masses.



The material failure can be defined by either the “Mohr–Coulomb”, the “Modified Hoek–Brown” or the “ubiquitous-joint” plasticity models.



The Mohr–Coulomb model is the conventional model used to represent shear failure in soils and rocks. It assumes that failure is controlled by the maximum shear stress which in turn depends on the normal stress. The solution is obtained by plotting Mohr’s circle for states of stress at failure in terms of the maximum and minimum main stresses: the Mohr–Coulomb failure line is the best straight line tangent to the Mohr’s circles.



The Mohr–Coulomb criterion can be written as


  τ = c +  σ n  tan ϕ  



(1)




where  τ  is the shear stress,  c  is the cohesion of the material,    σ n    is the normal stress (negative in compression) and  ϕ  is the angle of friction.



The ubiquitous joint in FLAC/Slope is an anisotropic plasticity model that includes the presence of an oriented weak plane (such as weathering joints) in a Mohr–Coulomb model; failure may occur in either the intact rock, along the weak plane or both and depends on the stress state, the material properties of the rock and weak plane and the orientation of the latter. The failure of the weak plane (ubiquitous joint) may occur by shear, for which the envelope criterion is:


  τ =  c j  + tan  φ j   σ n   



(2)




or by tension, for which the criterion is:


   σ 3  = −  T j   



(3)




with:


   T j  ≤    c j    tan  φ j     



(4)




where  τ  and    σ n    are shear and normal stresses respectively, and    σ 3    is the minimum principal stress.    c j   ,    φ j    and    T j    are the cohesion, friction angle and the tensile strength of the ubiquitous joints, respectively.



Both the Mohr–Coulomb and the ubiquitous-joint models require another parameter, the dilation angle ψ, usually assumed as a fraction of the friction angle and ranging between   ϕ / 4   (very good quality rocks) and 0 (very poor quality rocks) [51,52,53].



The Hoek–Brown failure model for jointed rock masses is defined by the following:


   σ 1  =  σ 3  +  σ c     (   m b     σ 3     σ c    + s  )   a   



(5)




where    σ 1    and    σ 3    (Pa) are the maximum and minimum stresses at failure respectively. Concerning the other parameters,    m b    is the value of the Hoek–Brown constant for the rock mass,  s  and  a  are constants that depend upon the characteristics of the rock mass and    σ c    (MPa) is the uniaxial compressive strength of the intact rock.



The Modified Hoek–Brown model, sometimes referred to as the “Mhoek model” [54] includes a tensile yield criterion, similar to that used by the Mohr–Coulomb model and can specify a dilation angle ψ. Compared to the original version, the Mhoek model provides a simplified flow rule for both tensile and compressive regions.



The value of    σ c    is usually obtained by laboratory analyses even though several field estimates exist in literature (e.g., Table 1 in [51]).



The constants    m b   ,  s  and  a  are usually calculated starting from the evaluation of the geological strength index (  G S I  ) of the rock mass [55,56,57,58,59]. The   G S I   is a system of rock-mass characterization particularly suitable for use in engineering rock mechanics and input into numerical analysis; through a visual assessment of the geological characters of the rock material, it allows the prediction of the rock-mass strength and deformability.



The   G S I   estimation is carried out using specific charts (see Tables 4 and 5 in [51]): once the index has been evaluated, the constants  s ,  a  and    m b   , can be derived with the following equations:


   s = exp  (    G S I − 100  9   )            and   a = 0.5           for   G S I > 25   



(6)






   s = 0           and   a = 0.65 −   G S I   200             for   G S I < 25   



(7)







And


   m b  =  m i  exp  (    G S I − 100   28    )   



(8)




where    m i    is the Hoek–Brown constant for intact rock pieces estimated using   G S I  ,    σ c    and the chart of Figure 7 in [51].



The Mhoek model properties can be entered in FLAC/Slope in two different ways; the  s ,  a  and    m b    constants can be input, or   G S I  ,    m i    and ψ can be entered, and the Hoek–Brown strength properties are calculated automatically from the software.



The FoS calculation model for each cross-section was performed choosing a proper resolution and failure criterion (Mohr–Coulomb or Hoek–Brown) for each numerical mesh. In the case of the arenaceous-conglomeratic body of Mt. Falcone, the ubiquitous-joint model, which considers the characteristics (orientation, tensile strength, cohesion and friction angle) of the previously described joint systems, was used.



Taking into account the type of landslides and the fact that no significant erosion phenomena at the expense of the clayey bedrock are known in the area, the initial state stress, in contrast to other models [59], was assumed as lithostatic as a first approximation. Concerning the presence of water, as it was impossible to implement a discontinuous water table in the models (i.e., to simulate a real perched aquifer), a static water table close to the topographic surface was applied.



The input parameters of the geological formations (Table 1) were partly obtained from laboratory analyses, performed by professional geologists and provided privately, and partly from direct observations in the field (through   G S I   evaluation) (Figure 6); a minor number of data were obtained from literature or neighboring territories [51,57,60,61,62,63,64]. Uniform geotechnical properties were assumed throughout the slope, and all the parameters were then used individually or in association with the simulations; in the case of friction angle and cohesion, linked in every failure envelope, the software takes into account only the pair of values specified in the table.



The estimation of the Mohr–Coulomb geotechnical parameters starting from the GSI evaluation was performed by means of the open-source software RocLab v.1.0 (Rockscience Inc., Toronto, ON, Canada) which can plot the Hoek–Brown and the Mohr–Coulomb failure envelopes on the same x–y plane. The results of these calculations are shown in Figure 7.



A shear vs. normal stress plot was obtained for each bedrock unit and for each class of values (min, mean and max).



The range of values (minimum, mean and maximum) was also used for the development of numerical models for each geotechnical cross-section.





4. Results


4.1. Geomorphological Approach


The following numerical analysis was carried out along 10 geotechnical cross-sections: Six are located on the eastern and southeastern sides of the relief of Mount Falcone and four on the western side (Figure 4a). The choice of the location took into account the different morphological–structural conditions of the relief and the results of the geomorphological surveys carried out in the field. To verify all the possible situations observed in the field, the sections were traced to include both portions of the slope affected by gravitational movements and others considered stable.



The geomorphological processes observed along the individual cross-sections can be summarized as follows.



	-

	
Section 1V. The slope is fairly regular, with a generally mild angle (10–20°). The outcropping bedrock, consisting of the mainly arenaceous-pelitic member of the Argille Azzurre formation, shows a general dip-slope trend with an inclination of about 15° towards E–NE. Almost absent are the continental eluvial–colluvial deposits, which never exceed 1–2 m in thickness and are therefore not shown in the map of Figure 4. The observed geomorphological processes are also not very significant, limited to weak and localized soil erosion processes (sheet and/or rill erosion)




	-

	
Section 2V. This section is traced in the SSW–NNE direction, along the maximum slope and with an angle ranging between 10° and 20° in the first part to over 40° in the final one. The bedrock consists of the mainly arenaceous-conglomeratic body of Mt. Falcone, dipping about 10–15 ° towards ENE. Eluvial–colluvial deposits with low thickness (of a few meters) are present in the central section, but no significant geomorphological processes were detected.




	-

	
Section 3V. The slope, which follows a general SSW–ENE with a moderate angle exceeding 20° only in the lowermost part, is characterized by the presence of the mainly clayey bedrock, dipping 15° towards NE and belonging to the Argille Azzurre formation. In this case, neither appreciable thicknesses of continental deposits nor significant geomorphological processes (mass movements) were observed.




	-

	
Section 4V. This section is traced in a W–E direction, just south of Section 3V. The mainly clayey bedrock (Argille Azzurre formation) here is almost totally covered by thick eluvial–colluvial deposits and is characterized by the presence of several mudflows, which coalesce corresponding to the valley floor. The typology of movement was attributed based on geomorphological considerations such as the material size, the elongated shape of the landslide body (deposited within minor U-shaped valleys), the presence of slight undulations on the surface and the possibility of a concentrated runoff due to the morphology of the slope. The estimate of the landslide depth is, however, uncertain, although it should be linked to the thickness of the continental deposits.




	-

	
Section 5V. This cross-section is oriented NW–SE and is characterized by the presence of two different litho-technical units: the arenaceous-conglomeratic body of Mt. Falcone in the uppermost part and the pelitic-arenaceous member of the Laga formation in the lowermost one. The morphology of the slope reflects the different nature of the lithotypes with an almost vertical cliff corresponding to the most resistant unit and a gentle slope (15–20°) in the second part of the section. As discussed previously, the Mt. Falcone arenaceous conglomeratic body, especially in this sector, shows a particular joint system, N–S and E–W oriented and associated with tectonic and/or static deformation processes. This unit is affected by rockfalls and toppling phenomena (Figure 3) mainly located along the borders of the plate. The final part of the section, on the other hand, corresponds to the head of an active mudflow roughly WSW–ENE oriented; as with Section 4V this landslide is probably linked to the presence of thick colluvial deposits with a perched water table partially fed by the contact with the permeable arenaceous-conglomeratic plate.




	-

	
Section 6V. This section is located in the northeastern sector of the study area and crosses, with a NE direction, the arenaceous-pelitic and the clayey members (in the uppermost and lowermost part of the section respectively) of the Argille Azzurre formation, here dipping 13–15° towards NE. The slope angle is moderate and ranges between 10° and 25°. The upper part of the section is characterized by the presence of thick eluvial–colluvial deposits, although no evident geomorphological processes (neither mass movements nor intense soil erosion processes) are visible.




	-

	
Section 1M. This section is traced in the NS direction along a gentle slope (15–20°) almost totally characterized by the presence of thick eluvial–colluvial deposits (10–15 m thick estimated from geomorphological survey and stratigraphic reconstruction); these materials cover a bedrock consisting of alternations of arenaceous-pelitic and pelitic-arenaceous members both belonging to the Laga formation, with apparent horizontal dip. No evident geomorphological processes (landslides or intense soil erosion processes) were observed.




	-

	
Section 2M. Located just south of the previous section, it runs roughly E–W and, similarly to the Section 5V, is characterized by a complex morphology: The first part is strongly conditioned by the presence of the arenaceous conglomeratic body of Mt. Falcone, while the second one, where the pelitic-arenaceous member of the Laga formation is present, shows a low-to-moderate slope (between 15° and 30°). The uppermost part is characterized by rockfalls and toppling phenomena analogous to those observed in Section 5V; the final part corresponds to the head of an active complex landslide (rotational-translational) recognized on the basis of typical morphologies (scarps and counterslopes in the upper portion and minor ridges and scarps in the lower one).




	-

	
Section 3M. This section is traced in a WNW–ESE direction over a slope characterized by a moderate angle (25–30°). Thick colluvial deposits cover the bedrock, visible only in the uppermost part of the section and consisting of alternations of arenaceous and pelitic lithotypes (Laga formation) that dip upslope of 35–40°. No landslides or intense erosion processes were detected.




	-

	
Section 4M. This section is traced in a roughly WSW–ENE direction and, as in Section 3M, runs over a slope characterized by the presence of alternations of arenaceous-pelitic and pelitic-arenaceous lithotypes with the same dip. The geomorphological survey evidenced an active complex landslide (rotational-flow); scarps, counterslopes and minor ridges on a general concave shape are visible, corresponding to the head, while elongated shape and undulations characterize the foot of the landslide. Conditioning and triggering factors can be associated with the presence of colluvial deposits with uncertain thickness and the possible presence of a perched water table fed at the contact with the arenaceous-conglomeratic plate, respectively.







A gravitational movement of greatest scientific and technical interest, given the elevated level of risk connected to the presence of the historical centers mentioned in the previous chapter, is present corresponding to the relief of Mount Falcone (Figure 4). This phenomenon, already studied in the past and verified by numerical modeling both in static and dynamic (seismic) conditions [34,35,58], has been classified as lateral spread and affects, with different intensity, the whole “plate” at the top of the relief. Taking into account the objectives of the present work (mainly addressing the study of medium-to-low depth processes), it was not included in the analysis.




4.2. Numerical Approach


Six simulations were carried out for each section: three using the conditions described above (min, mean and max) and three including the presence of a shallow water table (as often evidenced during field surveys).



The results of the simulations are shown in Figure 8 and Figure 9 and Table 2. More specifically, Figure 8 and Figure 9 show the plots of the simulations that evidenced the lowest FoS values (i.e., worse geotechnical parameters and presence of groundwater); Table 2 includes all the FoS values obtained from the simulations and any correspondences with what was observed in the field (geomorphological model). The same table also reports the failure models used by the software for any simulation.



Sections 1V, 2V and 3V (Figure 8) show high stability in all lithological conditions, with or without the presence of a water table, with FoS values ranging between 3.06 and 8.47 (Table 2).



Nevertheless, the obtained values of FoS as well as shape and depth of the failure surfaces, as evidenced by the model results, are unrealistic and clearly conditioned by the assumed boundary conditions; therefore, for these specific sections, we can only hypothesize a high stability condition and a perfect congruence with the results of the field surveys, which did not show any appreciable phenomenon.



Section 4V (Figure 8) shows a clear instability only in the presence of groundwater, when the FoS drops below 1; in dry conditions the FoS ranges between 1.28 and 1.50, resulting in a condition of moderate stability. The failure surface is located very close to the surface, within the debris cover, while the bedrock, even when dip-sloping, remains almost stable in all conditions. In this case, the model reflects quite faithfully the reality, as a shallow mudflow was observed within a secondary valley filled by colluvial deposits.



Models relating to the section 5V (Figure 8 and Table 2) evidenced highly unstable conditions (FoS between 0.97 and 1.17) only in the presence of water and in dry conditions. As with the previous model, the failure surface is located in the upper portion of the deposits, near the contact with the arenaceous-conglomeratic body of Mount Falcone; the presence of weak levels and ductile deformation zones, as previously described, does not seem to influence the FoS. Unlike the previous case, however, the geomorphological model only partially reflects the numerical one. The field surveys showed the presence of a complex gravitational movement compatible with a slide (probably rotational) in the upper portion of the slope and with a flow in the medium–low portion. The presence of water within the colluvial deposits, observed mainly in autumn and spring, originates at the contact between the overlying arenaceous-conglomeratic body acting as an aquifer and the underlying low-permeability pelitic-arenaceous formation.



Section 6V (Figure 9) shows high instability in all conditions, with and without the presence of water, with FoS between 0.71 and 1.13. Although the stratigraphic setting of the clayey bedrock is favorable to the occurrence of gravitational movements, the failure surface is localized in the medium–low portion of the slope, at the contact between the bedrock itself and the colluvial deposits above. These simulations, however, do not find correspondence in the geomorphological model: any significant phenomenon was observed in the field. This could be linked to an incorrect assessment of the real thicknesses of the deposits, the latter having been estimated in this sector without the aid of geognostic surveys.



The simulations carried out with regard to sections 1M and 2M (Figure 9) yielded similar results, with evidence of instability in the presence of water (FoS between 0.89 and 1.16) and moderate stability in dry conditions (FoS between 1.22 and 1.51). The shear-strain belts are located in positions similar to the previous case, in the middle portion of the slope and inside the colluvial deposits. In these two simulations, the setting of bedrock (i.e., the presence of the weak levels within the pelitic-arenaceous formation in section 2M) does not seem to affect the stability of the slope. The correspondence with the field evidence is different: none in section 1M and good correspondence in section 2M. Taking into account previously mentioned factors, the reason, in the first case, could be found in an incorrect evaluation of the overall thickness of continental deposits.



Finally, sections 3M and 4M (Figure 9) also provided similar results, this time in favor of stability, with the FoS always higher than 1.30 (max = 1.85): The presence of a favorable stratigraphic setting (sub-horizontal or slightly counter dip-slope strata), lower slope angle and limited thickness of colluvial deposits certainly affected the result of the simulations. However, a fair correspondence with the field data was found only in section 3M; in the case of section 4M, on the contrary, a fairly evident mudflow was observed inside the valley, E–W oriented, which originates from the arenaceous-conglomeratic body of Mount Falcone.



By analyzing all the simulations, it is possible to form some general considerations:




	
The presence of colluvial deposits of fine grain size and discrete extension and thickness, associated with medium–high slopes angles, generally induces instability conditions;



	
In the presence of unconsolidated continental deposits and shallow water table, the FoS tends to reach values close to 1 and consequently activate gravitational movements of discrete extent that are generally not very deep;



	
Dip-slope strata and/or clayey bedrock are not sufficient requirements to activate gravitational movements, even in the presence of a water table;



	
Complex and medium depth landslides, not highlighted by the simulations, can be explained by the presence of particularly weathered levels within the bedrock neither evidenced during field surveys nor “captured” with typical geognostic surveys.










5. Discussion and Conclusions


Numerical models and, in particular, finite difference programs represent a powerful resource for the study and analysis of gravitational phenomena. Specifically, software such as FLAC/Slope, having characteristic geotechnical parameters of soils and rocks, can be used to carry out important assessments on the stability of the slopes and provide an estimate of the FoS. These assessments can then be used successfully both for purposes related to civil engineering (construction of buildings and infrastructures, effectiveness of slope reinforcement works, etc.) and, more generally, for the assessment of landslide susceptibility of variously sized sectors of the slope. Although they provide numerical results that are indispensable for any type of design and planning, the limits of the models are closely linked to the availability and correctness of the input parameters, which are often missing and limited to single laboratory analyses or estimation through direct observations.



The geomorphological model, based on field observations of the processes active in an area, allows a broader and certainly more articulated evaluation of gravitational phenomena; nevertheless, since it consists of an exclusively qualitative analysis, it cannot provide indices and parameters for performing numerical calculations.



A combined approach that integrates the two models can certainly provide mutual advantages: the ability to confirm and quantify the phenomena observed in the field (the geomorphological model) and to verify and modify model parameters and geometry (the numerical model).



The combined approach, however, when compared to the standard methods (i.e., the statistical methods currently used in Italy for LHA), requires a greater effort both in economic terms and in terms of human resources, since it is necessary to proceed with an update and, often, implementation of the field data. This is all the more onerous in the case of a similar methodology as a standard at the national level where there are large disparities (not only economic) between different regional realities. On the other hand, the possibility of having an updated product that is more functional for professional needs or for the planning of particularly critical areas cannot be separated from an approach that provides for a continuous synthesis between real data and numerical models.



The present study, through this type of approach, provides a more objective evaluation of the mechanisms governing landsliding in a typical geological–structural context, characterized by a monoclinal setting and the presence of lithotypes of different nature and consistency.



More specifically, it was possible to verify that:




	
Medium to low GSI values, favorable morphological–structural setting (i.e., dip-slope strata and moderate slope angle) and the presence of a water table are sometimes not evaluated by the numerical model as potentially unstable; on the contrary, they give rise to gravitational phenomena of discrete thickness and extension. This suggests the presence of weak layers at a depth not detectable by generic field surveys or highlighted by specific geognostic investigations;



	
The presence of medium–fine colluvial deposits of moderate extension and thickness along medium-to-low slope angles (20–35%) constitutes a predisposing factor to the activation of mass movements (flows as prevalent) with or without the presence of water.








The above considerations could provide further confirmation and perhaps be extended to different morphological–structural contexts, through new detailed surveys and a precise characterization of the buried or outcropping lithotypes.



In conclusion, the proposed approach, which can be defined as semi-quantitative, can be proposed as a valid alternative for LHA in all those countries where specific regulatory indications are absent. The obtained results evidence usefulness and limits of the methods currently used in Italy and, in particular, suggest how a combined use of geomorphological surveys and numerical simulations, pending clearer and universally accepted regulatory indications on the methods to be used for the LHA, seems at the moment the most suitable choice both in economic and safety terms.
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Figure 1. (a) Schematic geological map of the study sector: 1—main continental deposits (Pleistocene–Holocene); 2—sands and conglomerates (Pliocene–Pleistocene); 3—clays and sands (Pliocene–Pleistocene); 4—arenaceous-marly-clayey turbidites (late Miocene); 5—limestones, marly limestones and marls (early Jurassic–Oligocene); 6—trace of cross-section shown in Figure 1b; 7—study area (see Figure 4). (b) Schematic geological cross-section from the Apennine chain to the Adriatic Sea, modified from [42]. 
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Figure 2. (a) 3D digital elevation model of the study sector: 1—edge of cuesta; 2—river. (b) The arenaceous-conglomeratic body of Mount Falcone. 
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Figure 3. Open fractures and toppling phenomena affecting the arenaceous plate of Mount Falcone. 
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Figure 4. (a). Geological and geomorphological map of the study area: 1—slope and colluvial deposits (Holocene); 2—rotational and planar slides (Holocene); 3—flows (Holocene); 4—old and recent fluvial deposits (Pleistocene–Holocene); 5—arenaceous-conglomeratic bedrock (Mount Falcone body—Middle Pliocene); 6—mainly arenaceous-pelitic bedrock (Argille Azzure Formation—Middle Pliocene); 7—mainly clayey bedrock (Argille Azzure Formation—Middle Pliocene); 8—mainly pelitic-arenaceous bedrock (Laga formation—Late Messinian); 9—mainly arenaceous-pelitic bedrock (Laga formation—Late Messinian); 10—main faults; 11—gravitational trench; 12—strata attitude; 13—trace of cross-section used for the numerical simulation; 14—trace of geological cross-section described in (b). 
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Figure 5. Typical landslides in the study area. (a) Rotational slide affecting clayey bedrock and (b) consequences on the road conditions; (c) example of earthflow involving fine slope deposits and (d) secondary road deformed by a landslide. 
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Figure 6. Arenaceous-conglomeratic bedrock outcropping on the eastern side of the relief of Mount Falcone. 
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Figure 7. Shear vs. normal stress plots of Hoek–Brown and Mohr–Coulomb failure envelopes, obtained for each litho-technical unit and different range of values. 
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Figure 8. Results of numerical simulation (Sections 1V, 2V, 3V, 4V, 5V). From left to right: geotechnical cross-section, mesh and model result. 1—slope and colluvial deposits; 2—arenaceous-conglomeratic bedrock; 3—arenaceous-pelitic and pelitic-arenaceous bedrock; 4—mainly clayey bedrock; 5—mainly pelitic-arenaceous bedrock; 6—mainly arenaceous-pelitic bedrock; 7—weak layer/ductile deformation zone; 8—water table. 
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Figure 9. Results of numerical simulation (Sections 6V, 1M, 2M, 3M, 4M). From left to right: geotechnical cross-section, mesh and model result. 1—slope and colluvial deposits; 2—arenaceous-conglomeratic bedrock; 3—arenaceous-pelitic and pelitic-arenaceous bedrock; 4—mainly clayey bedrock; 5—mainly pelitic-arenaceous bedrock; 6—mainly arenaceous-pelitic bedrock; 7—weak layer/ductile deformation zone; 8—water table. 
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Table 1. Material properties, related to different geological units and implemented within the numerical simulations.
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Failure Model

	
Material Properties

(Mohr–Coulomb Method)

	
Material Properties

(Mohr–Coulomb and Modified Hoek–Brown Methods)




	
Parameter

	
Friction (φ)

	
Cohesion (c)

	
Density (ρ)

	
Tension (T)

	
Dilation (ψ)




	
Units

	
Deg.

	
kPa

	
kg/m3

	
kPa

	
Deg.




	
Range of Values

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max




	
Arenaceous-conglomeratic bedrock

(Mount Falcone body)

	
17

	
19

	
20

	
13,000

	
15,000

	
17,000

	
2050

	
2335

	
2620

	
185

	
281

	
377

	
4.0

	
6.5

	
9.0




	
Mainly arenaceous-pelitic bedrock

(Laga formation)

	
15

	
17

	
18

	
10,500

	
11,800

	
13,000

	
1900

	
2100

	
2300

	
127

	
147

	
166

	
2.0

	
2.5

	
3.0




	
Mainly pelitic-arenaceous bedrock

(Laga formation)

	
14

	
15

	
15

	
5500

	
6420

	
7340

	
1700

	
1850

	
2000

	
56.8

	
86

	
11.5

	
1.0

	
1.5

	
2.0




	
Mainly arenaceous-pelitic bedrock

(Argille Azzurre formation)

	
15

	
16

	
17

	
9500

	
11,000

	
12,500

	
1850

	
2025

	
2200

	
111

	
132

	
152

	
2.0

	
2.5

	
3.0




	
Mainly clayey bedrock

(Argille Azzurre formation)

	
12

	
20

	
27

	
3400

	
4600

	
5800

	
1700

	
1825

	
1950

	
45.9

	
76.9

	
108

	
1.0

	
1.5

	
2.0




	
Weak layer

(Laga formation)

	
n.a

	
16

	
n.a

	
n.a

	
62.5

	
n.a

	
n.a

	
1650

	
n.a

	
n.a

	
10.5

	
n.a

	
0.0

	
0.0

	
0.0




	
Slope and colluvial deposits

	
17

	
19

	
20

	
8

	
9

	
10

	
1650

	
1725

	
1800

	
0

	
0

	
0

	
n.a

	
n.a

	
n.a




	
Failure Model

	
Material Properties (Modified Hoek–Brown Method)




	
Parameter

	
Geological Strength Index

	
Hoek–Brown Constant

	
mb

	
s

	
a

	
σc




	
Units

	
(GSI)

	
(mi)

	

	

	

	
(MPa)




	
Range of Values

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max




	
Arenaceous-conglomeratic

bedrock

(Mount Falcone body)

	
45

	
55

	
65

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
35

	
45

	
55




	
Mainly arenaceous-pelitic

bedrock

(Laga formation)

	
40

	
44

	
48

	
18.0

	
20.0

	
22.0

	
2.11

	
2.77

	
3.43

	
0.0012

	
0.0021

	
0.0030

	
0.50

	
0.50

	
0.50

	
29.8

	
32.3

	
34.8




	
Mainly pelitic-arenaceous bedrock

(Laga formation)

	
31

	
35.5

	
40

	
21.0

	
22.5

	
24.0

	
1.78

	
2.30

	
2.81

	
0.0004

	
0.0008

	
0.0012

	
0.50

	
0.50

	
0.50

	
23.5

	
25.5

	
27.5




	
Mainly arenaceous-pelitic bedrock

(Argille Azzurre formation)

	
40

	
42.5

	
45

	
19.0

	
21.0

	
23.0

	
2.22

	
2.72

	
3.22

	
0.0007

	
0.0015

	
0.0022

	
0.50

	
0.50

	
0.50

	
27.4

	
30.2

	
32.9




	
Mainly clayey bedrock

(Argille Azzurre formation)

	
27

	
31

	
35

	
22.0

	
23.5

	
25.0

	
1.62

	
2.04

	
2.45

	
0.0003

	
0.0005

	
0.0007

	
0.50

	
0.50

	
0.50

	
21.6

	
23.6

	
25.6




	
Weak layer

(Laga formation)

	
n.a

	
20

	
n.a

	
n.a

	
30.0

	
n.a

	
n.a

	
1.72

	
n.a

	
n.a

	
0.0005

	
n.a

	
n.a

	
0.53

	
n.a

	
n.a

	
18

	
n.a




	
Slope and colluvial deposits

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a

	
n.a
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Table 2. Factor of safety resulting from the numerical modeling and correspondence with field evidence.
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Cross-

Section

	
Failure Model

	
Factor of Safety

	
In Agreement with the Geomorphological Model




	
No Water

	
Water




	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Max






	
Sect_1V

	
Hoek–Brown

	
7.46

	
8.01

	
8.47

	
4.30

	
4.93

	
5.48

	
yes




	
Sect_2V

	
Hoek–Brown/

Mohr–Coulomb/

Ubiquitous

	
5.57

	
5.85

	
6.09

	
4.60

	
4.96

	
5.22

	
yes




	
Sect_3V

	
Hoek–Brown

	
5.42

	
5.86

	
6.22

	
3.06

	
3.51

	
3.92

	
yes




	
Sect_4V

	
Hoek–Brown/

Mohr–Coulomb

	
1.28

	
1.42

	
1.50

	
0.94

	
1.06

	
1.15

	
yes




	
Sect_5V

	
Hoek–Brown/Mohr–Coulomb/Ubiquitous

	
1.47

	
1.62

	
1.72

	
0.97

	
1.08

	
1.17

	
only partially




	
Sect_6V

	
Hoek–Brown/Mohr–Coulomb

	
0.96

	
1.07

	
1.13

	
0.71

	
0.93

	
0.99

	
no




	
Sect_1M

	
Hoek–Brown/Mohr–Coulomb

	
1.22

	
1.38

	
1.45

	
0.89

	
1.01

	
1.08

	
no




	
Sect_2M

	
Hoek–Brown/Mohr–Coulomb/Ubiquitous

	
1.28

	
1.42

	
1.51

	
0.96

	
1.08

	
1.16

	
yes




	
Sect_3M

	
Hoek–Brown/Mohr–Coulomb

	
1.49

	
1.66

	
1.76

	
1.35

	
1.50

	
1.60

	
yes




	
Sect_4M

	
Hoek–Brown/Mohr–Coulomb/Ubiquitous

	
1.56

	
1.74

	
1.85

	
1.30

	
1.46

	
1.55

	
no
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