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Abstract: Nowadays, landslides still cause both deaths and heavy economic losses around the
world, despite the development of risk mitigation measures, which are often not effective; this is
mainly due to the lack of proper analyses of landslide mechanisms. As such, in order to achieve a
decisive advancement for sustainable landslide risk management, our knowledge of the processes that
generate landslide phenomena has to be broadened. This is possible only through a multidisciplinary
analysis that covers the complexity of landslide mechanisms that is a fundamental part of the
design of the mitigation measure. As such, this contribution applies the “stage-wise” methodology,
which allows for geo-hydro-mechanical (GHM) interpretations of landslide processes, highlighting
the importance of the synergy between geological-geomorphological analysis and hydro-mechanical
modeling of the slope processes for successful interpretations of slope instability, the identification of
the causes and the prediction of the evolution of the process over time. Two case studies are reported,
showing how to apply GHM analyses of landslide mechanisms. After presenting the background
methodology, this contribution proposes a research project aimed at the GHM characterization of
landslides, soliciting the support of engineers in the selection of the most sustainable and effective
mitigation strategies for different classes of landslides. This proposal is made on the assumption
that only GHM classification of landslides can provide engineers with guidelines about instability
processes which would be useful for the implementation of sustainable and effective landslide risk
mitigation strategies.

Keywords: landslide mechanism; phenomenological interpretation; numerical modelling; landslide
risk; landslide classification; sustainable mitigation measures

1. Introduction

Landslides are still one of the main sources of risk for civil society [1–3], despite the widening
of knowledge about their processes and the multiple initiatives aimed at risk mitigation. Landslides
still cause numerous deaths and huge economic losses, impacting the socio-economic development
of several regions, as is the case for large areas of the Italian peninsula (Figure 1; [4]). Given the
current scenarios of the effects of landslides across the world, the most important international agendas
(e.g., the Sendai Framework; Global Assessment Report 2019—GAR19) categorize landslides as natural
processes which may cause ‘disasters’ for the civil society, and request the adoption of scientific
methods in the assessment of the landslide risk and in the selection of mitigation measures, in order to
guarantee the sustainability of the landslide risk management.
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Figure 1. Landslide susceptibility map of Europe [4]. 

The background of the present paper is long-term research addressing the definition of design 
strategies for sustainable landslide risk mitigation [5–11]. The results of the background research have 
shown that sustainable landslide risk mitigation measures need to be based on an objective 
characterization of the landslide mechanism, i.e., of the slope failure processes and of their causes 
(either predisposing or triggering; [10–13]). Accordingly, the results of the background research 
provide evidence of why: (i) the characterization of landslide mechanisms is useful for geo-hydro-
mechanical (GHM) studies of the slope features and equilibrium conditions; (ii) the routine selection 
of sustainable landslide risk mitigation measures would greatly benefit from the availability of a 
general framework of landslide mechanisms. This framework should result from a systematic 
characterization of landslide case histories through GHM studies and might develop into a GHM 
classification of landslides. This would represent an important step forward with respect to the 
geomorphological classification of landslides (e.g., [14–16]; Figure 2), which is, to date, the most 
complete and widely used approach. Such classifications have resulted from comprehensive field 
studies of landslide processes, carried out from the 1970s to 1990s, and have been of great significance 
to engineering practices, providing engineers with hints about the possible typology of the landslide 
process taking place on a given slope. However, the authors of this classifications clearly stated that 
the landslide classes were characterized mainly through geomorphological studies and, as such, they 
did not provide comprehensive information concerning the hydro-mechanical causes and processes 
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The background of the present paper is long-term research addressing the definition of design
strategies for sustainable landslide risk mitigation [5–11]. The results of the background research
have shown that sustainable landslide risk mitigation measures need to be based on an objective
characterization of the landslide mechanism, i.e., of the slope failure processes and of their causes
(either predisposing or triggering; [10–13]). Accordingly, the results of the background research provide
evidence of why: (i) the characterization of landslide mechanisms is useful for geo-hydro-mechanical
(GHM) studies of the slope features and equilibrium conditions; (ii) the routine selection of sustainable
landslide risk mitigation measures would greatly benefit from the availability of a general framework
of landslide mechanisms. This framework should result from a systematic characterization of landslide
case histories through GHM studies and might develop into a GHM classification of landslides.
This would represent an important step forward with respect to the geomorphological classification of
landslides (e.g., [14–16]; Figure 2), which is, to date, the most complete and widely used approach.
Such classifications have resulted from comprehensive field studies of landslide processes, carried out
from the 1970s to 1990s, and have been of great significance to engineering practices, providing engineers
with hints about the possible typology of the landslide process taking place on a given slope. However,
the authors of this classifications clearly stated that the landslide classes were characterized mainly
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through geomorphological studies and, as such, they did not provide comprehensive information
concerning the hydro-mechanical causes and processes determining the progression of slope failure.
Therefore, such classifications cannot provide objective assessments of landslide causes which may be
accounted for in the design of mitigation strategies. Hence, the integration of such geomorphological
landslide classifications with GHM characterizations of landslide mechanisms would prove to be a
powerful support to the professional community involved in the selection and design of landslide risk
mitigation measures.
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With these notions in mind, this paper presents the preliminary results of research seeking
to address, in the long term, the above-mentioned integration of the available geomorphological
classification of landslides, and should ultimately result in a system which could be defined according to
GHM classifications of landslides. Accordingly, the paper reports a first tentative GHM characterization
of some of the landslide classes of the Cruden DM and Varnes DJ geomorphological classification [16]
(Figure 2): (1) rotational-rototranslational slides (box 1 in Figure 2); (2) lateral spread-flowslides (box
2 in Figure 2); (3) compound landslides [15], not shown as a class in Figure 2, but which could be a
subset of the complex landslides depicted in the Figure; (4) earthflows (box 4 in Figure 2); (5) deep
mixtilinear slides (box 5 in Figure 2); and (6) debris flows and debris flowslides (box 6 in Figure 2).
Such a characterization was based on the results of several studies reported in the literature which
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provided GHM interpretations of landslide case histories, through phenomenological, conceptual,
or numerical models of the mechanism.

First, this paper briefly describes the methodology which is generally adopted for GHM
characterizations of landslide mechanisms, defined as “stage-wise” by Cotecchia et al. [10]. Thereafter,
the paper presents the literature database used for tentative GHM characterizations of the six landslide
classes cited above. Finally, the synthetic GHM characterization of such classes is discussed.

2. The Stage-Wise Methodology for the GHM Characterization of the Landslide Mechanisms

Assessments of landslide mechanisms, traditionally carried out at the slope scale, integrate data
characterizing the variables controlling the slope stability, as defined by Terzaghi [17], as internal
and external landslide factors (Figure 3), within the framework of the physical laws that control the
slope movements [10] in connection with external factors, i.e., the landslide mechanism (Figure 4).
Figure 5 illustrates the main steps of the GHM analysis of the slope processes determining the landslide
mechanism, which are primarily hydro-mechanical. Such an analysis can now benefit from the
considerable development which has occurred in recent years of the techniques of surveying and
monitoring of landslide factors (in the fields of topography and geomatics, sensor technology and digital
communication), and of the digital-based construction of databases [18,19]. Moreover, GHM analyses
can now implement advanced physical-mathematical modelling of slope responses to external factors,
providing knowledge about the internal and external causes of the landslides, whose identification is a
prerequisite of the proper design of sustainable landslide mitigation measures [10,20].

For slopes consisting mainly of soil, which are a reference in the present paper, the ‘first failure’
mechanism [12,16,21] can be modelled within the theoretical framework of continuum mechanics by
means of several numerical strategies [22–26]. These are aimed at simulating the coupling between
the physical (hydro-mechanical and thermodynamic) and chemical phenomena that control the slope
response, in terms of a boundary value problem ([10]; Figure 5c). This is quoted to provide a perspective
of how comprehensive a GHM analysis may become; moreover, in some peculiar cases, a proper
and successful landslide diagnosis may necessitate taking thermal or chemical behavior into account.
Hence, generally speaking, this modelling requires the solution of a system of differential equations
which is representative of the phenomena controlling the slope equilibrium over time, whose number
varies depending on the number of processes accounted for in the modeling. In order to predict the
displacement field over time, it is necessary to integrate a system including at least the equilibrium
equation (which implements the elasto-plastic constitutive law of the slope soils) and the conservation
equation of pore fluid masses ([22,27,28]; Figure 5c), i.e., either liquid or gas. Through the solution
of such a system, the modelling predicts the strain field propagation up to the ‘onset’ of a landslide,
and provides knowledge about both the morphology and the kinematics of the landslide (style and
distribution of landslide activity; [16]), as well as about its causes.
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Figure 5. The stage-wise methodology for the GHM characterization of the landslide mechanisms [10].
(a) Phenomenological diagnosis, I level of analysis; (b) limit equilibrium method, II level of analysis;
(c) numerical modelling, III level of analysis.

In synthesis, when an external action occurs, the stress state across the slope changes over time,
satisfying the equilibrium and strain compatibility, while determining strain localizations whose
distribution depends on the hydro-mechanical properties of the slope materials and on the boundary
conditions. As the straining develops over time, the mobilization of the landslide body progresses,
with the development of a major discontinuity within the displacement field. In general, the so-called
landslide event matches a stage when the difference in displacement rate between a slope portion
(i.e., the landslide body) and the rest of the slope becomes significant. The major discontinuities in
the displacement field correspond to the strain localization regions, typically either traction bands,
or shear bands. The shear band may become the location of a slip surface. Therefore, the landslide
event is the final paroxysmal episode of a deformation process across the slope, being defined as a
progressive failure (Figure 5; [5,29–41]) which takes place before the first activation of the landslide
body. When dealing with reactivation mechanisms, before the remobilization of the landslide body,
the processes are similar to those of ‘first failure’ landslides, but the displacement field is strongly
controlled by pre-existing shear bands (eventually of the material discontinuities).

The modelling of the landslide ‘propagation’ [42–45], instead, requires different analytical tools
which depend on the type of landslide. In particular, for the six landslide classes discussed in this
paper (Figure 2), different modelling strategies must be used to predict the propagation, whether
they are: (i) slow landslides, whose displacement is limited [16]; or (ii) large propagation landslides,
often fast [16,42], with propagation distances from hundreds of meters to kilometers (earthflows,
mudflows, debris-flows and flows; [15,16]). The prediction of the landslide mass propagation can
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still make use of continuum mechanics if the propagation ranges from decimeters to tens of meters in
years (category (i)), according to analytical strategies which are similar to those used to predict ground
settlements determined by tunnel excavations [46], eventually adopting computational methods
accounting for large straining. For the landslides in category (ii), instead, the propagation modeling
should involve the use of either discrete element codes [24,47–50] or numerical codes that consider the
soil mass as a viscous fluid [51–55] of high granular content [56–58].

Despite improvements in slope numerical modelling, it should be pointed out that the coupled
modelling of all the processes active in slopes is still a scientific challenge. Therefore, numerical
modelling should account for the slope factors and physical laws which are active in the slope
(Table 1) according to their level of influence on the landslide mechanism. To this end, numerical
modelling should be always preceded by experimental analyses of the slope processes performed in
the field [14,15], supported by advanced monitoring devices. It follows that neither phenomenological
analyses nor numerical modelling alone can provide reliable assessments of landslide mechanisms;
rather, a stage-wise methodology which starts with phenomenological studies in the fields of geology,
geomorphology, and geotechnics (in the field and the laboratory) should be routinely implemented
to deduce the most important aspects of reliable quantitative modelling of landslide mechanisms.
In particular, as illustrated in Figure 5, the methodology should be composed of three stages: the first
(I), aimed at the identification of the slope factors (Table 2) and the phenomenological interpretation
of the landslide mechanism; the second (II), when a simplified quantitative analysis of the slope
stability is carried out through the limit equilibrium method, for a first check of the phenomenological
interpretation obtained in the first stage; and the third (III), representing the numerical analysis,
in which the boundary value problem is solved by means of numerical modelling, in the context of
a geotechnical model constructed on the basis of the results of the previous stages. An exhaustive
discussion of the stage-wise methodology is reported in [10,11,59].

Table 1. Laws and equations controlling the thermo-hydro-mechanical state of the soils in the slope
(after [20] modified).

Balance
Equations

Variables
(Unknowns)

Physical Laws and
Constitutive Properties

Boundary
Conditions
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Table 2. Macrocategories of data to be acquired in the context of analyses and surveys.

(1). Historical data and indications of displacements and instability of the slope in the past, damage, etc. (*)
(2). Topographic data
(3). Vegetation cover and land use data
(4). Data from geomorphological surveys: changes of local sloping angle due to excavation, erosion, (*)

morphologies caused by instability related to the current landslide process or past processes (e.g., main
and internal scarps, accumulation areas, channel areas, detachment niches, etc.).

(5). Data from geo-structural survey of discontinuities
(6). Surficial lithostratigraphic, geological and geo-structural data (map of outcrops and covers,

map of tectonic features)
(7). Deep lithostratigraphic and geo-structural data, description of the geotechnical corings
(8). Index properties and hydro-mechanical parameters of the lithotypes, from geotechnical testing, either in

situ, or in the laboratory
(9). Hydro-geological boundary conditions of the slope: feeding and drainage areas
(10). Piezometric data
(11). Superficial and deep displacements (e.g., inclinometric data), with the possible identification of

pre-existing shear bands linked with the morphology of active landslide bodies (*)
(*) Referring to data that can be acquired only if the landslide mechanism is either active or it has already been
active in the past.

Two Examples of the Application of the Stage-Wise Methodology

Hereafter, the application of the stage-wise methodology to diagnose landslide mechanisms is
presented for two case studies, the Pisciolo and the Tolve landslides. In both cases, the landslides
are part of a landslide basin, including multiple rototranslational, slow-moving landslide bodies,
of medium to high depth [15]. These examples are presented to exemplify how to apply the stage-wise
methodology, which is the key pivot to gather GHM characterization data aimed at a comprehensive
diagnosis of any landslide mechanism.

At Pisciolo, the landslide involved fissured clays incorporating floating fractured rock blocks,
whereas at Tolve, it involved stiff, highly overconsolidated and locally weathered clays, as shown in
Figures 6 and 7, respectively. At both sites, the study was started according to the prescriptions for
stage I of the methodology in Figure 5, i.e., carrying out geological and geomorphological field surveys
of the whole landslide basin, multitemporal photointerpretation of the hillslope, investigation of the
slope at depth through continuous coring and undisturbed geotechnical sampling down to large depth,
geophysical surveys (in particular geoelectric tomography), analysis of the soil corings and of the
results of geotechnical laboratory tests on the undisturbed soil samples, and topographic monitoring.
These activities allowed us to phenomenologically interpret the slope instability processes at the sites.
Thereafter, in stage II, a back-analysis of the limit equilibrium of the different active sliding bodies
(safety factor F = 1) was carried out, implementing the geological, geotechnical and piezometric data
stage I, in order to check the stage I phenomenological interpretation of the landslide, in particular,
deriving a hierarchy of instability among the different landslide bodies. Finally, the diagnoses of the
landslide mechanisms were verified by means of coupled hydro-mechanical modelling (using the
finite element method, FEM) of the slope, according to stage III of the methodology. Such numerical
analyses allowed us to verify the landslide diagnoses achieved through stages I and II, and to define a
slope model for use in the design of mitigation measures.
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Figure 6. Geological map (a) and section (b) of the Pisciolo slope (modified from [40]). Key: (1) debris
and alluvial deposits; (2) Numidian Flysch; (3) Paola Doce clays, and fractured rock inclusions (a);
(4) Red Flysch; (5) stratigraphic contact (a), fault (b) and anticline axis (c); (6) landslide crown (a) and
body (b); (7) borehole with piezometers (P), borehole with inclinometer (I), GPS sensor (S); (8) line of
section; (9) inclinometer shear bending (a), disturbed soil (b) and piezometer cell with corresponding
hydraulic heads (c); (10) labelled landslide: crown (a), slip surface (b).

For the Pisciolo slope, based upon the Stage I analyses, the low values of the strength parameters
characterizing the clays at any depth in the slope, together with the high piezometric levels (in the range
of 2 m–5 m below the ground level in most part of the hillslope, even at large depth) were recognized
as predisposing factors for a landslide. In particular, the high piezometric levels were shown to
be connected to the slope-scale permeability, which was higher than typical values for clay slopes,
since the Pisciolo slope clays are highly fissured and include coarser soil strata and fractured rock
blocks (Figure 6), which, on the whole, increase rainfall infiltration rates. Accordingly, the piezometric
monitoring data show that the slope hydraulic features, combined with the climatic regime of the area,
bring about a transient seepage in the slope that, down to large depths, determines seasonal variations
of the piezometric heads, which influence slope stability. In particular, monitoring displacements at
depths from a few meters to 40–50 m and the use of piezometric heads gives evidence of the occurrence
of both a mild rate of increase of the piezometric heads and a mild acceleration of the landslide bodies
from late autumn to late winter/early spring, with both the maximum piezometric heads and maximum
the displacement peak rates occurring in early spring ([10,40,41]; Figure 8). It follows that the stage
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I data suggest that the landslide activity at Pisciolo is climate-induced and, hence, is connected to
slope-vegetation-atmosphere interactions.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 42 
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Elia et al. [20] reviewed the mathematical laws which are useful to represent the hydraulic,
mechanical and thermodynamic processes which evolve in slopes as an effect of both the climate and
vegetation, and which, on the whole, are able to describe slope-vegetation-atmosphere interactions.
The authors reported the various modeling strategies of such interactions, which account for different
coupling degrees. For the Pisciolo case study, the slope-atmosphere-vegetation interaction was
simulated, first through hydraulic (H) uncoupled FEM modelling (Figure 9, [40,61]), inputting net
rainfall rates at the top boundary of the slope model, calculated as the difference of the total rainfall
rate and the evapo-transpiration rate estimated by means of the FAO-Penman-Monteith method [62].
This hydraulic modelling, combined with the limit equilibrium analyses (Stage II), confirmed that
seasonal slope-vegetation-atmosphere interaction lead to F = 1 by the end of winter/early spring in
bodies deeper than 3 m [61,63–65]. At the same time, the analyses showed that the stability of landslide
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bodies shallower than 1–2 m is connected to the intensity and duration of single rainfall events, or to
their short-term sequences from mid-autumn to mid-spring ([61]; Figure 9). The research results,
therefore, highlight the variability with depth of climatic variables, which the landslide body stability
relates to in clay slopes similar to the Pisciolo slope.
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Pedone [66], Tagarelli [64] and Tagarelli and Cotecchia [67] also reported the results of stage III
analyses of the Pisciolo slope, carried out using fully coupled hydro-mechanical (HM) FEM modelling
of the slope-vegetation-atmosphere interactions. Tagarelli and Cotecchia [67] reported two-dimensional
coupled HM numerical analyses of the slope-vegetation-atmosphere interaction, but assumed the slope
to be homogeneous and checked the influence of the model initialization procedure on the prediction
of the slope-vegetation-atmosphere interaction. The authors concluded that only when the slope model
initialization accounted for the slope loading history, including that determined by the excavation of
the river valley and the consequent formation of the slope, could the numerical analyses predict that
even a homogeneous slope formed by an elasto-plastic, nonhardening clay may become location of a
climate driven landslide.

For the Tolve slope, Cotecchia et al. [41,60] diagnosed the landslide mechanism determined through
a small size excavation at the slope toe using a stage-wise methodology. Temporal geomorphological
analyses [68] allowed them to recognize that the slope is part of a large paleo-landslide basin, having
its original toe at the Castagno River, at the foot of the valley (Figure 7). Given the study of the
slope stratigraphy, showing that the slope is mainly formed from sub-Apennine stiff clays, and the
monitoring of the deep displacements (through inclinometers) and of the piezometric head, the authors
recognized that the current landslide largely represents a reactivation of sliding, rather than the effect
of a first failure process. In this slope, the first failure of the clays took place after excavation only
in a limited region, where a new shear band developed, linking the bottom of the excavation with
the pre-existing shear band at depth. Given this phenomenological interpretation of the landslide
mechanism achieved through stage I studies, both the stage II and III analyses confirmed how a
small excavation along the longitudinal axis of a paleo-landslide body can to trigger the delayed
reactivation of large portions of part of this body, due to the new yielding of the slope clay triggered
by the excavation, which starts at the floor and develops progressively over time until the original
shear band lying at depth is reached. As a consequence, the new landslide activity is characterized by
mass movements whose size and direction differ from those of pre-existing landslides. A stage III FEM
analysis of the slope processes predicted the reactivation of sliding at Tolve after the completion of
consolidation pos-excavation once a pre-existing shear band, which includes clay weaker than the
undisturbed stiff clay, is implemented in the model [41,60]. Figure 10 shows the onset of yielding at the
toe of the excavation soon after the excavation and its development with negative consolidation.



Appl. Sci. 2020, 10, 7960 12 of 41
Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 42 

(a) 

 
(b’) 

 
(b’’) 

 
(c) 

 
(d) 

 

Figure 9. Hydraulic modelling and limit equilibrium analysis of the slope-vegetation-atmosphere 
interaction for the Pisciolo slope: (a) FE slope model, boundary conditions and equipotential lines at 
the end of the steady state hydraulic modelling; results of the hydraulic modelling: hydraulic heads 
for the piezometric cell, along the vertical P7 (Figure 6), at 15 m (b’) and 36 m (b’’) compared with 
monitoring data (blue and red dots) together with 180-day net cumulative rainfall; results of the limit 
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Figure 9. Hydraulic modelling and limit equilibrium analysis of the slope-vegetation-atmosphere
interaction for the Pisciolo slope: (a) FE slope model, boundary conditions and equipotential lines at the
end of the steady state hydraulic modelling; results of the hydraulic modelling: hydraulic heads for the
piezometric cell, along the vertical P7 (Figure 6), at 15 m (b’) and 36 m (b”) compared with monitoring
data (blue and red dots) together with 180-day net cumulative rainfall; results of the limit equilibrium
analysis: (c) safety factor (SF) variation during the year for shallow landslide bodies, together with the
daily net rainfall; (d) safety factor (SF) variation during the year for deep landslide bodies together
with the 180-day cumulative rainfall; (modified after [40,61]).
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Despite the simplifications inherent to the slope models for both the Pisciolo and the Tolve case
studies, in both cases, the stage III numerical modelling was able to reproduce the landslide mechanism
observed in situ, validating the phenomenological diagnosis formulated through stage I studies. As for
the Pisciolo and the Tolve landslides, the literature reports several examples of similar applications of
the stage-wise methodology, along with consequent diagnoses (Figure 5; [5,9,10,38,41,44,69–75]).
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Figure 10. FEM analysis of the Tolve slope (modified from [76]): slope after excavation (a), yield points
at the end of the undrained excavation (b) and at the end of the coupled consolidation, before the
occurrence of numerical instabilities (c); stages (b,c) performed implementing weak soils in complex B
(c’ = 6 kPa; φ’ = 24◦) and in the shear band (c’ = 0 kPa; φ’ = 16◦).

3. GHM Characterization of the Landslide Classes: A Preliminary Attempt

Hungr et al. [42,77], among others, developed the classification of landslides, from the perspective
of geo-mechanical classification, by integrating some mechanical features of the landslide mechanisms
with the geomorphological aspects of reference in previous classification systems (e.g., [14–16]; Figure 2).
Moving towards a similar perspective, in this section, a methodology to derive a GHM characterization
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of landslide classes is proposed. Furthermore, a tentative GHM characterization is presented of the six
landslide classes presented in the introduction by referring to Cruden and Varnes classification [16]
(Figure 2), as indicated, through corresponding schemes, in Figure 11. Such an attempt was the result
of an initial application of the proposed methodology, and sheds some light on the most typical factors
and processes controlling the landslide mechanisms being part of these classes.

The methodology starts with a detailed analysis of the hydro-mechanical features of the landslides
in each of the six geomorphological landslide classes (Figure 2). Hence, the methodology stems from
the awareness that the fundamental laws controlling the slope response to external factors, and the
eventual slope failure, are basically those reported in Table 1 (if seismic actions are excluded). Therefore,
it is plausible that each landslide class may be related to a limited number of combinations of landslide
factor values and boundary conditions. Given this, the collection, for each landslide class, of the
landslide factor values and boundary conditions recorded in GHM studies of landslides belonging
to a given class should bring about the characterization of the predisposing and triggering causes
which are most recurrent for that landslide class. Also, the reasons for the variability in size and
morphology of the landslide bodies typical for the given class should be derivable. Consequently,
for each landslide class, the methodology requires an accurate review of case studies referring to
landslides belonging to that class, within which landslide factors have been exhaustively characterized
and landslide mechanisms assessed through either stage I, or II and III analyses (Figure 5). Such a
literature review is expected to serve in the identification of repetitive connections between sets of
values of landslide factors and given landslide mechanisms.

With the aim of both providing a detailed presentation of the methodology and exemplifying its
application, the preliminary results are presented; these results were achieved through the application
the methodology for the six landslide classes cited above (Figure 11). In particular, the sets of landslide
factor values are illustrated which, in broad terms, were found to recur for these landslide classes,
based upon the study of the literature carried out so far.

Each of Tables 3–8 corresponds to one of the six selected landslide classes, and reports the values of
the main landslide factors measured in the different case studies in the literature, along with information
about the boundary conditions. In particular, the values characterizing the geological (geological
formations, lithological sequences, tectonic structures, landslide activity, e.g., first-time failure or
reactivated landslide), hydraulic (piezometric levels and saturated permeability coefficients) and
mechanical (soil granulometry, index properties, shear strength parameters) slope factors are presented
in the tables, together with the boundary conditions (either hydraulic or mechanical). It is worth
noting that the GHM characterization proposed here for the six classes (Tables 3–8) represents the
outcome of an initial application of the methodology, and will be largely improved through a more
extensive literature review and the performance of new field diagnoses, using the stage-wise
methodology (Figure 5). Hence, what is discussed in the following should be considered mostly as a
methodological contribution.

To start with, the application of the methodology to class 1, which includes rotational and
rototranslational landslides, often evolving into multiple landslides (Figure 11, box 1 in Figure 2),
will be discussed. For such landslides, the sliding surface is most often from circular to composite,
and develops through a relatively thin shear band. For multiple landslides, it confines a deeper
body within which other rototranslational landslide bodies are included, all sharing the same toe.
The case studies examined for the GHM characterization of class 1 landslides were: the London
Clay landslides, due to the delayed failure of cut slopes ([31]; Figure 12 [5]; Figure 13a, the Warden
Point landslide [78,79]), some landslides in sub-Apennine Clays slopes (Figure 13b, the Petacciato
landslide [80]; the Ancona landslide [81,82]; Figure 13c, the Lucera landslide [38]; Figure 7, the Tolve
slope [60]), and the Selborne landslide in a Gault Clay slope (Figure 13d [83]). The factor values and
the boundary conditions recorded for these landslide case studies were shown to be very similar
(Table 3). The slopes are all mainly formed of a sequence of uniform marine clays, locally weathered
in the upper part and covered by a thin coarse soil deposit of either marine or continental origin.
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The clay is always of high consistency, since it is highly overconsolidated, and only mildly disturbed
by tectonics. The more fissured portion of the clay is within the upper weathered portion of the slope.
The original lateral earth pressure coefficient at rest (one-dimensional conditions), K0, of the clays
is generally higher than 1 [5,38,84,85]. Consistent with this, the response of the clay to shearing is
initially very stiff, dilative and strain hardening until peak strength, becoming strain softening after
peak. The peak shear strength parameter values range from medium (Lucera sub-Apennine Clays;
London Clay) to relatively high (Petacciato and Ancona sub-Apennine Clays; Gault Clay). The decay
in shear strength with straining brings the clay to a critical state, and thereafter, to residual (Table 3).
The saturated permeability coefficient of the clay, Ks, is very low, i.e., about 10−11 m/s in the laboratory
and about 10−10 m/s at the slope scale (field value; Table 3). Due to the low permeability at the slope
scale and the hydraulic boundary conditions of the slopes of reference (absence of a lateral aquifer
feeding the seepage in the slope), the piezometric levels at large depths are much lower than at
shallow depths. Therefore, overall, the peak strength parameter values, together with relatively low
pore water pressures at depth, provide the slope locations of landslides of class 1 with a significant
stability factor when the slope angle is low to medium. Accordingly, most of these landslides resulted
from first-time failures triggered by slope toe excavation, conferring upon the slope a much higher
inclination. Such excavation was either of anthropic origin (e.g., London Clay slopes and Lucera
slope in Table 3), or natural origin, e.g., due to marine erosion (Ancona, Petacciato and Warden Point
slopes in Table 3) for the examined case studies. For instance, the first-failure process of the Petacciato
landslide was triggered by marine excavation at the toe of the coastal slope, during the geological history
of the area (Table 3; about 10,000–6000 years ago).
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Figure 11. Classes of landslide mechanisms discussed in the paper. (a) Rotational-rototranslational
slide; (b) Lateral spread and flowslide; (c) compound landslide; (d) earthflow; (e) deep mixtilinear
slide; (f) debris flow and debris flowslide.
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Table 3. Landslide factors of some landslide mechanisms belonging to class 1 (Figure 11); Key: CF—clay fraction, PI—Plastic Index, A—activity, peak shear strength
(c’p—cohesion, φ’p—friction angle) e residual one (c’r—cohesion, φ’r—friction angle; [5,38,60,68,79,80,82,83,86–88]).

Landslide Factors Lucera
[38]

Ancona *
[81,82]

Petacciato *
[80]

Tolve *
[60]

London Clay Slope
Excavation

[5,31]

Selborne
Cutting

[83]

Warden Point
[78,79]

Geological

Formation SC SC SC SC LC GL LC

Tectonic
structures Fault and fold

First-time
failure Current Quaternary Quaternary Quaternary Current Current Current

Reactivated
failure Current Current Current Current Current

Geotechnical

Classification Csho Csho Csho Csho Csho Csho Csho

Grain-size data CF = 41% CF = 44% CF = 41% CF = 58% CF = 55% CF = 42% CF = 43%

Index properties PI = 24.3%,
A = 0.60

PI = 20%,
A = 0.60

PI = 23%,
A = 0.81

PI = 39%,
A = 0.66

PI = 52%,
A = 0.95

PI = 42%,
A = 1.08

Shear strength
parameters

c’p = 30 kPa
φ’p = 22◦

φ’r = 10◦–12◦

c’p = 35–250 kPa
φ’p = 20◦–28◦

φ’r = 10◦

c’p = 0–160 kPa
φ’p = 18◦–25◦

φ’r = 10◦

c’p = 77 kPa
φ’p = 16◦

φ’r = 10◦

c’p = 20 kPa
φ’p = 20◦

c’r = 2 kPa
φ’r = 13◦

Weathered unit
c’p = 10–15 kPa
φ’p = 24◦–25◦

φ’r = 13–14◦

Unweathered unit
c’p = 25 kPa
φ’p = 26◦

φ’r = 15◦

Permeability
coefficient (m/s)

Field: 10−10

Lab.: 10−11
Field: 10−7–10−9

Lab.: 10−11
Field: 10−8–10−9

Lab.: 10−11
Field: 10−9–10−11

Lab.: 10−11–10−13

Piezometric
Piezometric

levels
at large depth

Up and half slope:
−10/−20 m p.c.

Foot slope:
−2 m p.c.

Up-slope: tens
of metres
below g.l.

Down-slope:
from g.l. to
beyond g.l.

(e.g., +7.1 m)

Up-slope: tens of
metres below g.l.

Middle and
downslope: from
g.l. to beyond g.l.

(e.g., +4 m)

Few meters below g.l.
Steady-state seepage
with water table at

2–3 m below g.l.

(SC) sub-Apennine Clays, (LC) London Clay, (GC) Gault Clay, (Csho) stiff and highly over-consolidated clay, * paleo-landslide sub-class, (g.l.) ground level.
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[5,38,67,86]) demonstrated how the excavation process triggers the creation of a shear band at the toe 
of the slope, which propagates upslope over time (Figures 12 and 13). The morphology of the shear 
band and the duration of the progressive failure are controlled by various factors, such as: (1) the 
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Figure 13. Some rototranslational landslides in stiff clays (class 1 in Figure 11; Table 3;
modified from [79]—(a) Warden Point landslide, [80]—(b) Petacciato landslide, [38]—(c) Lucera
landslide, [83]—(d) Selborne landslide).

For the landslide class 1, after either natural or anthropic excavation, the slope is firstly involved
in a rotational failure mechanism. The numerical modelling performed in the stage III analyses
(e.g., [5,38,67,86]) demonstrated how the excavation process triggers the creation of a shear band at the
toe of the slope, which propagates upslope over time (Figures 12 and 13). The morphology of the shear
band and the duration of the progressive failure are controlled by various factors, such as: (1) the slope
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gradient due to the excavation (i.e., by the value of the mobilized shear stresses); (2) the value of the
clay coefficient of permeability and of its volumetric stiffness modulus (hence, of the consolidation
coefficient); (3) the hardening law of the clay; and (4) the plastic flow of the elasto-plastic constitutive
law. In general, even for homogeneous clay slopes, the modelling shows that the morphology of the
shear band is not necessarily circular, but can be composite (Figure 11). Potts et al. [5] and, recently,
Tagarelli V. and Cotecchia F. [67], highlighted the incidence of the earth pressure coefficient at rest,
K0, of the clay on the morphology of the landslide body, showing that this deepens with the increase of
K0. Moreover, when negative hardening becomes important, the bifurcation of the shear band occurs
for high K0, with the activation of multiple rototranslational mechanisms (Figure 12b).

Reactivated rototranslational landslides, such as the Petacciato (Figure 13b) and Tolve landslides
(Figure 7), are still part of class 1. In this case, however, the GHM study deals with the re-activation
causes, which generally differ from first-failure ones. Accordingly, for the deep-seated Petacciato
paleo-landslide, the current activity is due to the presence of very high piezometric heads at large
depth, near the pre-existing shear band, as recognized during stage I studies (Figure 13b; [10,80])
and predicted through stage III modelling. In particular, the fissuring of the deep clay part of the
pre-existing shear band determines the occurrence of the deep slope portions of higher coefficient
of permeability (Table 3). Such a feature eases the presence of high hydraulic heads at large depth,
which predispose the landslide to re-activation.

Class 2 landslides (Figure 11) typically involve highly sensitive clays, such as quick clays [45,89–95],
which are either lateral spreads (Figure 11 and box 2 in Figure 2) or flowslides (Figure 11). The slope
soils are generally glacial-marine clays characterized by high sensitivity St > 20–30 [96,97], which are
mainly located in Northern Europe and North America (Canada, Finland, Norway, Russia, Sweden
and Alaska), where they outcrop below coarse-grained moraine deposits and are overlain by either
a dried fissured crust or silty-sandy soil strata [98]. The complex landslide mechanism is controlled
by the peculiar hydro-mechanical properties of the quick clays, which, due to their high sensitivity,
are extremely fragile under shearing, to such an extent as to become a slurry by small shear strains.
In particular, in the case of the flowslides (Figure 11), the initial failure develops as a rotational
landslide, and is followed by a rapid onset of retrogressive rotational landsliding, as the outcome of the
progression of failure upslope, in undrained conditions [99,100]. While advancing, the clay forming
the rotational landslide bodies liquefies and flows downstream rapidly. The onset of the downstream
clay flow may occur from a few hours (landslide events of Saint-Alban in 1894 and Saint-Thuribe
in 1898) to a few days (landslide events of Kenogami in 1924, Saint-Joachim-de-Tourelle in 1963,
Saint-Jean-Vianney in 1971, Longue-Rive in 2005) after the activation of the first rotational failure.
In contrast, lateral spreads are characterized by extremely rapid horizontal translational movements
of blocks of sensitive clay, with a horst and graben structure, moving on a layer of remolded clay
(Figure 11; [16,42,77,93]). The extremely fragile mechanical behavior of such materials makes the
triggering cause potentially even a small perturbation of the slope system; in particular, both human
activity, such as overloading or excavation, and nature itself (e.g., river erosion, natural evolution of the
morphology, or earthquakes) can represent a triggering cause of a landslide process in such a context.
The areas involved in such landslide mechanisms are large (>1 ha; [74,95]).

Table 4a provides a summary of the GHM factors applying to some flowslides and lateral
spreads occurred in Québec from 1840 to 2012. The Saint-Jude flowslide, whose landslide factors
are reported in Table 4b, was activated with multiple retrogressive rotational failure in a river bank
(Figure 14a; [74,95]). Thereafter, the runout of the landslide bodies across the river occurred as lateral
spread. The phenomenological evolution of the landslide process, which lasted only a few minutes, was
modelled through numerical analyses performed by means of the PFEM code (particle finite element
method; [101]; Figure 14b), within which the Lagrangian formulation of FEM coexists with the particle
approach, implementing a hardening elasto-visco-plastic model, which allows for to high fragility.

Class 3 landslides correspond to the compound landslide mechanism (Figure 11) involving slopes
made up of stratified sedimentary successions, where weaker layers are interbedded with more
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resistant ones. If the bedding planes are dipping in the same direction of the slope and are less inclined
than the sloping angle, the progressive failure advances primarily in the weaker layers, as observed in
the field and shown in the numerical modelling (Phase I and III in Figure 5) of various case studies.
The Vajont landslide (PN) and the Timpone landslide (Senise, PZ) are two such literature case studies.

Table 4. Class 2 (Figure 11): summary of the geotechnical parameters (a) of the quick clays of
some Canadian landslides [102] and landslide factors (b) of the Saint Jude flowslide-spread [74,101];
Key: PI—average values of the plastic index, LI—minimum values of the liquidity index, Su—minimum
values of the undrained shear strength measured with the Swedish cone, St—sensitivity measured with
the Swedish cone, OCR—overconsolidation ratio, CF—clay fraction.

Property Flowslide Lateral Spread Landslide Factors Saint-Jude
[74,101]

PI 1–47% 3–46%

Geological

Formation CSC

LI 1.5–16.5 1.3–5.1 Tectonic structures

Su 0.08–0.8 kPa 0.08–1.3 kPa First-time failure Current

St 10–1890 12–1500

Geotechnical

Classification Cso

OCR 1.1–1.2 1.1–7.9 Grain-size data CF = 65%

CF 13–88% 27–88% Index properties IP = 30%

Shear strength
parameters

Su = 25–65 kPa;
c’ = 8 kPa φ’ = 35◦

Sensitivity 40–80

Permeability
coefficient 9 × 10−10 m/s

Piezometric Piezometric levelsat
medium depth

Upslope: −2 m
below g.l.

Downslope: +4 m
below g.l.

(CSC) Champlain Sea Clay, (Cso) slightly overconsolidated clay, (g.l.) ground level.

Table 5 reports the landslide factors for the Timpone slope, where the Aliano sands outcrop.
This geological formation is represented by sands interbedding either gravel or clay layers. The latter,
mostly of centimetric thickness, tend to increase with depth [103–105] and are formed of medium-high
plasticity clay, exhibiting negative hardening with shearing. Following an excavation at the slope
toe, the failure progressed over time due to the shear strain localization in one or more of the clay
layers, leading to the activation of a translational sliding mechanism. The rate of movement of the
Timpone landslide was high (maximum velocity of 12.5 mm/s). Troncone et al. [72,106] verified the
phenomenological interpretation through nonlocal finite element modelling (using Tochnog) under
both two-dimensional and three-dimensional conditions (Figure 15). At Vajont, failure progressed
over time with shear strain localization in one or more of the clay layers interbedded within calcareous
strata, due to the rise in piezometric head; the latter was caused by the submersion of the slope during
the filling of the artificial lake confined by the Vajont dam.
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Figure 14. Saint-Jude landslide: (a) map and section (Locat et al., 2017); (b) Equivalent shear strain
field after 87 s (PFEM code; Zhang et al., 2019).

Class 4 landslides are represented by the earthflows [42] and mudslides [15]; see Figure 2 (box 4)
and Figure 11. Several earthflow case studies are reported in the literature for Italian sites [12,107–116]
and provide the values of the landslide factors, as well as the features of the earthflow kinematics.
In particular, Figure 16 shows a morphological map of some of the Italian earthflows reviewed using
the present GHM characterization: Vadoncello (Senerchia, AV; [117]), Serrone (Motta Montecorvino,
FG; [118]), Costa della Gaveta (PZ; [114,119,120]), Montaguto (BN; [121,122]), Brindisi di Montagna
(PZ; [123–125]), Masseria Marino (AV; [108,113,126,127]). The corresponding landslide factor values
are reported in Table 6.
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Figure 15. Timpone landslide: finite element numerical modelling performed by means of Tochnog
code—2D ((a); [72]) and 3D analyses ((b); [73]).

Table 5. Landslide factors of the Timpone landslide (class 3; Figure 11; [103,104]); Key: MF—silt
fraction, SF—sand fraction, for the other acronyms referring to Table 3.

Landslide Factors Timpone
[103,104]

Geological

Formation Aliano Sands

Tectonic structures

First-time failure Current

Geotechnical

Classification (a) Silty sands
(b) Silty clays

Grain-size data (a) CF = 3%, MF = 23%, SF = 80%
(b) CF = 50%, MF = 43%, SF = 11%

Index properties (b) PI = 26%, A = 0.54

Shear strength
parameters

(a) c’p = 50–120 kPa φ’p = 42◦; φ’r = 34◦

(b) c’p = 70 kPa φ’p = 24◦; φ’r = 13◦

Piezometric Water table
Slope involved in landsliding: no groundwater
immediately downstream the landslide:
water table at 23 m below g.l.
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Table 6. Landslide factors of some landslide mechanisms belonging to class 4 (Figure 11; [108,113,114,116–118,122,123,126–129]); for the geotechnical parameters
referring to Tables 3 and 5.

Landslide Factors Vadoncello
[117]

Serrone
[118]

Costa della
Gaveta

[114,119,120]

Montaguto
[121,122]

Brindisi di
Montagna
[123–125]

Masseria Marino
[108,113,126,127]

Geological

Formation VC FAEc—RF VcC FAE—VS RF—VC VcC

Tectonic
structures

Fault along the
channel

Fault along the
contact beteween

RF and VC

First-time failure Current Current Current Current

Reactivated
failure Current Current Current Current Current Current

Geotechnical

Classification ChFS AimF
CS with rock

blocks
FAE: limestone

and clay
CmFS with rock

blocks
CS with rock

blocks

Grain-size data CF = 52% FAEc−CF = 60%
RF−CF = 50% CF = 38% FAE

CF + MF = 70%
RF/VC

CF = 38% CF = 40%

Index properties PI = 38%,
A = 0.4–0.8

FAEc: PI = 42%, A = 0.7
RF: PI = 19%

A = 0.4
PI = 35% FAE

PI = 35%
RF/VC

PI = 51% PI = 28% A = 0.7

Shear strength
parameters

c’p = 0 kPa
φ’p = 19◦

φ’r = 5◦

FAEc: c’p = 0 kPa
φ’p = 21◦

φ’r = 8.2◦

RF c’p = 10 kPa
φ’p = 23◦ φ’r = 9◦

c’p = 50 kPa
φ’p = 14◦

φ’r = 10◦

FAE
c’ = 0 kPa
φ’ = 20◦

RF: c’p = 8–17 kPa
φ’p = 16–25◦,
φ’r = 5.3◦

VC: c’p = 8–17 kPa
φ’p = 16–25◦

c’p = 8 kPa
φ’p = 25◦

φ’r = 11.4◦

Permeability
coefficient (m/s)

Lab.: FAEc: 1 × 10−9

RF: 5 × 10−9–3 × 10−11

Field: 5 × 10−9–10−8
10−9 FAE

Field: 10−5–10−7 9 × 10−10

Piezometric Piezometric levels
(m g.l.)

−7/−9 (body)
−12.8/−15

(substratum)
−2/−3 (water table) −1/−5 (body)

−10/+20
(water table in the

source area)

−1.7/−2.2 m g.l.
(water table)

+3/−9 m g.l.
(body and

substratum)

(VS) Villamaina Synthem; FAE) Faeto Flysch (FAEc: clayey member), (VC) Variegated Clays; (VcC) Varicoloured Clays; (RF) Red Flysch; (ChFS) highly fissured and scaly clays; (CimF)
highly to medium fissured clays; (CS) scaly clays; (CmFS) medium fissured to scaly clays.
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As shown in Figure 16, the detachment area of the landslide mass, where failure is triggered,
may extend through one or more source areas, from which the mass propagates through a channel
experiencing major straining, reaching a distant accumulation area downslope. The morphological
features of these landslides are largely controlled by the soil hydro-mechanical properties and the
slope orography. Based upon the data in Table 6, earthflows often appear to involve slopes where
structurally complex [130], clayey formations outcrop. These are sedimentary successions of fine soils,
sedimented in pre-orogenic marine basins and subsequently involved in orogenetic processes. At the
locations of the case studies in Table 6, these successions are chaotic and jointed as a consequence of an
intense tectonic history, so that fractured rock blocks float in an intensely disturbed and highly fissured
plastic clay matrix which controls the overall slope behavior. In addition, faults and overthrusts may
affect the slopes, determining the presence of localized weaker portions across the slope [131–135].
Irrespective of the geological and geo-structural history, the clays in these slopes exhibit the behavior
of overconsolidated clays, with yield stress ratios in compression, i.e., YSR ≥ 3 [134]. Especially for the
scaly clays (Variegated Clays, Varicoloured Clays or Red Flysch), extensive experimental studies have
provided evidence of very low values of peak strength parameters, c’p e φ’p [134,136–140], as reported
in Table 6. The corresponding residual friction angles, φ’r, are of the order of 5–10◦. Furthermore,
for slopes made of fissured clays, the saturated permeability coefficient, Ks [141], is generally higher
than that of intact clay (see for instance Table 3). Furthermore, Ks is even higher at the slope scale
(Table 6), given the interbedding of both coarser strata and floating fractured rock blocks. In addition,
the permeability of the runout material in both the channel and the accumulation area (generally
referred to as debris, i.e., clayey matrices incorporating rock fragments) is generally higher than that of
the in situ soil [142,143]. The relatively high permeability values and the hydraulic boundary conditions
of the slope (Table 6) generally cause the piezometric heads to be significantly high, especially in the
runout landslide portion, where the water table is often about the ground level. Therefore, the low
strength of the clays dominating the slope hydro-mechanic behavior, along with the seepage regime
across the slope, are both factors predisposing the slope to landslides.
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As is the case at the Serrone and Vadoncello sites (Table 6; Figure 16), the earthflow mechanism
can result from the onset of a retrogressive rototranslational sliding in the source area, the location
of clayey flysch and the runout of the landslide mass downslope. In the case of the Serrone slope,
temporal geomorphological analyses (through the stereoscopic study of aerial photos) have suggested
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that the failure in the source area was an effect of an unloading process at mid-slope, determined by
the movement of a pre-existing rototranslational landslide in the base portion of the slope, activated by
toe river erosion [118]. Such an old landslide body is overlain by the runout of the earthflow. In the
Vadoncello slope, a similar process took place over time, given the existence of a pre-existing ancient
landslide in the base portion of the slope. In this case, however, such a landslide body was reactivated
by the movement in its toe area of another active landslide body (Serra dell’Acquara landslide),
of which the Vadoncello landslide is subsidiary [41,117]. Therefore, temporal analyses showed that in
both slopes, the toe of the rototraslational landslide in the source area corresponds to the main scarp of
an older landslide, lying downslope, which underlies the present earthflow channel and accumulation
materials. Such an interpretation of the earthflow mechanism was confirmed, for the Vadoncello case
study, by the results of FEM modelling, as discussed by Cotecchia et al. [41,144]. For both case studies,
the depth of the slope failure in the source area was from medium to large. Moreover, the earthflow
displacement rates were observed to increase, reaching meters/day, either when failure was reactivated
in the source area, or after intense and long duration rainfall events, determining the increase of the
pore water pressures within the channel material and in the accumulation zone.

For the Costa della Gaveta earthflow (Table 6; Figure 16), the multisource area is located within an
ancient landslide basin, including several subsidiary bodies, according to numerous accurate field
surveys and temporal geomorphological analyses (Figure 5; [114,119]). This earthflow is characterized
by a short channel area and involves tectonized clays, where rock blocks are dispersed within a scaly
matrix. In the channel area, the sliding surface occurs at a depth of about 10 m, while the thickness of the
landslide body in the accumulation area is greater (38 m). According to the inclinometric monitoring
data, the earthflow body moves through the transversal sections at a constant, very low to extremely
low mass rate. The river erosion of the landslide toe contributes to the activity of the landslide [114,119];
in addition, recent 3D modelling of the seepage regime in the slope [128], validated by piezometric
monitoring, showed that the seasonal rainfall infiltration also influences the landslide activity.

The Masseria Marino and Brindisi di Montagna landslides (Table 6; Figure 16) are representative of
many other earthflows occurring in the Basento Valley [110]. The interpretation of the Masseria Marino
earthflow mechanism was based on both phenomenological (stage I) and numerical (stage III) analyses,
supported by accurate monitoring of the displacements, both at ground level and at depth, and of the
piezometric levels [108,113,127]. This earthflow involves, again, intensely fissured clays, which result
largely from the runout of a wide landslide in the upslope area; the latter is also characterized by an
intermittent retrogressive activity. The runout material moving downslope influences the kinematics
of the channel body, whose displacement rates vary from a few mm/year to 12 cm/day [110,113,116].
Moreover, the channel movements appear also to be connected to the increase in the pore water
pressures related to the seasonal rainfall infiltration. According to Pellegrino et al. [145], the activity of
the earthflow is controlled by a combination of processes, both drained and undrained, i.e., the impact
of the runout material coming from the upslope area and rainfall infiltration.

The interpretation of the Brindisi di Montagna earthflow mechanism (Table 6; Figure 16) is derived
from the stage I, II and III analyses performed by various authors [123,125,146]. Again, the earthflow
materials derive from the runout of an ancient and wide rotational landslide upslope in a source area
location of important tectonic displacements due to the activity of a fault. Therefore, the clayey soils
in the source are fissured and have a very chaotic structure, and the earthflow body is largely made
of scaly clays, including disarranged rock blocks. As a whole, the earthflow activity is intermittent,
characterized by variable displacement rates, from a few mm/year to 1 m per day. The activity relates
to both the piezometric level fluctuations, resulting from the rainfall infiltration, and the undrained
loading determined by the runout material moving from the source area, where the top landslide
reactivation occurs [125].

The evolution of the Montaguto earthflow [121,122,147] was inferred from analyses conducted
according to all the three stages of the diagnostic methodology in Figure 5, including extensive
topographic (LIDAR, robotic total stations, GBInSAR), inclinometric and piezometric monitoring.
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The earthflow body is made of remolded clay with rock fragments, coming from the Faeto Flysch
Formation which outcrops in the source area. The substrate, on which the earthflow moves (channel
and accumulation area), consists of clayey marls and fine sands belonging to the Villamaina Synthem.
In 1954, the source area of the earthflow was affected by multiple landslide events, the toe of which was
at midslope. Recently (2005–2006; 2010), according to Lollino et al. [122,147], on the basis of monitoring
data and numerical modelling, the reactivation of movements was shown to be due to consolidation
processes following the undrained loading caused by the runout masses from the source area.

In summary, all the earthflow case studies discussed above provide evidence of similarities in the
values of the main landslide factors and in the landslide mechanism. The disturbed and heterogeneous
features of the soils involved in the earthflowing, generally disturbed and fissured clays of low shear
strength, including floating rock blocks, represent a factor predisposing the slope to landslides. At the
same time, the fissuring of the clays and the presence of either fractured rocky strata or coarse soil
strata provide the slope with an overall permeability that is higher than that applying to clay slopes,
which allows for significant water infiltration, fed either by the rainfall or upslope aquifers, which are
the hydraulic boundary conditions of the slope. Such infiltration determines high piezometric heads
up to medium depths, which represent an additional factor predisposing the slope to landslides. In this
hydro-mechanical context, earthflows result from the runout of landslide bodies activated in the source
areas, which is generally the steeper part of the slope, and often includes a higher content of either
rocky or coarse soil strata. In the channel portion of the earthflow, the landslide body is from superficial
to medium deep, but becomes deeper in the accumulation area, and in both areas, the earthflow is not
necessarily formed solely of the runout material, but often also involves the top strata of the in situ
formations. The prolonged activity of the earthflows appears to result in: (i) the mobilization of the
channel material, often involving the underlying in situ clays; (ii) the retrogression of the landslide in
the source area; (iii) the activity of the original, pre-existing landslide in the toe area, where present.
This activity may be related to: (1) the undrained loading determined by the impact of landslide
masses coming from the source area, and the following consolidation processes; (2) excursions of the
piezometric heads in the channel area and in the accumulation zone, due to rainfall infiltration; (3) the
lateral unloading in the toe area. The contribution of creep to the earthflow slow movements cannot
be excluded.

Class 5 landslides include mainly mixtilinear sliding processes (Figure 11) in slopes whose
hydro-mechanical setup is still quite complex, but slightly less chaotic than those of the typical locations
of earthflows. The slopes are still composed of clayey flysch, in which the clays are of high plasticity
and often fissured, and interbed rock blocks or isolated coarser soil layers. The landslides, however,
are rototranslational, of medium to high depth, with the toe generally at the base of the valley. In these
slopes, the more permeable layers (fissured clays and embedded fractured rock blocks) allow for a high
rainfall water infiltration into the slope, which causes an increase of the pore water pressures up to
significant depths. Examples of landslide mechanisms of such a typology (Figure 11) are the landslides
(Table 7): Fontana Monte (Volturino, FG; [147–149], Pisciolo [40,41] and Pianello (Bovino, FG, [150]).
The geomorphological maps and sections of the latter two case studies, deduced from extensive
phenomenological studies, are shown in Figures 6 and 17, respectively. Table 7 shows the synthetic
characterization of the landslide factors which are representative for many other similar landslides
within the south-eastern Apennines [11,40,41,59]. As can be deduced from Table 7, the clays involved
in the sliding process are of medium-high plasticity and have relatively low strength parameters,
despite their overconsolidation degree [41].
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Table 7. Landslide factors for deep rototranslational landslides (class 5; Figure 11; [40,150]); for the
geotechnical parameters referring to Tables 3 and 5.

Landslide Factors Pisciolo
[40,41]

Pianello
[150]

Geological

Formation PD FAEa

Tectonic
structures Fault and fold Overthrust

First-time failure Current
Current

Before the ‘50 s
Current

Geotechnical

Classification CimFoc CFoc

Grain-size data CF = 49% MF = 45%
SF = 6%

CF = 45% MF = 27%
SF = 14%

Index properties PI = 40% A = 0.85 PI = 44% A = 0.9

Shear strength
parameters

c’p = 20 kPa
φ’p = 18◦

φ’r = 10◦

c’p = 0–25 kPa
φ’p = 13◦–26◦

φ’r = 8.5◦

Permeability
coefficient (m/s)

Lab: 10−9–10−10

Field: 10−8–10−9 Lab: 10−9–10−10

Piezometric Piezometric levels from
shallow to large depth (m g.l.) −2/−3 −2/−3

(PD) Paola Doce Clays; (FAE) Faeto Flysch (FAEc clayey member); (CimFoc) intensely to medium fissured, highly
overconsolidated clays; (CFoc) fissured and highly overconsolidated clay.

Moreover, the permeability coefficient at the slope scale, Ks, can exceed 10−9 m/s up to significant
depths (Table 7). As previously noted, although the main slope lithotype is clay, the relatively
high permeability at the site scale, combined with the hydraulic boundary conditions, provides the
slope with piezometric levels reaching about 2–4 m below ground level, even for the deep strata.
Such piezometric heads are an internal cause of the medium depth or deep rototranslational landslide
mechanism of the type in Figure 11 (Figure 2, box 5), despite the quite low average slope angles
(12◦; Figures 6 and 17). However, the locations of slopes of this landslide class, despite being formed of
materials similar to those involved in the earthflows discussed above (Figure 16), are characterized
by an orography and geo-structural settings which are less chaotic than those involved in earthflows.
In addition, the presence of clays of low strength parameters down to great depths makes these landslide
mechanisms deeper, involving the whole slope down to the bottom of the valley. FEM modelling
has also shown the extent to which valley excavation determined by river erosion over geological
time periods can give rise to the onset of failure progression in these slopes, from the toe upwards.
At present, the current activity of these landslides is often related to slope-vegetation-atmosphere
interactions [11,40,64–66]; Figures 7, 9 and 10).
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Kong: [165]) overlay rock bedrocks. In Campania, Italy, these landslides are very common, where 
pyroclastic deposits outcrop on the fractured limestones of the Apennine platform. The flows of 
reference in the analysis occur at Mt. Lattari (1997), Mt. Pizzo D’Alvano and San Felice a Cancello 
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Figure 17. Pianello landslide (class 5 in Figure 11; Table 7): (1) debris; (2) remoulded clays; (3) Bovino
Synthem; (4) Faeto Flysch (limestone member); (5) Faeto Flysch (clayey member); (6) stratigraphic
contact (a) and over-thrust (b); (7) landslide crown (a) and body (b); (8) borehole with piezometers (a),
borehole with inclinometer (b); (9) line of section; (10) piezometer cell with corresponding hydraulic
heads (a) and inclinometer shear bending (b); (11) labelled landslide portions: crown (a), slip surface (b).

Debris-flow, debris-avalanche and debris/sand flowslides ([42]; box 6 in Figures 2 and 11) are part
of the 6th landslide class examined in this paper. They are generally triggered by more or less critical
rainfall events, which mobilize coarse to loamy soil covers, propagating downslope as rapid flows.
In the following paragraphs, we will refer to this class with the term “flow”. These flows occur in different
geological contexts, where pyroclastic soils (Central America: [151]; New Zealand: [44,129,152–161]),
residual soils (Hong Kong: [162]; Japan: [163]) or colluvial soils (Brazil: [164]; Hong Kong: [165]) overlay
rock bedrocks. In Campania, Italy, these landslides are very common, where pyroclastic deposits
outcrop on the fractured limestones of the Apennine platform. The flows of reference in the analysis
occur at Mt. Lattari (1997), Mt. Pizzo D’Alvano and San Felice a Cancello (1998), Cervinara (1999),
Nocera Inferiore (2005) and Ischia (2006). In some cases, these flows involve pyroclastic soils lying
on flysch outcroppings within the Apennines (event 2005 in the area of Mt. Le Croci-Monte Termito).
Table 8 summarizes the landslide factors of some of the cited case studies: Cervinara, Monte Pizzo
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d’Alvano (Figure 18), Monte Albino and Bosco de’ Preti flows. For all these flows, the pyroclastic cover,
on average from 2 m to 4.5 m thick, consists of ashes interbedding pumices [160,166,167]. As a result of
accurate field surveys, geotechnical monitoring and numerical modelling, these flows result from the
onset of failure within the pyroclastic cover (mostly a sliding process in the source area), followed
by the propagation of the debris downhill. Usually, the mass travels rapidly downslope, through
a channel, reaching distances of several kilometers from the source area [42]. Generally, the flows
involve additional saturated soil all along the runout path, which adds to that coming from the source
area [42].
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Table 8. Landslide factors of flows (class 6, Figure 11; [157,159–161,166–173]); Key: GF = gravel fraction; γs = specific weight, γd = volume unit weight, n = porosity,
for the other geotechnical parameters referring to Tables 3 and 5.

Landslide Factors Cervinara
[157,167,169–171]

Mt. Pizzo d’Alvano
[166,168,172]

Monte Albino
[161,173]

Bosco dei Preti
[160]

Geological

Cover Fall pyroclastites Fall pyroclastites Fall pyroclastites Fall pyroclastites

bedrock limestone limestone limestone flysch

Tectonic
structures Normal fault system Normal fault system

Geotechnical

Classification

(a) coarse pumices
(b) volcanic ash
(c) fine pumices and ash
(d) weathered ash

(a) coarse volcanic ash
(b) pumices
(c) fine volcanic ash

(a) coarse volcanic ash
(b) pumices
(c) fine volcanic ash

Ash
Pumices
Ash

Grain-size data
(%)

(a) MF = 2, SF = 52, GF = 46
(b) CF = 6, MF = 10, SF = 80,

GF = 4
(c) CF = 1, MF = 8, SF = 58,

GF = 33
(d) CF = 8, MF = 27, SF = 60,

GF = 5

(a) CF = 2, MF = 28,
SF = 57, GF = 13

(b) MF = 11, SF = 43, GF = 46
(c) CF = 5, MF = 45,

SF = 46, GF = 4

(a) CF = 2, MF = 32, SF = 44, GF = 21
(b) MF = 1, SF = 24, GF = 75
(c) CF = 18, MF = 45, SF = 34,

GF = 3

Ash
CF = 8%, MF = 34%,
SF = 48%, GF = 10%

Physical
properties

(a) γs = 25 kN/m3, γd = 12 kN/m3,
n = 0.52

(b) γs = 26 kN/m3, γd = 8 kN/m3,
n = 0.69

(c) γs = 26 kN/m3, γd = 13 kN/m3,
n = 0.50

(d) γs = 26 kN/m3, γd = 12 kN/m3,
n = 0.54

(a) γs = 25 kN/m3,
γd = 9 kN/m3, n = 0.61

(b) γs = 13 kN/m3,
γd = 6.2 kN/m3, n = 0.69

(c) γs = 24 kN/m3,
γd = 8 kN/m3 n = 0.69

(a) γs = 26 kN/m3, γd = 8.6 kN/m3,
n = 0.67

(b) γs = 13 kN/m3, γd = 6 kN/m3, n
= 0.69

(c) γs = 25.7 kN/m3, γd = 8.8 kN/m3,
n = 0.67

Ash
γs = 12 kN/m3,
γd = 7.1 kN/m3, n = 0.71

Shear strength
parameters

Saturated conditions:

(b) c’ = 0 kPa φ’ = 38◦

(d) c’ = 11 kPa φ’ = 31◦

Saturated conditions:

(a) c’ = 0–3 kPa, φ’ = 36–41◦

(b) c’ = 0 kPa, φ’ = 37◦

(c) c’ = 0–3 kPa, φ’ = 30–35◦

Saturated conditions:

(a) c’ = 5 kPa, φ’ = 37◦

(b) c’ = 0 kPa, φ’ = 37◦

(c) c’ = 6 kPa, φ’ = 31◦

Saturated
Conditions for ash:
c’ = 0 kPa, φ’ = 37◦
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Table 8. Cont.

Landslide Factors Cervinara
[157,167,169–171]

Mt. Pizzo d’Alvano
[166,168,172]

Monte Albino
[161,173]

Bosco dei Preti
[160]

Permeability
coefficient (m/s)

(a) × 10−6–6 × 10−6

(b) × 10−7–5.5 × 10−7

(c) 5.0 × 10−6–9 × 10−7

(d) 8.5 × 10−8–6 × 10−7

(a) 10−5

(b) 10−4

(c) 10−6

1.2 × 10−6

Piezometric Suction

Winter:
2 kPa (z < 2.5 m g.l.)
15 kPa (z > 2.5 m g.l.)
Summer: 30–80 kPa

z <1 m g.l.
Winter: 10 kPa, Summer: 35 kPa
1< z <4 m g.l.
Late autumn: 30 kPa,
Summer: 37 kPa

z = 0.2–0.4 m g.l.
Winter: 10 kPa
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In general, the reduction of the soil suction within the soil cover is the main triggering factor
of flows. Such a reduction may be related to rainfall infiltration. However, several authors have
shown that the trigger of flows relates not only to single rainfall event features (i.e., duration and mean
intensity), but also to the initial conditions of the soil slope, determined by antecedent precipitations.
For instance, the space–temporal variations in matric suction and volumetric water content within a
pyroclastic cover were measured at Monteforte Irpino and Cervinara [157,167,169–171]. Consequently,
some correlations among the rainfall events, the evapotranspiration rates and the fluctuations of the
water level in the underling limestone aquifer were pointed out. In particular, as discussed in Pirone
et al. [157], matric suction and volumetric water content in the top part of the soil cover (0.25–0.45 m)
can be affected by a single rainfall event, but their temporary fluctuation connected to the rainfall
event is relatively small compared to their seasonal fluctuation due to seasonal slope–atmosphere
interactions. Seasonal variations in matric suction and volumetric content are well recorded within
deeper soils, although their size decreases with depth. On the whole, since the water seepage across
the slope is caused by a combination of these processes, their activation has been shown to be highest
from December to April.

Cascini et al. [168,172] characterized different features of the flow triggering mechanism in
pyroclastic soils covering a carbonate substratum, in relation to the geological, morphological and
hydrogeological conditions of the source area, as well as to anthropogenic actions which have affected
such areas. Field observations and numerical modelling have suggested that the temporary storage
of water in a perched water layer, in the upper part of the fractured and karsified limestone bedrock,
may affect the leakage through the soil cover-bedrock interface and influence the soil suctions within
the pyroclastic covers, contributing to trigger flows [171,174].

The results of numerical analyses of the seepage regime within the unsaturated pyroclastic cover,
influenced by both the underlying perched aquifer and the soil-vegetation-atmosphere interaction,
have been implemented either in slope stability analyses conducted with the limit equilibrium
method [44,155,157,160,173], or in numerical analyses [44].

Concerning the Pizzo d’Alvano slopes, Cascini et al. [172] showed how different stratigraphic
settings and mechanical properties of covers may affect the depth of the sliding mechanism, while Forte
et al. [173] demonstrated the influence of topography and stratigraphic settings on the activation of
flows in the Monti Lattari area.

With reference to the flows activated along the slopes of Monte Le Croci—Monte Termito,
Santo et al. [160] showed, through a numerical analysis of a boundary value problem, how the trigger
was predisposed by the infiltration of rain prior to the landslide event, which saturated the cover and
raised the water table in the bedrock until it reached the cover. Altogether, the aforementioned models
may constitute platforms for the design of early warning systems for risk mitigation at the slope scale.

4. Conclusions

The initial results of the application of the methodology proposed in the paper, which is aimed at
deriving a GHM characterization of landslide classes, appear to be promising, leading to successful
characterizations through the systematic use of the methodology. Even if the database of reference in
the paper, which collected the results of GHM studies of various landslide mechanisms, is limited,
it has been shown how the analysis of such a database, through the stage-wise methodology, leads to
the assessment of the main features of a landslide’s morphology and activity for the six selected
landslide classes (Figure 11), as well as of the repetitive hydro-mechanical processes active in the slope
for the selected types of landslides, and to the identification of limited ranges of values of the main
landslide factors. Such an assessment is expected to improve greatly through the analysis of a larger
database and with further insights into the details of each case study, in order to comply more with the
complexity of some landslide mechanisms and their variability within each landslide class.

However, the success of the GHM characterization of the landslide classes distinguished in the
geomorphological classification of landslides [16] also requires persistence in systematically carrying
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out GHM studies of landslides, using so-called stage-wise methodology. Furthermore, the collection
and analysis of the results of this type of study, carried out using the methodology discussed herein,
may succeed in deriving the GHM characterization of the landslide classes if several researchers
cooperate in this type of work.

The initial results presented in this paper nonetheless indicate that the results of the research
project being proposed can be of service to practitioners involved in the design of sustainable landslide
mitigation measures. Furthermore, they are indicative of the potential long-term value of GHM
classification of landslides, which could facilitate much more advanced management of the disasters
caused by landslides in several high landslide susceptibility regions around the world.
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Abbreviations

τm mobilized shear stress
τm f soil shear strength
σi j components of the stress tensor
δ jz Kronecker delta
εi j components of the strain tensor
ρw water density
ki hydraulic conductivity along the i-direction
h piezometric head
γ unit weight of the soil
e void ratio
γs unit weight of the solid particles
γd unit weight of the dry soil
Sr degree of saturation
χ Bishop’s effective stress parameter
ua pore air pressure
uw pore water pressure
σ′i j components of the effective stress tensor
Pl liquid pressure
Pg gas pressure
T temperature
u displacement tensor
PI plasticity index
LI liquidity index
A activity index
Su undrained cohesion
OCR overconsolidation ratio
c′p peak effective cohesion
φ′p peak effective friction angle
φ′r residual effective friction angle
CF clay fraction
MF silt fraction
SF sand fraction
GF gravel fraction
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