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Summary
During the last century, the rapid development of geotechnics allowed the design, construction, and control of many structures
(foundations, retaining walls, tunnels, dams, slope control works, etc.) in accordance with rigorous rules and national/international
standards. Indeed, Geotechnics can be considered a source of consistent answers and procedures to ensure better safety and sustainable development dealing with problems beyond site-specific engineering challenges, such as those involving urban planning and
land use management.
This paper, starting from the origin of geotechnics, proposes an approach to these broader issues by providing practical examples
of slope stability and subsidence analyses that, to be properly managed, call for a deep understanding of the groundwater regime.
Particular attention is paid to both the technology, which allows achievements not conceivable just a few years ago, and the current
technical standards that must be updated to facilitate the confident use of new approaches and methods.

1. Introduction
The origin of Geotechnics can be dated to the
first two decades of the last century, when talented
engineers designed and constructed important
works in complex territorial contexts. As the young
engineer Karl von Terzaghi stated in his address to
the First International Conference on Soil Mechanics and Foundation Engineering (ICSMFE) held
in Harvard on 1936: Ten years ago the investigations
which led to this Conference still had the character of a
professional adventure with rather uncertain prospects for
success. This adventure began a short time before the war,
simultaneously in the U.S.A., in Sweden and in Germany.
It was forced upon us by the rapid widening of the gap
between the requirements of canal and foundation design
and our inadequate mental grasp of the essentials involved.
In the United States, the catastrophic descent of the slopes of the deepest cut on the Panama Canal issued a warning that we were overstepping the limits of our ability to
predict the consequences of our actions. […]
In Sweden intensified activities in soil research were induced by a series of unexpected and catastrophic slides in
the cuts of the Swedish State railways. […]
In Germany the construction of the Kiel Canal between
the North and the Baltic Seas brought more than one surprise to the engineers who built it. […]
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During this same period, Terzaghi began to
forward a deep understanding of the soil mechanics’ principle, as testified by the relevant results
of pioneering activities he carried out in a newlyestablished laboratory at the American Robert
College of Istanbul (Turkey). On the basis of these
results, in 1923 he published a paper introducing
the differential equations which govern the consolidation process. In 1925 his first major book,
entitled “Erdbaumechanik auf bodenphisikalischer
Grundlage”, was published. The period he spent at
the Massachusetts Institute of Technology (MIT) in
the United States, from 1925 to 1929, was a period
of steepest ascent in his professional career and of vital
importance for the acceptance of soil mechanics by the
profession [CASAGRANDE, 1964]. Terzaghi started
teaching in Vienna in 1930; immediately after the
spring semester of 1936 spent at Harvard University as a visiting lecturer, he formalized, for
the first time, the effective stress principle. Particularly, in the paper D-7 on The shearing resistance
of saturated soils and the angle between the planes of
shear published on the Proceedings of the First
ICSMFE, Terzaghi postulates that […] All the measurable effects of a changes in the effective stresses, such
as compression, distorsion and a change of the shearing
resistence are exclusively due to changes in the effective
stresses. Hence every investigation of the stability of a
saturated body of earth requires the knowledge of both the
total and the neutral stresses. […]
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On the basis of this observation he defined the
effective principal stresses by the formula:
ni = ni’ – nw (i = I, II, III)

(1.1)

where ni’ is the i-total principal stress, nw the “neutral stress” and ni the i-effective principal stress.
Starting with equation (1.1) theory and testing
rapidly grew up after the Conference held in Harvard
as is made evident by the contribution of BIOT
[1941], and the experimental procedures codified
by Casagrande in the 40s’. Particularly, WANG [2000]
highlights the unified description that Biot’ theory
(or poroelasticity) provides to geomechanics (e.g., in
modeling soil consolidation), hydrogeology (e.g.,
in computing elastic storage in a confined aquifer)
and petroleum engineering (e.g., in interpreting
subsidence effects, estimating hydrocarbon volumes,
predicting stresses around boreholes). With reference
to Casagrande, who introduced a course in laboratory
testing at Harvard University in 1933, one can mention
the “cooperative triaxial research programme”
carried out at Harvard and, under Donald Taylor, at
MIT in 1944, under the sponsorship of the Waterways
Experiment Station.
As stated by WILSON et al. [1982], the results of this
work, contained in progress reports (seven by Casagrande
himself) and summarized by Philip Rutledge, initiated a
new era in soil testing and knowledge of soil strength.
Many other efforts followed these fundamental
contributions, allowing for a complete development
of theory and soil testing that, together with practice, made possible the design, construction, and management of all work interacting with soils and rocks
(foundations, retaining structures, tunneling, dams,
slope stabilization works, etc.) based on rules and codified procedures.
The knowledge developed together with the increased complexity of the engineering works and societal demands for safety, even in presence of natural
hazard (landslides, earthquake, etc.). To these challenges we must add increasing awareness of land as a
resource that must be safeguarded and valued from
the perspective of sustainable development.
Many examples of the increasing technical difficulties and, at the same time, opportunities in civil
engineering are provided in the literature. Focusing the attention on Italy, a typical complex work
in an high-value/high-density urban city is quoted
in BURGHIGNOLI [2011] who describes the T2 and T3
Lots of the C line of Rome Underground that calls
for an advanced design and construction to preserve the aboveground historical buildings and monuments. As for natural events, CASCINI [2004] remembers the scientific management of the emergency
caused in the Campania region of Southern Italy
by catastrophic flow slides, when fast and practical
answers to several difficult questions were requested

to the technicians, even though procedures to tackle the required issues were not available at that time [CASCINI, 2004].
Finally, with reference to the land as a resource,
one can mention the soil protection thematic strategy adopted in 2006 by the European Commission. This strategy includes a proposal for a Soil Framework Directive aimed at i) the preservation of soil
functions, ii) the prevention of soil degradation, iii)
the restoration of degraded soils. Anyway, considering the complexity and actuality of the topic, discussion on its contents among Member States is still
ongoing (http://ec.europa.eu/agriculture/envir/
soil/index_en.htm).
The latest scientific literature encourages the
technicians and researchers to deal with the previously described problems and highlights the likelihood that they will find solutions. Particularly, several procedures are suggested to analyze, at different
scales and with different aims, the effects induced
by rainfall, earthquakes, subsidence, and other territorial problems. However, a comprehensive answer
has not yet been provided to some fundamental questions, such as those posed by Croce, the founder
of Geotechnics in Italy, during the round table of
the XIII Geotechnical Conference (1975) when he
asked the participants to discuss the following questions:
– what is the Geotechnics devoted to study the problems affecting large areas?
– how, when, and why is it helpful in the planning
process?
– what legal instruments and administrative schemes could allow the use of Geotechnics in urban
planning?
It is author’s opinion that answering these questions can facilitate the definition of a theoretical
framework for a new Geotechnics, aimed at solving
practical problems over large areas by using quantitative procedures instead of those currently being
used. To this goal, the paper firstly lists some relevant issues that can enlarge the field of interest for
the current Geotechnics. It then highlights similarities and differences among classic and territorial
problems, starting from the basic concepts of the
theory, i.e. the principle of effective stresses for saturated and unsaturated soils, the assumption of continuity, and the concept of REV (Representative Elementary Volume). Finally, considering that the literature does not provide a theoretical framework for
this new Geotechnics, the paper outlines a strategy
to tackle problems over large areas by referring to
classical “soil mechanics” tools. This aim is pursued
by describing many examples dealing with landslides and subsidence problems, which call for the
assessment of the groundwater regime in the area
where these phenomena occur, and referring to the
current rules and standards that must be updated to
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allow for the confident use of new approaches and
methods.

2. Topics of interest
2.1. Characteristics, diffusion, and relevance
Several databases, studies, and reports highlight
the characteristics, diffusion, and consequences of
natural and anthropogenic hazards around the world
[CRED, 2015; ICL, 2015; Munich Re, 2015; USGS,
2015]. A particularly interesting example is provided
by the Italian territory that is threatened by about half
a million of potential and existing landslides [VAN
DEN EECKHAUT and HERVÁS, 2012] and has the highest
landslide risk in Europe [GUZZETTI, 2000]. Moreover,
from north to south, earthquakes frequently strike
large areas in several regions that are also affected by
subsidence phenomena caused by withdrawal of water and/or other fluids. Finally, the long extension of
tunneling, due to the hilly and mountainous features
of the territory, as well as the presence of thousands

of earthen and concrete dams originate an anthropogenic hazard to people and properties.
Owing to the relevance of these hazards, several
initiatives (research projects, laws, directives, etc.)
have been developed at international and national
level to mitigate the risk to life, environment and
properties (buildings and infrastructures, etc.), as it
is extensively discussed in chapter 6. Here it is worth
emphazing that consistent answers to these initiatives can be provided only with a new approach that is
able to analyze and manage over time the large areas
affected by a myriad of phenomena that cannot be
individually investigated, monitored, or studied as if
each of them had an unique mechanism. An attempt
to reach this goal is introduced and discussed in the
following sections.

2.2. The central role of the topographic scale
The area affected, or potentially affected, by natural and/or anthropogenic hazards can be coincident, from a management point of view, with those

Fig. 2.1 – Landslide susceptibility analysis and zoning via a) deterministic (1:5,000 scale), b) data-driven (1:25,000 scale) and
c) heuristic (1:100,000 scale) methods.
Fig. 2.1 – Analisi e zonazione della suscettibilità da frana con metodi a) deterministici (scala 1:5.000), b) statistici (scala 1:25.000), c)
euristici (scala 1:100.000).
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of a district, a town/city, a region, or a nation. Consequently, the size of the area to be analyzed and the
aim to be pursued can totally differ from each other,
as shown in figure 2.1 which highlights a slope, a
massif, and the total area of the Campania region
potentially affected by flow-like phenomena similar
to those that, on May 1998, killed 160 people and
caused enormous economic damages in five small
towns [CASCINI, 2005].
As figure 2.1 makes evident, to be properly
managed, each problem calls for a different topographic scale since the analysis of all the slopes, by
implementing the same model used at slope scale,
is prohibitive from both a technical and an economic point of view. Consequently, different topographic scales must be introduced to analyze (with
the aid of different models) areas having different
sizes. The scientific literature suggests several procedures to pursue this aim; among these the most
advanced is provided by landslide risk analysis and
zoning, that is summarized in the next section
along with the introduction of a necessary glossary.

2.3. Analysis at different topographic scales: the landslides case study
A general framework for landslide risk analysis
and zoning is provided by FELL et al. [2008a], who
first defined the basic concept of the landslides inventory, their spatial (susceptibility) and temporal
(hazard) probability of occurrence, and the risk associated with their occurrence. In their paper, Guidelines for landslide susceptibility, hazard and risk zoning for
land use planning, the authors introduce the following definitions:
– Landslide Inventory Mapping involves the location, classification, volume, activity and date of
occurrence and other characteristics of landslides in an area.
– Landslide Susceptibility Zoning involves the
classification, volume (or area) and spatial distribution of existing and potential landslides
in the study area. It may also include a description of the travel distance, velocity and intensity of existing or potential landsliding. Landslide susceptibility zoning usually involves
developing an inventory of landslides which
have occurred in the past together with an assessment of the areas with a potential to experience landsliding in the future, but with no
assessment of the frequency (annual probability) of the occurrence of landslides. In some
situations susceptibility zoning will need to be
extended outside the study area being zoned
for hazard and risk to cover areas from which
landslides may travel on to or regress into the

area being zoned. It will generally be necessary to assess independently the propensity
of the slopes to fail and areas onto which
landslides from the source landslides may
travel or regress.
– Landslide Hazard Zoning takes the outcomes
of landslide susceptibility mapping, and assigns an estimated frequency (annual probability) to the potential landslides. It should also consider all landsliding which can affect
the study area including landslides which
are above the study area but may travel onto
it, and landslides below the study area which
may retrogressively fail up-slope into it. The
hazard may be expressed as the frequency of a
particular type of landslide of a certain volume,
or landslides of a particular type, volume and
velocity (which may vary with distance from
the landslide source), or in some cases as
the frequency of landslides with a particular
intensity, where intensity may be measured in
kinetic energy terms. Intensity measures are
most useful for rock falls and debris flows (e.g.
depth x velocity).
– Elements at Risk – The population, buildings
and engineering works, economic activities,
public services utilities, infrastructure and
environmental features in the area potentially
affected by landslides.
– Landslide Risk zoning takes the outcomes of
hazard mapping, and assesses the potential
damage to persons (annual probability of loss
of life), to property (annual value of property
loss), and environmental features (annual value
of loss) for the elements at risk, accounting
for temporal and spatial probability and
vulnerability.
On the basis of these definitions, FELL et al.
[2008a] identified and related each other topographic scale, size of the area, purpose and methods of zoning (Tab. I) that, according to SOETERS
and VAN WESTEN [1996] and FELL et al. [2008b], are
grouped in three different classes respectively defined knowledge-driven/heuristic, empirical/datadriven or deterministic/probabilistic methods.
In knowledge-driven or heuristic methods, landslide zoning is carried out through “expert opinion,” since the expert interprets a given topic based on the observed phenomena and/or the geological/geomorphological settings. These methods
are subjective as they are largely dependent on the
experience and time involvement of the expert.
They may or may not lead to accurate results, depending on the expertise of the person (geologist
or geotechnical engineer) carrying out the zoning.
Knowledge-driven/heuristic methods can also be
applied indirectly using a Geographical Information System (GIS), by combining a number of fac-
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Tab. I – Landslide zoning scales, application and methods (modified from FELL et al., 2008a).
Tab. I – Scale di analisi, scopi e metodi di zonazione (modificato da FEEL et al., 2008a).
Method/s
Scale

Indicative
range of
scales

Typical
area of zoning

Purposes

Examples of zoning application

Small

< 1:100,000

>10.000
km2

- Information

Medium

1:100,000
to
1:25,000

1.000
to
10.000 km2

- Information
- Advisory

10
to
1.000 km2

Large

Detailed

1:25.000
to
1:5.000

> 1:5.000

Knowledgedriven/
Heuristic

Empirical/
Data-driven

Deterministic/
Probabilistic

Landslide inventory and susceptibility
to inform policy makers and the general
public

X

-

-

Landslide inventory and susceptibility zoning for regional development; or
very large scale engineering projects.
Preliminary level hazard mapping for local areas

X

(X)

Landslide inventory, susceptibility and
hazard zoning for local areas. Intermediate to advanced level hazard zoning for
- Informaregional development. Preliminary to intion
termediate level risk zoning for local are- Advisory
as and the advanced stages of planning
- Statutory
for large
engineering structures, roads and
railways

X

X

(X)

[X]

(X)

X

Several
hectares
- Statutory
to tens of
- Design
square kilometres

Intermediate and advanced level hazard
and risk zoning for local and site-specific areas and for the design phase of
large engineering structures, roads and
railways

Note: X = applicable; (X) = may be applicable; [X] not applicable

tor maps that are considered to be important for
landslide occurrence. In this regard, several techniques can be used, including, Fuzzy logic and Spatial Multi-Criteria Evaluation.
Empirical methods are based on field observations (dealing with the landslide phenomena and/
or the elements at risk) from which the obtained
data can be used to derive relationships – in some
cases statistically based – that are useful for the
analysis purposes (e.g., the run-out distance estimation, the consequence prediction, etc.). Empirical methods are based on simplified assumptions
and, consequently, might not always have an evident interpretation [HUNGR et al., 2005]. In datadriven methods the combinations of factors that
have led to landslides in the past are statistically
evaluated and quantitative predictions are made
for current landslide-free areas with similar conditions. Three main data-driven approaches are
commonly used: bivariate statistical analysis, multivariate methods, and artificial neural network
analysis.
Deterministic methods apply classical theories (e.g. limit equilibrium, limit analysis) and nu-
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merical tools (finite/boundary/distinct element
or finite difference techniques); they also include the so-called physically based models such as
SHALSTAB [MONTGOMERY and DIETRICH, 1994]
and TRIGRS [BAUM et al., 2002], which are useful for landslide susceptibility analyses over large areas. Deterministic/probabilistic methods require high-quality input data for both landslide
phenomena (such as soil thickness, soil strength,
groundwater regime, slope geometry, etc.) and
the elements at risk. Uncertainties in input data, such as those typically characterizing the landslide triggering factors (e.g. rainfall, earthquake,
etc.), can be introduced in probabilistic methods
such as FORM, FOSM, and Monte-Carlo [NADIM
et al., 2005].
With reference to the suggestions provided in
the literature on landslide susceptibility and hazard zoning, it can be argued that problems in figure 2.1 should be analyzed respectively by using
deterministic/probabilistic (Fig. 2.1a), empirical/
data-driven (Fig. 2.1b), or heuristic (Fig. 2.1c) methods. Examples of the three methods are provided in the following sections.
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Similar suggestions cannot be found in the literature for the elements at risk, and only few examples refer to both their identification/quantification [VAN WESTEN, 2004; VAN WESTEN et al., 2008]
and the consequence analysis [AMATRUDA et al.,
2004; REMONDO et al. 2005; KAYNIA et al., 2008; PISCIOTTA, 2008]. For exposed buildings, it can be assumed that studies at a detailed scale (Fig. 2.2a)
call for an accurate definition of geometry, material properties, age, code design level, soil conditions, foundation and superstructure details, number of floors, etc., i.e. typical parameters that can
be directly associated with the structure damages.
At large (Fig. 2.2b) and less detailed (Fig. 2.2c) topographic scales, only aggregates of homogeneous
units can be introduced [VAN WESTEN et al., 2008].
The aggregates may consist of groups of buildings
within the same area, block, or district characterized by a relative homogeneity of building type,
construction materials, number of floors, and land
use distribution.
On the basis of the previous assumptions, geotechnical methods can be used to analyze a single
building at a detailed scale. However, when homo-

Fig. 2.2 – Buildings’ representation at a) detailed, b) large,
and c) medium/small scales.
Fig. 2.2 – Rappresentazione degli edifici a scala: a) di dettaglio,
b) grande, c) media/piccola.

geneous aggregates of buildings represent the input data, only general information can be acquired
as it concerns the relationships among aggregates
and hazards affecting them [CASCINI et al., 2008c].
Of course, these relationships can be made objective by empirical/data-driven analyses that, at medium scale, allow the quantitative estimation of
homogeneous aggregates’ vulnerability [VISCARDI,
2010]. Further indefinite information is collected
by decreasing the scale of analysis and increasing
the number of aggregate that, at small scale, necessarily include different typologies of buildings.
Hence the analyses provide a recognition of the
area based on expert judgment and simplified procedures and can only provide a preliminary classification of the most vulnerable area to a well defined
hazard [PISCIOTTA, 2008].

3. The proposed approach
The analysis of geotechnical problems involving
large areas could be simplified by a general framework stating the procedures to be followed at different scales. Considering the lack of such a framework
in the literature, a methodological approach is proposed in this section starting from some preliminary
considerations on methods usually implemented in
Geotechnics that, as noted in the introduction, are
based on three basic concepts. The principle of effective stresses for saturated and unsaturated soils,
the assumption of continuity, and the concept of
Representative Elementary Volume (REV) which,
according to LANCELLOTTA [2004], can be expressed
as the smallest volume of homogenization that, at the macroscopic scale, can be treated as a point of continuous medium and, at the microscopic scale, contains a significant
number of elements characterizing the structure of the porous medium.
Among the classical geotechnical problems, generally solved via the adoption of deterministic methods at large/detailed scales (Sect. 2), one can mention the methods dealing with i) the prediction of
settlements that a shallow foundation will experience
under live loads and ii) the estimation of the safety
factor pertaining to a given slope once initial and
boundary conditions are fixed. In the first case, the
solution requires an accurate cross section including
the groundwater regime and reliable soil mechanical properties, an estimate of stresses induced by the
applied loads, a model integrating the differential
equations at REV scale together with input data and
boundary conditions. The obtained results are the
basis for the foundation design whose reliability can
be evaluated over time by comparing the settlement
estimation with those effectively recorded.
A similar procedure is usually followed for slope
stability analysis, even though more effort is required
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Fig. 3.1 – Internal and external factors affecting the landslide mechanism (modified from COTECCHIA et al., 2014).
Fig. 3.1 – Fattori interni ed esterni che influenzano il meccanismo di frana (modificato da COTECCHIA et al., 2014).

to estimate the external factors [TERZAGHI, 1950] affecting the slope, such as rainfall and earthquakes
(Fig. 3.1). Moreover, the model intended to estimate
the slope safety factor can be profitably calibrated
and validated for existing landslides when an advanced monitoring system is in place during a significant period of time, as discussed in the following
chapter.
Referring to figure 3.1 and other classic geotechnical problems, one of the first questions
arising concerns the applicability of an analogous procedure when dealing with the design of
structures, or the analysis of natural and anthropogenic phenomena over large areas. A positive
answer to this question is provided by the physically based models [W ARD et al., 1982; MONTGOME RY and D IETRICH , 1994; D IETRICH et al., 1995, W U
and S IDLE , 1995; PACK et al., 1998; VAN ASH et al.,
1999; BAUM et al., 2002; SAVAGE et al., 2004], which
typically couple a hydrologic model for the analysis of pore water pressure regime with an infinite
slope stability model for the computation of the
Factor of Safety. Among the above models, typically applied on a cell-by-cell basis in GIS platforms, TRIGRS [B AUM et al., 2002] and TRIGRSunsaturated [SAVAGE et al., 2004] allow the simulation of the vertical infiltration – in transient conditions of the pore pressure regime – by integrating the linearized solutions of Richards’ equation
proposed by I VERSON [2000] for saturated soils
(TRIGRS) and unsaturated soils (TRIGRS-unsaturated). An application provided by S ALCIARINI et
al. [2008] integrates a module called CRF (Critical RainFall) for estimating deterministic rainfall
thresholds in the TRIGRS model in order to assess the shallow landslide frequency in the City of
Seattle (US). The end products consist of maps
where the shallow landslide recurrence, obtained
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on a spatially distributed basis is represented as a
function of the rainfall duration (Fig. 3.2).
However, the reliability of the results provided by physically based models can significantly de-

Fig. 3.2 – Shallow landslides predicted by TRIGRS-CRF for
rainfall duration equal to 24 h with reference to different
recurrent intervals (RI) between events (modified from
SALCIARINI et al., 2008).
Fig. 3.2 – Previsione dell’innesco di frane superficiali con il
modello TRIGRS-CRF per una pioggia di durata pari a 24
h e per differenti intervalli di ricorrenza (RI) tra due eventi
successivi (modificato da SALCIARINI et al., 2008).
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crease as the size of the study area increases. This
is due to the inability of both the input data and
numerical codes to interpret i) the variability complexity of both the geological and geotechnical settings and ii) the mechanisms occurring inside, as
discussed in section 4.2 focusing on shallow landslides triggered in pyroclastic covers of the Campania region. Indeed, widening the area and decreasing the scale necessarily call for a different approach that is capable of developing a consistent
analysis.
In chapter 2 the strategy usually adopted to analyze landslide phenomena, respectively based on deterministic/probabilistic, empirical/data-driven, and
knowledge-driven/heuristic methods passing from
detailed/large to medium and small scales is introduced. This strategy is also valid for many other phenomena affecting the territory. Therefore, analyses
not based on the fundamental hypotheses previously
cited (i.e. principle of effective stresses, continuity and
REV), and instead developed with the aid of an expert
judgment and statistical relationships, must be necessarily strengthened by a mechanical basis at the present not taken into account in the scientific literature.
Useful suggestions to fill the lack of procedures
come from the literature dealing with empirical models which correlate, through black box statistical
analyses, the occurrence of landslides to the geological and geomorphological characteristics of the sites
where they exist or can potentially occur [e.g., CARRARA 1983; GUZZETTI et al. 1999; VAN WESTEN, 2004].
Among these scientific contributions, of particular
interest is the proposal of CALVELLO et al. [2013], who
introduce the distinction of terrain mapping units
into terrain computational units (TCUs), which refer to territorial domains used to define, calibrate,
and/or validate a model for landslide analyses, and
terrain zoning units (TZUs), which are used to produce landslide maps for zoning purposes. This distinction introduces the following principle: when
dealing with analyses developed for zoning purposes at a given scale, the terrain units that are suitable
to be used within a model (TCUs) are not necessarily suitable for the discretization of the zoning map
derived from the results of that model (TZUs). An
important issue when dealing with such units is the
definition of their appropriate size, which must be
related to the scale of the analysis. The minimum
area of a TCU is related to the “spatial resolution” of
the map, i.e. the measure of the smallest area identifiable on the map as a discrete separate unit. The
minimum area of a TZU is related to the desired “informative resolution” of the zoning.
Focusing on landslide and subsidence phenomena, the proposal of CALVELLO et al. [2013] can
be borrowed to link the geotechnical analyses at
different scales, once an area having similar geological and geotechnical conditions inside, being

affected by phenomena characterized by similar
mechanisms and boundary conditions, has been
identified and mapped. In such an area some representative phenomena, called TRU (Terrain Rapresentative Unit) or RAV (Representative Areal
Volume), could be properly selected and analyzed
at detailed/large scale by using deterministic/probabilistic methods so that all their mechanical characteristic are quantitatively estimated. Then, the
obtained results could be used as benchmarks of
medium/small scale analyses that should be made
much more objective by making use of a limited
number of engineering studies.
To provide reliable results, analyses based on
TRU (or RAV) require the satisfaction of several conditions, the most relevant being:
– a proper identification of the study area as well
as of the aims to pursue;
– a strict synergy between geological and geotechnical approaches;
– the availability of a detailed database including
both in situ and laboratory data;
– the identification of the boundary conditions
and the capability to properly implement the numerical analyses;
– a constant check between forecasting and the in
situ behavior.
Moreover, the proposed procedure calls for a
conscious and rational choice of the path to follow that can be developed by passing from a single
phenomenon to a large area, i.e. from large/detailed to medium/small scale (bottom-up path), or by
following a top-down path that starts at small scale
and ends at large/detailed scale (Fig. 3.3).
An example of the first approach (bottom-up path)
is provided by COTECCHIA et al. [2014] who proposed a
reductionist methodology (called Multiscalar Method
for Landslide Mitigation – MMLM) which, makes use
of the same geo-hydro-mechanical knowledge usually

Fig. 3.3 – Paths to follow when passing from the analysis of
a single phenomenon to several phenomena over a large
area (bottom-up) or vice-versa (top-down).
Fig. 3.3 – Approccio da seguire quando si passa dall’analisi di
un singolo fenomeno a diversi fenomeni su area vasta (bottomup) o viceversa (top-down).
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Fig. 3.4 – An example of bottom-up approach (modified from COTECCHIA et al., 2014).
Fig. 3.4 – Un esempio di approccio “bottom-up” (modificato da COTECCHIA et al., 2014).

required at detailed (slope) scale (Fig. 3.4) for landslide susceptibility and hazard analysis purpose over large areas. As quoted by the authors, MMLM is based on
the hypothesis that few classes of representative geohydro-mechanical set-ups and failure mechanisms can
be identified in any sufficiently limited region, despite
the variability of the geological assets. This hypothesis
was later validated in the pilot area of Daunia Apennines, southern Italy (Fig. 3.4).
A top-down path is developed in CASCINI et al.
[2015a], who suggest the framework in figure 3.5 to
analyze the shallow landslides extensively affecting the
clayey soils in the province of Catanzaro, Southern
Italy. The framework is comprised of three main steps
(respectively referring to small, medium, and large
scale) each including two distinct substeps; in the first
(I) the predisposing factors are identified while, in the
second (II) the same factors are quantified. The procedure is made consistent by assuming the output of
each scale analysis as the input of the following one.
The applicability of the proposed approach is discussed in chapters 4-5, where practical analyses of landslides and subsidence problems essentially belonging
to the personal experience of the author are provided.

4. Landslide case histories
Scientific literature provides several case studies
regarding well monitored and modelled landslides
that could be profitably quoted to support the ge-
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Fig. 3.5 – An example of top-down approach (modified
from CASCINI et al., 2015a).
Fig. 3.5 – Un esempio di approccio “top-down” (modificato da
CASCINI et al ., 2015a).
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neral framework introduced in the previous section,
including two different methodological approaches.
The first approach analyzes, with the aid of geotechnical models, single phenomena at large scale
and exports, via heuristic methods and a bottom-up
path, the gained knowledge over large areas affected
by similar landslides. The second approach follows
a top-down path starting from small scale and large areas that are examined with the aid of heuristic
methods; then the attention is progressively devoted
to smaller areas analyzed by using methods able to
quantify, over a limited number of phenomena, the
general rules developed at small scale.
To improve the understanding of these approaches, in the next section some case studies belonging
to the personal experience of the author are mainly
summarized since this facilitates both their description and the analysis of their weaknesses and strengths.

The second case study is based on the experience gathered by a large number of researchers who
analyzed slow active moving landslides and provided
experimental data and studies about the mechanisms
and behaviours of these phenomena. Starting from
the data provided in the scientific literature, the author highlights the possibility of generalizing the experimental data using a model that is capable of properly interpreting and forecasting the displacements
during the active stage, even when just a few in situ
measurements are available.
4.1.1. LANDSLIDES
(SOUTHERN ITALY)

IN WEATHERED GNEISS OF

SILA

MASSIF

The landslide of Via San Francesco in San Pietro in Guarano – Cosenza Province (Fig. 4.1a),
which was the first studied by the author during
his career, occurred after a period of extended and

4.1. From detailed to small scale
Slow-moving landslides over pre-existing slip surfaces are the most widespread slope instability phenomena in many geo-environmental contexts. That is
the case of the Italian mountain chains systematically affected by active landslides [LEROUEIL et al., 1996]
that in several territories do not allow for an advanced land use planning, due to their diffusion over large areas. In addiction to these phenomena, there is
a limited number of occasionally reactivated or first
failure phenomena that are triggered by earthquakes
or rainfall having a critical intensity and, in few cases, even by anthropogenic or other triggering factors [LEROUEIL, 2001]. Due to the large displacements
that characterize the reactivation or the first failure
stage, they often cause huge economic damage and,
in some cases, destruction of buildings, roads, and facilities.
Considering the related consequences to both
active and occasionally reactivated landslides, two
case studies demonstrate the possibility of using the
knowledge acquired by studying in detail single phenomena to analyze large areas affected by a myriad
of similar phenomena.
The first case study describes a landslide located
in the weathered gneiss of the Sila massif, Calabria
region (Southern Italy), that entailed several difficulties essentially related to i) the geotechnical complexity of soils and rocks involved in the landslide
and ii) the absence of displacements succesive two
consecutive reactivation stages characterized by a
long return period. These difficulties led to the preliminary assessment of procedures able to tackle the
phenomenon at hand. Thanks to these results, the
procedures were successively used to analyze similar
phenomena located in surrounding areas, and then
exported to large areas.

Fig. 4.1 – a) An overview of the landslide zone and b) the
investigations carried out after the 1981 event (modified
from CASCINI, 2008).
Fig. 4.1 – a) Inquadramento dell’area in frana e b) indagini effettuate dopo l’evento franoso del 1981 (modificato da CASCINI, 2008).

RIVISTA ITALIANA DI GEOTECNICA

17

GEOTECHNICS FOR URBAN PLANNING AND LAND USE MANAGEMENT

heavy rainfall in January 1981 when an occasional
reactivation involved a small portion of the slope
where significant displacements led to the destruction of building 4A. Some hours later, all the
area mapped in the figure (having a total extension of 2 ha) was affected by displacements some
decimetres resulting in building and infrastructure damage.
As shown in the photo in figure 4.1a, taken
from the opposite side of the valley, the boundaries of the slope affected by the landslides are not
immediately evident and this is related to several
factors, including: the urbanization of the affected area; the small amount of displacements during
the reactivation stage; the absence of displacements
since the 1931 reactivation stage, i.e. 50 years before the reactivation stage now under study.
The total absence of displacements between two
reactivation stages was successively confirmed by monitoring data coming from three inclinometers installed during the first in situ investigation, which
began in January 1981. This landslide features, together with other uncertainties relating to soil classification and characterization, since early stages made clear the complexity of a study aimed at individuating and quantifying the predisposing and triggering factors of the landslide. Further difficulties
were represented by the absence in the literature
of knowledge about several aspects of the problem,
such as: the geology of the area where the landslide
was located; the weathered gneissic soils involved in
the instability phenomenon and their geotechnical
properties; the main factors of the groundwater regime; etc.
Due to all these reasons, several investigations
and studies were developed to deepen many aspects of the landslide. Particularly, they focused
on: the urban planning and development of the
area with time; the rainfall regime, made easier by a rain gauge installed in the neighbouring
area since 1923; in-situ and laboratory investigations systematically interpreted by numerical analyses that, in turn, indicated the further experimental data that needed to be collected. An accurate description of both the adopted strategy and
the results obtained during the time is provided
by GULLÀ and ANTRONICO [2003]. Here, the in-situ
and laboratory investigations (Fig. 4.1b) are sumarized. These consisted of [CASCINI et al., 2006b]: a
detailed survey of the damages to buildings and infrastructures; 28 boreholes; 11 open-pipe and 35
Casagrande piezometers; n. 3 inclinometers; and
conventional laboratory tests. Numerical analyses
of the groundwater regime and the slope stability condition were performed implementing the
available data.
In summary, all the investigation were systematically addressed to deepen about:
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–
–
–
–

the classification of soils involved in the landslide;
the characterization of physical and mechanical
soil properties;
the groundwater regimen;
the modelling of the landslide and its trend during the time.

The first issue was made difficult by the heterogeneity of the investigated soils, which appeared
randomly variable inside the study area where the
reconstruction of soil profiles was not easily obtained. This issue was solved by introducing the gneiss
weathering grade that was ranked (Tab. II), essentially following the classification system adopted at
Hong Kong for granitic and tuff soils [GEOTECHNICAL CONTROL OFFICE, 1984; 1988]. An example of the
results obtained by using the classification system
in table II is the stratigraphic section in figure 4.2
that highlights the involvement in the instability
slope movement of a soil cover essentially formed
by soils classified in classes V and VI, which overlay
a bedrock formed by soft (class IV) and hard rocks
(class III).
Another benefit provided by the adopted procedure was the interpretation of the laboratory data to that otherwise would not have been related to
each other, as highlighted by the low values of the
correlation coefficients (Fig. 4.3). Particularly, the
Figure highlights i) a strict correlation among weathering class of the soil, grain size, and intercept
cohesion as measured in direct shear tests and ii)
a friction angle of the shear strength envelopes, all
characterized by high values of the correlation coefficient, not influenced by the weathering grade of
the tested soil.
The understanding of the groundwater regime
has called for relevant efforts due to the total absence of displacements between two successive occasional reactivations that entailed the impossibility to relate the groundwater regime to the landslide displacements. To overcome this difficulty, the problem
was first investigated with the aid of two different models implemented with the data provided by both a
rain gauge in the area (data since 1923) and the piezometers installed in 1981.
The first hydrologic model highlighted that
the landslide involving the entire slope (as occurred in 1931 and 1981) was triggered by cumulated
rainfall of 900 -1000 mm over 100 -110 consecutive
days, having a return periods of about T = 40-50
years. The second black box model related rainfall
with the groundwater fluctuation measured by the
installed piezometers during the wet season [CASCINI et al., 1992] and, once calibrated and validated with reference to measured piezometric levels
(Fig. 4.2), it allowed an estimate of the groundwater level during the occasional reactivation dated 1981.
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Tab. II – Classification of the weathering grade of the gneissic rock.
Tab. II – Classifica del grado di alterazione degli gneiss.
Weathering class

Rock materials

Rock mass

VI Residual soil and colluvium

Soil produced by in-situ weathering proResidual soils an colluvial deposits
cesses (which totally destroyed the original
with isolated saprolite narrow zones;
structure of the rock) and affected by colabsence of rock.
luvial processes

V

Fragmented rock having a consistency like
Saprolite with isolated narrow zones
that of soils but presenting discontinuities
of residual soils and less weathered
at the relict state and still preserving the
gneiss
original texture

Completely weathered gneiss

IV Highly weathered gneiss

Highly weathered gneiss with narrow
Totally discoloured and markedly weathe- zones of residual soils and saprolite and with zones of less weathered
red rock
gneiss

III Moderately weathered gneiss

Totally discoloured rock, except in few
Moderately weathered gneiss with zopoints far from discontinuities, and weanes from highly to slightly weathered
thered but still with a good strength

II Slightly weathered gneiss

Rock discoloured only along the disconti- Slightly weathered gneiss with zones
nuities; the strength is close to that of in- characterised by a greater weathering zone along the discontinuities
tact rock

I

Rock in which there are not visible signs of Not weathered gneiss with local signs
weathering or discolouring
of weak weathering

Fresh gneiss

Fig. 4.2 – Geological model and piezometric levels during the dry and rainy periods along cross sections A-A and D-D shown
in the figure 4.1b.
Fig. 4.2 – Modello geologico e livelli piezometrici durante la stagione secca e piovosa lungo le sezioni A-A e D-D in figura 4.1b.
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Fig. 4.3 – Results of direct shear tests on soil specimens belonging to VI and V weathering classes (modified from CASCINI and
GULLÀ, 1993).
Fig. 4.3 – Risultati delle prove di taglio diretto eseguite su provini di terreno appartenenti alle classi di alterazione VI e V (modificato DA CASCINI e GULLÀ, 1993).

These results (Fig. 4.4) strongly encouraged relating rainfall and groundwater excursion with the aid of
a physically based model to describe the rainfall infiltration during the wet season even though this goal called
for further efforts essentially related to the complexity of the groundwater regime and the selection of the
most appropriate model able to provide reliable results.

The installed piezometers and the in situ measurements, systematically collected over a long period
of time [CASCINI and GULLÀ, 1990], highlighted two
groundwater regimes locally interconnected along the
slope. The first characterized by relevant groundwater
oscillations in the cover affected by the occasional reactivation – more than 10 m in the rainy season – and the

Fig. 4.4 – Back-analysis of measures at piezometer S4U using a statistical model (from CASCINI, 2008).
Fig. 4.4 – Analisi a ritroso delle misure al piezometro S4U attraverso l’utilizzo di un modello statistico (da CASCINI, 2008).
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other one having a stationary trend in the underlying
bedrock (Fig. 4.2).
Referring to the numerical modelling of the experimental data, at the time of this study the literature did not provide many examples of groundwater
analysis that considered the rainfall infiltration in
both the unsaturated and saturated zones. For this
reason, the study first focused on the most appropriate numerical code able to model the relevant
groundwater excursions recorded in the piezometers. Upon completion of this lengthy and complex
process, the author used the SEEP/W code [GeoSlope, 2005] and obtained appropriate numerical results [CASCINI et al., 2006b]. This phase ended
with the calibration and validation of the numerical
model, which was then used to estimate, on the basis of rainfall data only, the groundwater excursion
on the entire slope during the 1981 occasional reactivation. The numerical results (Fig. 4.4) are quite
similar to those provided by the statistical analysis
for piezometer S4U, and show that during the occasional reactivation the groundwater level was just
few decimeters higher than levels measured during
the several years when the slope did not suffer displacements.
All the data acquired, by in situ and laboratory investigations and by the groundwater numerical
modelling, were then used to develop a back-analysis
of the occasional reactivation by using limit equilibrium methods. The results underline several interesting aspects, the most relevant being: all of the soil
cover is involved in the instability phenomenon; the
factor of safety is exactly equal to FS = 1.00 when the
residual shear strength and the groundwater level
estimated in correspondence of the occasional reactivation are assumed as input data in the analysis. In
other words, the slope is affected by occasional reactivation when well defined cumulated rainfall over
a period of several months occurs. In between two
consecutive reactivations, characterized by a long
return period, null displacements are systematically observed, which explains the intense urbanization
of the area.
It is interesting to observe that a slope evolution model, independently developed by CASCINI et
al. [1994], confirms the output of the geotechnical
analyses. In fact, the geological model establishes that
the soil cover fills a zero order basin developed along
a significant structural element that was a part of the
ancient network of the superficial water system and
this, combined with other geological observations, justifies the main characteristics observed for both superficial and deep groundwater regime. Moreover,
the model highlights that another relevant structural
element (i.e., a deepening ditch) is located at the toe
of the slope, where it contributes to develop erosional
phenomena that play a role in the geological evolution of the slope over a long period of time.

The knowledge, gained during several years of in
situ investigation and numerical modelling, proved to
be useful when attention was later devoted to other
phenomena located in the surrounding areas that were apparently characterized by similar mechanisms
and triggering factors. Table III shows the progressive
decrease in in-situ investigation carried out to analyze
in-depth three landslides near the study area of figure 4.1; in this regard, the last case (Costa Ceci) called
for only 4 boreholes and 4 piezometers. Moreover, table III shows that in the second case study (via Vigne
in San Pietro in Guarano) tensiometers were installed
in the landslide area and can be considered the first
investigation in Italy to detect the groundwater regime in the unsaturated zone. It is worth observing that
these tensiometers provided insights about the rainfall
infiltration, confirming the hypotheses used to model
the groundwater regime of the first test site (Fig. 4.1).
As for the landslide features, the back analyses of
the case studies summarised in table III confirmed
that throughout the test area: the weathered cover is
totally involved in the landslide events; the groundwater regime is complex and characterized by the presence of a perched water table greatly influenced by
both cumulated rainfall during the wet season and water inflow from the bedrock; no displacements occur
in between two successive occasional reactivations.
On the basis of the features characterizing all
the investigated landslides, the author considered
to be possible analyzing a large area affected by similar phenomena, changing scale and methods of
analysis. Referring to the area in figure 4.5, the landslides inventory, including the morphological hollows, was overlapped at 1:5,000 scale to the weathered gneiss map developed on the basis of criteria listed in table III. This simple procedure showed that
the morphological characteristics of the landslides
totally change, passing from classes III and IV, i.e.
hard and soft rocks, to classes V an VI that include
the soils involved in all the previously described landslides, and then further deepened over large areas.
A new map was generated reporting the landslides and hollows together with the hydrograph network and the main structural elements that were visible at 1:5,000 scale (Fig. 4.6). This showed that 86%
of existing or potentially occurring instability phenomena are related to a structural element along
and/or at the toe of the slope, qualitatively confirming the role played by both groundwater and erosional phenomena over the slope evolution. In the
available database, all the occasional reactivations
prove to be strictly related to prolonged cumulated
rainfall, bringing about the conclusion that most of
the insight acquired at detailed scale could be used
over the large detected area.
From a practical point of view, this means that occasional reactivation, and more generally the landslides in the area, can be forecasted by installing only
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Fig. 4.5 – Map of the weathering grade, landslides, and hollows in the Gneissic Unit (modified from CASCINI, 2008).
Fig. 4.5 – Carta del grado di alterazione, frane e concavità
morfologiche nell’Unità Gneissica (modificato da CASCINI, 2008).

few Casagrande piezometers (1-2) inside each single
mapped landslide and hollow, at the contact between the weathered soil cover (classes V-VI) and the underlying bedrock formed by hard and soft rocks (IIIIV). Moreover, the acquired knowledge can make

Fig. 4.6 – Map of landslides and hollows in weathering classes V–VI of the Gneissic Unit, drainage network and tectonic structures (from CASCINI, 2008).
Fig. 4.6 – Carta delle frane e delle concavità morfologiche
nelle classi di alterazione V–VI dell’Unità Gneissica, reticolo
idrografico superficiale e strutture tettoniche (da CASCINI, 2008).

advanced urban and land use planning of the area easier by investing funds much less than those necessary
to analyze, during the first stage, each single landslide.

Tab. III – In-situ investigations carried out in four landslides involving weathered gneiss of Sila massif.
Tab. III – Indagini in sito in corrispondenza di quattro fenomeni franosi negli gneiss alterati del massiccio Silano.
Landslide
via San Francesco
(San Pietro in Guarano)
via Vigne
(San Pietro in Guarano)
Altavilla
Costa Ceci
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Boreholes

Piezometers

Inclinometers

Tensiometers

28

46

3

-

19

38

3

5

7
4

4
4

1
-

-
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4.1.2. SLOW-MOVING LANDSLIDES
The significant presence, in many geo-environmental contexts, of rainfall induced slow-moving landslides has long attracted the interest of
scholars from around the world. As a result, there
are many papers on this topic in the scientific literature, especially with reference to instability phenomena characterized by relatively deep sliding surfaces (average depths higher than 10 m). Based on
these articles, the studies on slow-moving landslides
can broadly be classified into two distinct categories:
researches analyzing individual phenomena through physically based approaches and studies that generalize the kinematic behaviour of slow-moving
landslides.
The first approaches is based on the analysis of
the mechanical aspects governing the changes in
the groundwater regime within the slope and, thus,
the rate of movement of the phenomenon [VULLIET and HUTTER, 1988; ANGELI et al., 1996; MANDOLINI and URCIUOLI, 1999; COROMINAS et al., 2005; MAUGERI et al., 2006; VAN ASCH et al., 2007; CASCINI et al.,

2010a; among others]. The second approach is essentially based on black box, or phenomenological,
models that are able to analyze the time evolution of
the landslide displacements [BHANDARI, 1988; PETLEY
et al., 2002; PETLEY et al., 2005; CASCINI et al., 2014a;
among others].
It is the author’s opinion that the enormous
amount of work hitherto dedicated to the study of
individual phenomena will soon lead, through the
bottom up approach, to a complete merging of the
two approaches. An attempt in this direction is hereafter provided considering the well-monitored
Porta Cassia landslide and a displacement modeling framework proposed in the literature.
Porta Cassia landslide case study
The case study refers to a landslide located in
Orvieto, an ancient hilly town in central Italy resting on a tufaceous slab that overlies an over consolidated clayey stratum, where numerous landslides systematically occur. The Porta Cassia landslide
(Fig. 4.7a) has long been monitored and studied
by many authors [VINASSA DE REGNY, 1904; VINASSA DE

Fig. 4.7 – The Porta Cassia landslide: a) instrumented boreholes; b) geotechnical model of the cross section 1-1’ (from LEMBO-FAZIO et al., 1984; TOMMASI et al., 2006).
Fig. 4.7 – Frana di Porta Cassia: a) sondaggi strumentati; b) modello geotecnico della sezione 1-1’ (da LEMBO-FAZIO et al., 1984; TOMMASI
et al., 2006).
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REGNY, 1905; LEMBO-FAZIO et al., 1984; TOMMASI et al.,
1986; PANE and MARTINI, 1996; TOMMASI et al., 2006;
CALVELLO et al., 2009; CASCINI et al., 2010a; among
others]. They have been addressing various aspects
of this phenomenon, such as: the stratigraphy of
the slope, the soil characteristics, the groundwater
regime, and the trend of surface and deep movements. Figure 4.7a provides a concise overview of
the three most recent soil investigations and monitoring surveys carried out in the area of interest
(1982, 1996, 1998).
The data provided in the scientific literature were used as the starting point for the analyses
carried out by CASCINI et al. [2010a] to model the
groundwater regime, and by CALVELLO et al. [2009]
for the definition of the landslide movement scenarios. First of all, these data clearly demonstrate
that the slope can be schematized with two different main soil units (i.e., a clayey debris upper layer and an underlying stiff clay bedrock) separated
by a relatively thin softened clay layer (Fig. 4.7b).
A significant groundwater flow can be observed in

both units. The upper seepage domain has a transitory seasonal nature, while the groundwater regime within the bedrock is not connected to the
subsurface regime and shows an almost stationary behaviour. The movements affect only the first
unit and the middle softened clay layer. The displacements recorded in the uppermost unit give evidence to a multiple landsliding process and different displacement trends between the dry and the
rainy seasons. During the observation period (1987
to 2003) the yearly cumulated displacements never
exceeded 6 cm.
Using groundwater monitoring data from the
literature, CASCINI et al. [2010a] have calibrated and
validated the relationship between rainfall and the
groundwater level of the shallow aquifer (Fig. 4.8).
Numerical modelling has been performed employing the commercial software SEEP/W [GeoSlope, 2005], which is able to analyze the groundwater flow in both stationary and transient conditions for saturated and unsaturated soils under the
assumption of null soil deformations. It is worth

Fig. 4.8 – Comparison between computed and measured piezometric levels at: a) piezometer OV; b) piezometer O4 (from
CASCINI et al., 2010a).
Fig. 4.8 – Confronto tra i livelli piezometrici calcolati e misurati in corrispondenza del: a) piezometro OV; b) piezometro O4 (da CASCINI et
al., 2010a).
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noting that the development of a reliable numerical analysis, i.e. validated in multiple control sections, represents a powerful modelling tool both
to estimate the pore water pressure at any location
within the slope, even where monitoring measures
are not available, and to forecast groundwater scenarios as a function of assumed rainfall scenarios.
CALVELLO et al. [2009] used the time dependent
computed groundwater regime to calibrate a onedimensional phenomenological model that, employing a relationship proposed by VULLIET and HUTTER [1988], relates the velocity of the movement at a
location along the sliding surface to the local computed value of the safety coefficient. Figure 4.9 shows
some results of the model application that highlight
two particularly significant aspects: i) the ability of the
model to capture the different displacement trends
recorded during the dry and the rainy season; ii) the
great accuracy of the numerical results which almost
coincide with the experimental measurements.
Figure 4.9 also shows the potential use of the model to predict the amount of future displacements as a
function of different rainfall scenarios. In this case, the
results indicated relatively small cumulative displacement, even for rainfall with estimated return periods
higher than 200 years. It is interesting to note that an
awareness of the evolutionary history of the landslide,
based on physically-based reasoning and quantitative
data, has prompted by CALVELLO et al. [2009] to exclude extreme rainfall events as the main cause of the
most significant landslide reactivation, which was recorded in 1900 [VINASSA DE REGNY 1904). This strengthens the hypothesis that the displacements recorded
in that case, of the order of three meters [TOMMASI et
al. 1997], could be related to cuts made at the foot of
the slope for the construction of a major road.
Displacement modelling framework
Studies such as the one just shown indicate the
possibility to correlate each rainfall, the groundwa-

ter regime linked to the rainfall regime, and trends
of displacement which, in turn, are connected with
changes in pore water pressures. It should be noted
that this goal, long pursued by many authors, is far
from being achieved for a variety of reasons, one of
which is the significant differences in displacement
trends emerging from case studies reported in the
scientific literature (Fig. 4.10).
An interesting step in this direction has been
made by CASCINI et al. [2014a], who propose a phenomenological model that highlights three typical
patterns of movements, called trend-types I, II, and
III (Fig. 4.11). These trends (Fig. 4.11) are obtained by relating the normalized displacements of
the selected case histories D(t) to the normalized
time T(t) within an exponential equation:
D i (t j (=

d(t j (– d min,i
d max,i – d min,i

(4.1)

T i (t j ( =

t j – t min,i
t max,i – t min,i

(4.2)

x

D i (t j (= T i (t j (

(4.3)

where: d(tj) is the monitored cumulated displacement at time tj; Di(tj) is the normalized dimensionless cumulated displacement at time tj for active stage i; dmin,i and dmax,i are the cumulated displacements at the beginning and end of active stage
i; Ti(tj) is the normalized dimensionless time at time tj for active stage i; tmin,i and tmax,i are the time
at the beginning and end of active stage i; x=1 for
trend-type I, x <1 for trend-type II, and x >1 for
trend-type III.
In particular, CASCINI et al. [2014a] observed
that trend-type I indicates a stationary behaviour
of the landslide, which may described – employing Hutchinson’s classification of mass movements

Fig. 4.9 – Calibration and validation of the displacement forecasting model; displacement scenarios for the prediction phase
(from CALVELLO et al., 2009).
Fig. 4.9 – Calibrazione e validazione del modello di previsione degli spostamenti; scenari di spostamento per la fase di previsione (da
CALVELLO et al ., 2009).
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Fig. 4.10 – Cumulated displacements vs. time for selected case histories (from CASCINI et al., 2014a).
Fig. 4.10 – Relazione tra spostamenti cumulati e tempo per differenti casi di studio (da CASCINI et al., 2014a).

Fig. 4.11 – a) Trends of movements for slow-moving landslides during the active stages; b) normalized displacements of the
active stages for the selected case histories (from CASCINI et al., 2014a).
Fig. 4.11 – a) Andamenti tipici dei movimenti di frane a cinematica lenta durante le fasi di attività; b) spostamenti normalizzati delle fasi
di attività per differenti casi di studio (da CASCINI et al., 2014).
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(1968) – as a “continuous creep” phase. The curves
for trend-type II are associated with rapid increases
in pore water pressure due to rainfall, followed by a
slow decrease in groundwater level. Finally, trendtype III is considered to be associated with the presence of new boundary conditions causing occasional reactivation in either drained or undrained
conditions.
The framework proposed by CASCINI et al.
[2014a], before a general application is possible,
requires additional confirmations of its validity, especially with reference to the possible influence of
the soil types constituting the landslide’s body. Nevertheless, generalizations appear possible both in
terms of displacement predictions of single phenomena and, remarkably, with reference to multiple slow-moving landslides over large parts of the
territory.
Displacement scenarios: from modelling to forecasting
The ability to predict the displacements of the
active phase of slow-moving landslides was investigated by studying one of the most documented case studies in the literature, i.e. the Vallcebre landslide [COROMINAS at al. 2005], with data on rainfall,
groundwater levels, and ground displacements measured on a regular basis since the start of monitoring in 1996. The monitoring data used herein refer
to movements measured at vertical S2 with a wire
extensometer and recorded every 20 minutes across
a 2-year time frame (Fig. 4.12). These data point out
that the recorded trend of displacements is well represented by the curves for trend-type II movements
associated with rapid increases in pore water pressure during the rainy season.
Starting from this observation and to forecast
future displacements of the landslide on the basis
of displacement measurements made at the beginning of the active stage, CASCINI et al. [2014a] implement a model that employs two input parameter, 'tref and M, and is based on the following equations:
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Fig. 4.12 – Vallcebre case study: a) representative cross section (from COROMINAS et al., 2005); b) monitored displacements and velocities adopted for the analysis (from CASCINI
et al., 2014a).
Fig. 4.12 – Il caso studio di Vallcebre: a) sezione rappresentativa (da COROMINAS et al., 2005); b) dati di spostamento e velocità
adottati nelle analisi (da CASCINI et al., 2014a).

E tot = E d – E v

(4.8)

where: vmax is the measured velocity when T is
equal to 1; d1 = d(vmax) is the measured displacement when T is equal to 1; t1 = t(vmax) is the measured time when T is equal to 1; Ed is the dimensionless displacement error; dmax is the final computed displacement; d(tk) is the computed displacement a time tk; d(tk) is the measured displacement at time tk; N is the number of observations;
Ev is the dimensionless velocity error; v(tk) is the
computed velocity at time tk; v(tk) is the measured velocity at time tk; Etot is the dimensionless total error.
The results (Fig. 4.13) clearly indicate that an
accurate prediction of the landslide’s kinematic behaviour is provided by a limited number of observations, from five to seven, collected during the early
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Fig. 4.13 – a) Predictions of the model for the Vallcebre phase #1 calibrated with increasing number of observations; b) flow
chart of the procedure needed to calibrate the model of trend-type II (from CASCINI et al., 2014a).
Fig. 4.13 – a) Previsione del modello per la fase #1 Vallcebre in funzione di un numero crescente di osservazioni; b) diagramma di flusso della procedura di calibrazione del modello per la previsione di andamenti tipo II (da CASCINI et al., 2014a).

stage of the movement. This encourages to a further
validation of the potentialities of the model at slope
scale, and investigation of its applicability over large
areas by implementing satellite measurements (discussed in chapter 6) as input data. Indeed, this major technological innovation, in the sense suggested
by MANDOLINI and MANASSERO [2011], could allow a
significant improvement of land use planning and
management that currently benefit from the DInSAR technique to detect the buildings damaged by
slow moving landslides, and enable an assessment
of their state of activity [CASCINI et al., 2013c].
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4.2. From small to detailed scale
Other slope instability phenomena affecting several regions in the world are represented by shallow landslides that usually occur over large areas as
a myriad of events individually having a small magnitude. They can be triggered in both sandy (Fig.
4.14a) and clayey soils (Fig. 4.14b), causing consequences strictly related to the triggering mechanisms and soil properties.
The landslides affecting granular soils can include soil static liquefaction originating a long run
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out of the unstable mass, often causing fatalities and
significant economic damages. Shallow landslides
in clayey soils are much slower and several years can
pass from the first failure stage to the relocation of
the mass toward the toe of the slope; consequently,
these phenomena prevalently cause economic damages [CROZIER, 2005]. A case study for each typology
is hereafter described following the top-down strategy introduced in chapter 3.
As it concerns the phenomena affecting the pyroclastic soils in Campania region (the first case
study), the top-down approach was selected due to
the pressure of the Italian government that initially
employed the scientific community in the management of a dramatic crisis asking for quick answers to
difficult questions for which, at that time, standard

procedures were not available either in Italy or at the
international level. Few months later, the authorities
in charge of the land management were asked by
lawmakers to develop risk zoning maps throughout
the Italian territory over a short time period, once
again without the availability or benefit of standardized procedures.
In the second case study, concerning weathered
clayey soils in the Calabria region, the top-down approach represented a scientific challenge. The experience gained in the Campania region showed the
possibility of getting reliable results by working from
small to large/detailed scale. There was a need to
test an alternative to the approach discussed in section 4.1, and not based on detailed expensive in-situ and laboratory investigation and advanced site-

Fig. 4.14 – a) Flow-like phenomena which affected on May 1998 the Sarno town (Campania region, southern Italy) and b)
shallow landslides which took place on February 2004 over about 8,000 km2 of Manawatu–Wanganui hill country, New Zealand [HANCOX and WRIGHT, 2005].
Fig. 4.14 – a) Fenomeni di flusso che hanno colpito la città di Sarno nel maggio 1998 (Regione Campania, Italia meridionale) e b)
fenomeni franosi superficiali occorsi nel Febbraio 2004 su una superficie di circa 8.000 km2 della regione montuosa di Manawatu–
Wanganui, Nuova Zelanda [HANCOX e WRIGHT, 2005].
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specific analyses. The concern was that starting from
the detailed scale and focusing on some particular
aspects could result in the loss of the main characteristics of shallow landslides, i.e. their simultaneous occurrence over large areas.
4.2.1. SLOPE FAILURES IN THE PYROCLASTIC SOILS OF CAMPANIA REGION (SOUTHERN ITALY)
The first case study originates from the huge
flow-like phenomena, which in May 1998 dramatically threatened five municipalities in the Campania region (southern Italy), four of them located
at the toe of the Pizzo d’Alvano massif (Fig. 4.15).
The main features of this event, the management
of the emergency stage and the new research
that developed later are described in several
papers [CASCINI, 2004; CASCINI et al., 2008a; among
others]. It is worth noting that the National Civil
Protection Department asked for the zoning of
the areas exposed to a residual flow-landslide risk
(Fig. 4.15) not later than 11 days after the disaster.
This forced experts to use heuristic methods and
to pursue a preliminary level of zoning [CASCINI,
2004]. Particularly, the methodology used for the
zoning is represented in figure 4.16 and was based
on the use of thematic maps at 1:25,000 scale for
geomorphology, geology, cover thickness, and a May
1998 landslides inventory. From that information,
maps of the pre-failure condition and the predisposing indicators were obtained and used to draw a

Fig. 4.15 – Zoning map of the areas of Pizzo d’Alvano massif exposed to a residual landslide risk (modified from CASCINI, 2004).
Fig. 4.15 – Carta della zonazione delle aree del massiccio
del Pizzo d’Alvano esposte ad un rischio da frana residuo
(modificato da CASCINI, 2004).
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landslide susceptibility map at 1:25,000 scale. More
detailed maps were drawn at 1:5,000 scale for elements at risk and their vulnerability, and by combining all of these maps – as reported in the flowchart
of figure 4.16 – a residual risk map was created at
1:5,000 scale.
Thanks to the prompt reaction of the scientific
and technical communities, some months later the
publication of the residual risk zoning map (Fig.
4.15) the Italian Central Government issued the
Legislative Decree 180/98 [CASCINI, 2005]. The decree obliged the authorities in charge of landslide
risk management to individuate, at an intermediate scale (1:25,000), areas prone to a high landslides
risk that, during a high magnitude event, could result in a large number of fatalities.
The activities developed in a territory extending for about 17,000 km2 (Fig. 4.17), in compliance with this Legislative Decree, are described in CASCINI [2005] and were based on a flowchart quite
similar to that used for the Pizzo d’Alvano massif
(Fig. 4.16) due to the short time given for the risk
zoning, the complexity of the phenomena causing
the risk, and the relevant extension of the area to
be zoned.
A relevant merit of the Legislative Decree 180/98
is the individuation of the districts where flow-like
phenomena may occur, which allows for the deve-

Fig. 4.16 – Flowchart for the evaluation of the areas at residual landslide risk [CASCINI, 2004].
Fig. 4.16 – Diagramma di flusso per la valutazione delle aree
esposte ad un rischio da frana residuo [CASCINI, 2004].
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Fig. 4.17 – Territory investigated by one National River Basin Authority and four Regional River Basin Authorities in compliance with the Legislative Decree 180/98 (modified from CASCINI, 2002).
Fig. 4.17 – Territorio indagato da una Autorità di Bacino Nazionale e quattro Autorità di Bacino Regionali nel rispetto del Decreto Legislativo 180/98 (modificato da CASCINI, 2002).

lopment of emergency plans for risk to life and new
rules for urban planning, which is now prohibited inside the zones classified at high hazard and risk. A critical limit of the zoning is the impossibility of ranking
all these areas due to the qualitative assessment of
both the hazard and the risk. As a consequence, planning and designing structural mitigation works are
impossible, except in a few municipalities, such as
Nocera Inferiore [FERLISI et al., 2015; LINNEROOTH-BAYER et al., 2015] and Cervinara [CASCINI et al., 2011a;
CUOMO et al., 2014]. In those two towns detailed in
situ and laboratory investigations allowed the implementation, at large (1:5,000) and detailed (1:2,000)
scales, of the most advanced engineering models.
Considering that similar investigations and studies cannot be conducted inside the other 210 municipalities classified at high risk, the author approached this problem by referring, at small scale (1:100,000), to the bedrock types beneath the
pyroclastic soil covers and to the F-N curves, relating the cumulative frequency (F) of an event to a
number of possible victims equal to or higher than
N [CASCINI et al., 2008d]. Both elaborations were
made possible by the geological knowledge and historical dataset on the events that occurred in the
area since the 17th Century [CASCINI and FERLISI,
2003].
Figure 4.18 indicates that the most intense
phenomena, with severe consequences, occurred
where fractured carbonate bedrock exists beneath
the pyroclastic soils [context named A1, CASCINI et
al., 2014c], mostly in the Salerno province. This

result depends on several factors, the most important being the boundary conditions related to the
bedrock and rainfall. The role of the boundary
conditions on the slope stability phenomena is introduced and discussed in-depth in CASCINI et al.
[2008a; 2010b; 2011a] and it is exemplified by the
May 1998 event [CASCINI et al., 2008a] when prolonged rainfall infiltrating the slopes and water
spring from the bedrock systematically triggered
landslides in the upper portions of the slopes [CASCINI et al., 2011a].

Fig. 4.18 – Spatial distribution of casualties caused over
the centuries by flow-like phenomena within the geological context A1 (from CASCINI et al., 2014c).
Fig. 4.18 – Distribuzione spaziale delle vittime causate nel corso
dei secoli nel contesto geologico A1 da fenomeni di flusso (da CASCINI et al., 2014c).
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As for the rainfall, it is interesting to note that
the Lattari Mounts (Salerno province) represent
an orographic barrier against the Mediterranean storms [CASCINI et al., 2014c] and critical rainfalls can occur at the beginning of the rainy season. In October 1954, for example, 504 mm of rainfall were recorded in 16 hours following a 9 day
dry period lasting [TRANFAGLIA and BRACA, 2004].
Due to the low soil saturation during the autumn,
the short, high-intensity rainfall caused widespread erosion that later evolved into different types of
flows [CASCINI et al. 2014c].
Indeed, the small scale analysis allowed the
ranking of the geological contexts systematically
threatened by flow-like phenomena, providing insights into the role played by boundary conditions
as discussed in CASCINI et al. [2014c], who relate
rainfall, soil suction values, and types of instability
phenomena occurring in the most threatened geological context (Tab. IV). In particular, (a) Period
1 is marked mostly by erosion phenomena, typically turning into hyperconcentrated flows; (b) Period 3 is when first-time shallow slides (i.e. flowslides or debris avalanches) are triggered, later propagating as debris flows or debris avalanches; (c)
Period 2, when the above mentioned classes of slope instabilities may occur; and (d) Period 4, when
local erosion phenomena and small-size, first-time
shallow slides may be triggered.
Moreover, significant differences can characterize the instability phenomena during a single
event, as was the case of the May 1998 landslide,
when six triggering mechanisms were recognized,
at medium/large scales (1:25,000-1:5,000), throughout the landslide source area (Fig. 4.19). Among
these, the most common ones occurred as multi-

ple failures in bedrock concavities (zero order basins) filled with pyroclastic soils (M1), and as debris avalanches (M2) along the open slopes [CASCINI et al., 2008a]. For the mechanism M1 specific analyses about the temporal-spatial distribution
of the landslides were performed by CASCINI et al.

Fig. 4.19 – Typical source areas of flow-like phenomena occurred on May 1998: 1) bedrock, 2) pyroclastic deposit, 3)
track, 4) spring from bedrock (from CASCINI et al., 2008a).
Fig. 4.19 – Tipiche aree d’innesco dei fenomeni di flusso occorsi
nel maggio 1998: 1) substrato roccioso, 2) depositi piroclastici, 3)
sentiero, 4) immissioni idriche dal substrato roccioso (da CASCINI
et al., 2008a).

Tab. IV – Slope instability types based on rainfall, suction, and historical data (from CASCINI et al., 2014c).
Tab. IV – Tipologia di instabilità di versante in base alle precipitazioni, ai valori di suzione e ai dati storici (da CASCINI et al., 2014c).
Oct
Rainfall *

Nov

Dec

Jan

Feb

Mar

Apr

May

Jun

Rainy

Jul

Aug

Sep

Dry

Pa - cumulative antecedent (mm)

Pa<200

200 < Pa < 500

Pa > 500

Pe - critical 48
hours rainfall event
(mm) *

Pe>120

120 > Pe > 60

Pe > 60

high

medium

low

very high

high

1910, 1954,
1966 (Lattari
mounts)

1999
(Cervinara
town)

January 1841 (Gragnano town),
March 1924 (Lattari mounts),
May 1998 (Pizzo d’Alvano massif)

August 1935
(Gragnano town)

2010 (Atrani town)

1

2

3

4

1

typical suction
range **
some events ***
Period

Data from ROSSI and CHIRICO (1998)
Data from CASCINI and SORBINO (2004)
*** Data from METE and DEL PRETE (1999), CASCINI et al. (2008d) and BOVOLIN (2012).
*

**
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[2011a], who found a relevant interplay of site-specific hydraulic boundary conditions and massif-scale features of the whole 60 km2 sized area.
In-depth knowledge about the previous discussed issues – i.e. mechanisms, boundary conditions,
critical rainfall, etc. – represented the starting point
to pass from heuristic to deterministic methods, i.e.
the geotechnical analyses that were performed at
large scale (1:5,000) by using the procedures discussed in chapter 3, which need a proper calibration before their confident implementation. The
relevance of such a calibration is discussed by SORBINO et al. [2010] and highlights the different capabilities of TRIGRS [BAUM et al., 2002] and TRIGRSunsaturated [SAVAGE et al. 2004] models to capture, via two indexes respectively named “Success Index” (SI) and “Error Index” (EI), the six previously
mentioned mechanisms (Fig. 4.20). SI is the portion – in percentage – of the observed source area computed as unstable by the models; whereas EI
represents the percentage ratio between the areas
computed as unstable located outside the observed
source areas and the area of a given catchment not
affected by triggering phenomena. The obtained
results reinforce the need for more advanced geotechnical models that are able to take into account,
at detailed scale (1:2,000), the most relevant factors
for the slide triggering.
Examples of site-specific advanced analyses are
illustrated in CASCINI et al. [2008b; 2010b; 2013a],
for the landslide triggering mechanisms M1, M2
and M3, by using boundary and initial conditions
of the slopes consistent with those deriving from
the small and intermediate scales of analysis previously described. Particularly, figure 4.21a shows
the results achieved through 3D-coupled stressstrain analyses of the triggering mechanism M1,
which were able to reproduce the mobilization of

the central portion of a bedrock concavity filled
with pyroclastic soils due to rainfall infiltrating the
ground surface and spring from the bedrock to the
soils [CASCINI et al., 2010b]. Figure 4.21b shows the
attainment of soil plastic deformations in a pseudotriangular shaped source area due to the soil impact at the uppermost portions of an open slope,
which is typical of the triggering mechanism named M2 [CASCINI et al., 2013a]. Finally, figure 4.21c
shows the factor of safety computed through limit
equilibrium slope stability analyses, which outline
ponding conditions at the bends of the mountain
roads as the key factor, together with the rainfall
infiltrating the ground surface and the slope stratigraphy, for the triggering mechanism named M3
[CASCINI et al., 2008b].
It is worth noting that the analyses at slope scale must be developed, in some cases, with the aid
of particularly advanced geotechnical models to
understand complex mechanisms not recognizable using the standard methods. This is true in the
case analysed by CASCINI et al. [2013b], which refers to different seepage flows in a slope that turns
out to be characterized by totally different stability conditions on the basis of limit equilibrium
analysis. On the contrary, a hydro-mechanical coupled stress-strain model outlines the possibility of a
slope failure as a consequence of soil liquefaction.
Particularly, figure 4.22 shows the results obtained
for a vertical downwards seepage flow in a homogeneous slope of saturated loose (liquefiable) soil:
the limit equilibrium analysis provides a slope factor of safety higher than 1.5 (Fig. 4.22a), while a
hydro-mechanical coupled stress-strain analysis
highlights the developments of extra pore water
pressures due to soil deformation and the consequent slope failure (Fig. 4.22b). This outcome is
particularly relevant for the analysis of the first

Fig. 4.20 – Success Index (SI) and Error Index (EI) provided by TRIGRS codes for triggering mechanisms Mi (i = 1, ..., 6)
and initial mean suction conditions (from SORBINO et al., 2010).
Fig. 4.20 – Indici di successo (SI) e di errore (EI) forniti dal modello di calcolo TRIGRS per i meccanismi di innesco Mi (i = 1, ..., 6) e valori medi della suzione iniziale (da SORBINO et al., 2010).
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Fig. 4.21 – a) Displacement contours from 3D hydro-mechanical coupled stress-strain analyses of the triggering mechanism
M1 (modified from CASCINI et al., 2010b); b) equivalent plastic strains computed from 3D hydro-mechanical coupled stressstrain analyses of the triggering mechanism M2 (modified from CASCINI et al., 2013a); c) factor of safety computed through
limit equilibrium slope stability analyses of the triggering mechanism M3 (modified from CASCINI et al., 2008b).
Fig. 4.21 – a) Profili di spostamento derivanti da analisi tenso-deformativa accoppiate 3D del meccanismo di innesco M1(modificato
da CASCINI et al., 2010b); b) deformazioni plastiche equivalenti fornite da analisi tenso-deformative accoppiate 3D del meccanismo
di innesco M2 (modificato da CASCINI et al., 2013a); c) coefficiente di sicurezza ottenuto attraverso analisi di stabilità all’equilibrio
limite del meccanismo di innesco M3 (modificato da CASCINI et al., 2008b).

Fig. 4.22 – a) Factor of safety computed via a limit equilibrium method for a vertical downwards seepage flow in a homogeneous slope of saturated loose soil; b) equivalent plastic strains from a hydro-mechanical coupled stress-strain analysis (modified from CASCINI et al., 2013b).
Fig. 4.22 – a) Coefficiente di sicurezza ottenuto dall’analisi all’equilibrio limite di un pendio omogeneo costituito di terreni sciolti e sede di
un moto di filtrazione con linee di flusso verticali dirette verso il basso; b) deformazioni plastiche equivalenti fornite da un’analisi tenso-deformativa accoppiata (modificato da CASCINI et al., 2013b).

Fig. 4.23 – Simulated height propagation for: a) 30,000 m3 sized debris flow, and b) 1,500 m3 sized flash flood (from CASCINI et al., 2015b).
Fig. 4.23 – Altezza di propagazione simulata per un: a) debris flow di 30.000 m3, e b) un flash flood di 1.500 m3 (da CASCINI et al.,
2015b).
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failure stage of the earlier described phenomena
that, on the contrary, could be wrongly estimated
by referring to the simplified hypotheses of the
standard methods.
Another significant example is provided by
the analysis of the propagation stage that often
calls for both advanced numerical methods and
appropriate soil rheology data as shown in figure 4.23, which summarizes the back-analysis of the
dramatic event recorded on July 2006 in a small
town located in the Dolomites (northern Italy). In
that event, over a period of few hours, several debris flows of high magnitude and slow velocity followed one another into a mountain basin, while a
small fast flash flood occurred at the end of this series in convergent mountain basins. In such a case, the numerical SPH propagation analysis shows
the capability of the storage basin, located at the
toe of the path, to properly work against the debris flows (Fig. 4.23a) while, due to the different
rheology, it was completely bypassed by the flash
flood (Fig. 4.23b) that caused casualties downstream of the storage basin [CASCINI et al., 2015b]. It
is worth noting that the results obtained from this
case history highlight the urgent need to properly
take account of the flow state (supercritical or
subcritical flow) for the design of control works,
such as the storage basins that exist throughout
the world.
4.2.2. SHALLOW LANDSLIDES IN THE CATANZARO GRABEN
Shallow landslides in fine-grained soils of the
Catanzaro Graben (southern Italy) are widespread
phenomena affecting the weathered layer of the
slopes (Fig. 4.24a, b). Their magnitude is usually low,
having a width of tens of meters (at least 20 m), a
length in the range of 10-100 m, and a slip surface
located in the range 0.5-3 m from the ground surface (Fig. 4.24b).
A classification of these phenomena, that according to VARNES [1978] could be defined as shallow earth slides or earth slides/earth flows, is made

difficult in the Catanzaro Graben and other similar geo-environmental contexts by the numerous
instability mechanisms that modifies the landslides
shape. Consequently, the landslides inventory is only rarely provided in literature and/or in technical
documents as in the case at hand for which the
authority in charge of the landslides management
(the Calabria River Basin Authority) simply identifies these phenomena, at 1:10,000 scale, as “shallow
landslides or erosional areas.”
Starting from the available inventory and following the framework in figure 3.5, the present
section summarizes the main steps of a procedure
[CIURLEO, 2012] aimed at developing a consistent
approach able to quickly and inexpensively asses
the spatial occurrence (susceptibility) of the landslide phenomena over large areas of the landslide
phenomena. This goal was pursued first by identifying, at small and medium scales, areas and slopes
affected or potentially affected by the instability
phenomena. Then, their location and evolution
along the slopes were analyzed via advanced methods at large/detailed scale. Referring to CASCINI et
al. [2015a] and CIURLEO [2012], the authors note
that, following FELL et al. [2008a; 2008b], heuristic,
statistic, and geotechnical models were respectively used at small, medium, and large/detailed
scale. Of course, in passing from small to large scale a gradually smaller reference area was analyzed
by inputting data from the outputs of the previous
less detailed scale analysis.
At a small scale (1:100,000), the reference area
extends over 2,000 km2 and falls within the provinces of Catanzaro and Crotone (Fig. 4.25). This
area was analyzed by assuming that the landslides
were strictly related to regional factors affecting
the morphological evolution of the slopes rather
than randomly located inside. On the basis of this
assumption, several attempts were performed to individuate relationships, if any, among several geological factors in the area (geology, geomorphology, faults, etc.) and all the phenomena mapped in
the landslides inventory of the Calabria River Basin

Fig. 4.24 – Multiple rainfall-triggered shallow landslides in the Catanzaro Graben: a) typical phenomena and b) typical section of weathered clayey rocks.
Fig. 4.24 – Frane superficiali multiple pluvio-indotte nella Stretta di Catanzaro: a) fenomeni tipici e b) sezione tipica delle rocce argillose
alterate.
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Fig. 4.25 – Landslide density map. In legend, LD represents the landslide density (number of shallow landslides
per km2).
Fig. 4.25 – Carta delle densità delle frane. Nella legenda LD
rappresenta la densità di frana (numero di frane superficiali per
km2).

Authority. The results underline a strict connection among the spatial landslides density (number
of landslides for square kilometers) and, at minimum, three landslide predisposing factors, i.e. the
lithology type, the regional uplift rates [SORRISOVALVO and TANSI, 1996], and the stream network
(Fig. 4.25).
Observing that a similar connection exists
among the shallow landslides and the predisposing factors, the research concluded that these phenomena can occur only inside a small portion of
the original investigated area. Indeed, at medium
scale (1:25,000) the efforts were devoted to assess
the shallow landslides susceptibility and the attention focused on the areas most affected by the previously described predisposing factors (Fig. 4.25),
having an extension of 150 km2, i.e. only 7.5% of
that initially investigated.
In this area, bivariate statistical analyses were
performed through the “information value” method [YIN and YAN, 1988] that is based on the evaluation of the relative landslide density (IRLDi),
whose values are computed for each terrain-mapping unit (TMU) and then summed to compute the
global index of landslide density (ILD):
Num F i
Area i
Denclas i
IRLD i = ln Wi = ln
= ln
(4.9)
Densmap
Num L tot
Area tot

(

(

ILD = Σ i IRLD i
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(4.10)

where: Densclasi and Densmap are, respectively, the
density of landslides in the i-th class and the density
of landslides in the entire study area, NumLi is the
number of landslides in the i-th class, NumLtot is
the total number of landslides, Areai is the area of
the i-th class, and Areatot is the total area.
The variables introduced in the model and
considered as relevant factors were: elevation zone, lithology, slope, uplift rate, aspect, curvature,
and the distance path from rivers. Among these,
the most representative variables in terms of the
individual discrimination capability of a single variable and their contribution to the success of the
analysis were the elevation zones, the slope, the lithological distributions, and the curvature. Figure 4.26 compares the resulting susceptibility map
and the 2010 landslide inventory, highlighting the
success of the statistical analysis that indicates the
morphological hollows located at the toe of the Sila massif as the areas most prone to shallow landslides.
To better understand the mechanical evolution of these hollows, the analysis at large scale
(1:5,000) was developed to individuate and locate,
with the aid of geomorphological criteria, the prevailing instability mechanisms along the slope in
an area having the extension of about 0,3 km2 (Fig.
4.27) i.e. approximately 0.2% of the area investigated at medium scale, and 0.015% of that investigated at small scale. This analysis revealed the presence of three prevailing triggering mechanisms
(CZ1, CZ2, CZ3), each characterized by well-defined morphometric features, a not casual spatial
distribution along the slope and a clear spatialtemporal evolution (Fig. 4.27).
To quantify these observations, geotechnical in
situ and laboratory investigations were addressed to
assess, with the aid of the available dataset [GULLÀ
et al., 2004; CASCINI and MATANO, 2010], the physical
and mechanical properties of the soils involved in
the instability phenomena, as well as the pore water
pressure regime (Fig. 4.28). The resulting data were used to estimate the hydraulic properties of the
soil through a back-analysis of the in situ pore water pressure measurements, thus avoiding the well
known difficulties related to the laboratory and/or
in situ testing of the weathered cracked soils [FREDLUND et al., 2010]. The developed analysis [CIURLEO,
2012] provides some relevant insights on a much
more general issue represented by the groundwater regime in clayey soil slopes that, according to
the results, seems to be strictly connected with the
opening and closure of the superficial fissures and
cracks respectively in dry and wet seasons.
On the basis of all the available data, limit equilibrium analyses of the existing instability phenomena were developed. The results quantitatively
confirm all the geomorphological observations
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Fig. 4.26 – Results of the bivariate analysis. Zoom highlights the morphological hollow most affected by landslides analysed at 1:5,000 scale.
Fig. 4.26 – Risultati dell’analisi bivariata. L’area zoomata
evidenzia le concavità morfologiche maggiormente affette dalle
frane analizzate a scala 1:5.000.

and, particularly, the different depth of the slip
surface for the three mechanisms that is systematically located at the contact between the degraded
soil and the underlying bedrock.
The quantified mechanisms and their not-casual spatial distribution along the slope were then

used to reconstruct the soil thickness map by simply assessing the depth of the weathered soil cover on the basis of the existing or potential instability phenomena and their present or future location along the slope. This new method, locally
tested by several in situ investigations, is able to
overcome the limits of procedures that are based
on interpolation techniques, rarely furnishing reliable results, or in-situ investigations too costly
and time consuming in light of the large extension of the area affected by shallow landslides [CIURLEO, 2012].
Finally, the soil cover map together with all the
available dataset was used to implement the physically based models TRIGRS and TRIGRS-unsaturated to assess the landslides susceptibility at slope scale. Comparing the results with the evolution of the
landslides during the time (Fig. 4.29), it is argued
that these two models could be linked to a different pattern of fissures and fractures affecting the
slopes, respectively when they are or are not yet affected by widespread shallow landslides. Indeed, assuming the saturated permeability of soils as input
data, TRIGRS implicitly refers to a significant modification of the slopes that could be related to the
dense pattern of fissures and fractures systematically observed when shallow landslides are widespread
along the slopes. TRIGRS unsaturated, on the contrary, seems able to capture the first evolution stage
of the slope when it is characterized by only few fissures and cracks systematically located at the top of
the slope.

Fig. 4.27 – Shallow landslide mechanisms and their spatial distribution.
Fig. 4.27 – Meccanismi di frane superficiali e loro distribuzione spaziale.
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Fig. 4.28 – Physical and mechanical properties of weathered clays: a) grain size distribution envelope; b) plasticity chart; c)
index properties; d) shear strength properties, e) daily rainfall and pore-water pressure measured via tensiometers (modified after GULLÀ et al., 2008).
Fig. 4.28 – Proprietà fisiche e meccaniche delle argille alterate: a) fuso granulometrico; b) carta di plasticità; c) proprietà indice; d)
parametri di resistenza al taglio, e) altezze di pioggia giornaliere e pressioni interstiziali misurate mediante tensiometri (modificato da
GULLÀ et al., 2008).

In conclusion, the procedure links the predisposing factors at the regional scale of the shallow landslides to the triggering factors at the slope scale by
merging geological and geotechnical analyses based
on the simple idea that assumes the shallow land-

slides are not randomly located along the territory.
On the basis of this simple assumption, investigation
and time devoted to quantitatively reach the final
goal resulted much less than those usually carried out
during the classical studies described in section 4.1.

Fig. 4.29 – Instability scenarios obtained via TRIGRS and TRIGRS-unsaturated considering cc = 5 kPa and Ic = 27° (landslide
inventory from 2010).
Fig. 4.29 – Scenari di instabilità ottenuti mediante l’uso di TRIGRS e TRIGRS-unsaturated considerando cc = 5 kPa eIc = 27°
(inventario delle frane a partire dal 2010).
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4.3. Discussion
The first two case studies analyze different problems passing from detailed to small scale. Particularly, four different landslides (TRU and/or RAV)
affecting the weathered gneiss of Sila massif are preliminary investigated with the aid of conventional
geotechnical analyses. Then, the results are exported via heuristic methods over a large area, generalizing the predisposing and triggering factors of similar landslides located in this geological context. In
the second case study, the proposed approach assumes that similar mechanisms characterize the slow
moving landslides in clayey soils. Then, on the basis
of the literature review, it individuates typical displacement trends for both occasional reactivated and
slow moving landslides, in this last case during the
dry and wet season. Finally, the obtained diagrams
are used to forecast the landslides displacements of
active landslides after just a few in situ displacement
measurements.
Regarding the followed approach, in situ and
laboratory investigations and geotechnical analyses
are of paramount relevance when studying single
phenomena at detailed scale with the aim of generalizing the results. However, the commitments associated with this approach could not be sustainable from technical-economic-temporal points of view
when the authorities in charge of territory management ask for prompt answers to complex problems
that affect large areas.
The other two case studies follow the opposite
path. Particularly, the spatial probability occurrence (susceptibility) of flowslides and other fast movements in pyroclastic soils of the Campania region
is assessed and mapped at small/medium scales
with the aid of heuristic methods and F-N curves.
Indeed, the mechanisms of these phenomena are
quantitatively analyzed at large scale, via geotechnical models, by using knowledge and boundary conditions sketched at small/medium scales. In regard
to the second case study (shallow landslides in clayey soils), due to the incompleteness of the available landslides inventory, the study preliminary individuates at small/medium scales and via geological
criteria the areas where these phenomena occur or
may occur. Then, the slope evolution model provided by these analyses is quantified via deterministic methods at large/detailed scale. To limit errors
and/or wrong tracks along the path, the output data at small/medium scales are assumed as input data at large scale.
In conclusion, both cases studies benefit from
intuition/hypothesis that facilitates the progressive deepening of knowledge as investigations move
from a less to a more detailed scale. This makes the
top-down approach much faster than the previous
one and much more useful when urban and land

use planning are priorities that must be satisfied in
a short period of time. However, it does not guarantee i) to relate predisposing and triggering factors at
different scales of analysis or ii) to properly individuate the TRU/RAV, i.e. the last step to validate all
of the results, including those obtained at the small/
medium scale.
Independently from the followed path, a multidisciplinary approach is absolutely necessary from
the first stage of the study in order to obtain consistent geological and geotechnical results. The relevant role played by a significant synergy between
geology and geotechnics was stressed by Terzaghi
when, in his 1953 foreword to the first Italian Geotechnical Journal, he observed that:
The journal « Geotecnica » is intended to give to the
members of the Italian Geotechnical Association an opportunity to become acquainted with the experiences and observations of their colleagues in the realm of earth-work engineering, and to utilize the information in their own practice.
The value of the records to be published in the journal will
depend primarily on the adequacy of the description of the
geological and soil conditions prevailing at the site where
the observations have been made.
The performance of the subsoil during and after construction and the accuracy with which it can be predicted
depends to a large extent on the pattern of stratification of
the individual deposits and on their degree of continuity.
Both of them are determined by the geological history of the
site. Therefore earthwork engineering has inevitably a regional character. Different geological provinces call for different methods of subsoil exploration and different observational procedures during construction.
Italy is composed of widely different geological provinces such us the southern portion of the Alps dissected by valleys which were temporarily occupied by glaciers, the alluvial plain of the Po and the Appennin. The geology of these
provinces is known, at least in a general way, but quantitative information concerning the physical properties of the
sediments which are likely to be encountered in these provinces is still very scanty.
Furthermore, judgement in earthwork engineering depends to a large extent on the knowledge of what has been
experienced before, under similar geological and hydraulic conditions. On account of these facts every case record
published in the journal will be a document of permanent value provided it satisfied two conditions. First of
all both the geological and physical characteristics of the
site should be clearly brought out and second the description of the site should be supplemented by the results of
the field observations which were made during and after
construction.
On account of the indispensable emphasis on geological
factors it was most appropriate to give to the journal the name « Geotecnica ». This name represents both a program
and a challenge. Exclusive emphasis on either geology or
soil mechanics would be a step in the wrong direction. Soil
mechanics does not serve its practical purpose unless it is
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used as a means for ascertaining the engineering implications of geological facts.
It is author’s opinion that Terzaghi’s way of
thinking is once again on valid, and current researchers should develop approaches and strategies
that make his suggestion applicable to real case
studies. From this point of view, the synergy between geology and geotechnics should be considered
as the starting point of a new geotechnics aimed
at developing investigations and analyses over large areas that necessarily call for contributions from
many researchers to overcome the present difficulties. The author quotes, as the most important reference point, the availability of a general framework
in which, according to a well-defined path, the intuition of geology and the consistency of geotechnics are thoroughly related each other. Two typical
examples that highlight the possibility to reach this
goal are quoted in chapter 3, referring to landslides respectively affecting significant areas in Apulia
[COTECCHIA et al., 2014] and Calabria regions [CASCINI et al., 2015a].

5. Subsidence case histories
Subsidence is widespread throughout the world
(Tab. V) and its occurrence is related to several
causes, fluids and water exploitation being the most
common and generating significant ground settlement over large areas. Unlike landslides, and despite the associated consequences, prediction and
prevention of this phenomenon for regional and
urban planning is often not included within the
legal frameworks of many countries, nor it is systematically discussed in-depth in the scientific lit-

Fig. 5.1 – Campanian Plain (Campania region, southern Italy).
Fig. 5.1 – Piana Campana (Regione Campania, Italia meridionale).
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erature. Conversely, focusing on several fundamental aspects, technical studies and research highlight
the possibility to successfully study, understand, and
monitor subsidence, such as the cases of the U.S.
[LEAKE, 2004], Shanghai [WANG et al., 2014], and
the Emilia Romagna region in Italy [BENEDETTI et
al., 2000].
In order to provide further insight on the issue
in the context of current and future subsidence management, a case study is hereafter discussed that
moves from detailed to small scale and vice versa.
In the second case, the preliminary analysis over large areas at small scale and the further deepening of
knowledge at more detailed scales was made possible
by a recent technological evolution and innovation
[MANDOLINI and MANASSERO, 2011].

5.1. A subsidence case study analyzed from large to small
scale
The study described in this section started many
years ago when the author was asked to identify the
causal link between the exploitation of groundwater
resources in the town of Sarno (Fig. 5.1) and damages recorded to Sarno’s buildings.
In the absence of both a personal expertise
and a significant dataset, an in-situ investigation
was planned in the area of interest. The investigation consisted of: 8 boreholes equipped with piezometers (6 of Casagrande type and 3 open-pipe)
and one strain gauge; the collection of undisturbed
samples to assess in the laboratory the physical-mechanical properties of the soils; the measurement
of settlements at 18 benchmarks via high-precision
topographic levelings; the damage survey to buil-
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Tab. V – Examples of applications of DInSAR technique to subsidence analyses at different scales (from PEDUTO et al., 2015).
Tab. V – Esempi di applicazione della tecnica DInSAR all’analisi della subsidenza per diverse scale di riferimento (da PEDUTO et al.,
2015).
Case study

Causes

Scale

Sensor

Algorithm

Author

Piedmont region,
Italy

External loads and water withdrawals; rock
Small
dissolution and consolidation of soft soils

ERS-1/2

PSInSAR

MEISINA et al. (2008)

Campania region,
Italy

Tectonic, hydrothermal, gravity, hydrogeo- Small
logical and anthropic
processes

ERS-1/2

PSInSAR

VILARDO et al. (2009)

Catalonia,
Spain

Salt mine

Medium

ERS

(DInSAR)

CROSETTO et al. (2003)

Toluca Valley basin,
Water withdrawals
Mexico

Medium

ERS-1, ENVISAT
ASAR, RADARSAT-1

(D-InSAR)

CALDERHEAD et al. (2011)

Campanian plain,
Italy

Medium

ERS-1/2

ESD

CASCINI et al. (2007a)

Large

ERS-1, ENVISAT
ASAR

SPN and CPT

HERRERA et al. (2009)

TerraSAR-X

CPT

HERRERA et al. (2010)

Water withdrawals

Murcia metropolitan area, Spain

Water withdrawals

Bologna,
Italy

Water withdrawals and
Large
active tectonics

ERS

SBAS

STRAMONDO et al. (2007)

Sarno,
Italy

Water withdrawals

ERS-1/2

ESD

CASCINI et al. (2007b;
2011c)

Mexico City,
Mexico

Water withdrawals

Large

Large

ENVISAT

JPL/CalTech Repeat Orbit InterferoLOPEZ-QUIROZ et al.
metry
(2009)
Package
(ROI_PAC)
PSI

OSMANOGLU et al. (2011)

Mokpo City,
Korea

Soil compaction

Large

JERS-1, ENVISAT

InSAR/
PSInSAR

KIM et al. (2008)

Calcutta City,
India

Water withdrawals

Large

ERS

D-InSAR

CHATTERJEE ET al. (2006)

Orihuela City,
Spain

Water withdrawals

Large

ERS,
ENVISAT

CPT

TOMÁS et al. (2010)
SANABRIA et al.(2014)

Súria,
Spain

Underground mining
Large
activities

ERS,
ENVISAT

DInSAR

YERRO et al. (2014)

Rovigo,
Italy

Underground construction

Detailed

ERS

PSInSAR

JURINA and FERRETTI
(2004)

Sarno,
Italy

Water withdrawals

Detailed

ERS-1/2

SBAS

CASCINI et al. (2007b;
2011b)

Rome,
Italy

Consolidation process

Detailed

ERS-1/2, ENVISAT SBAS

$උൺඇංඈet al. (2014)

dings and monitoring via fessurimeters installed in
correspondence of the most significant cracks; detection and monitoring of the numerous springs located in the town piedmont area; the acquisition of
the available data on rainfall and other parameters

considered relevant for understanding the phenomena at hand.
While referring to CASCINI and DI MAIO [1994]
for a detailed description of the experimental programme, piezometric levels and measured settle-
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ments revealed: a settlement increase when piezometric levels decrease; a persistence of this increase, albeit with a lesser gradient, at constant piezometric levels; a marked spatial variability of the settlement magnitude all over the study area.
In the presence of a fairly homogeneous subsoil, the in situ data addressed the association of the
measured settlements with the presence of randomly distributed peat layers. The subsidence-induced
settlements, estimated with the aid of classical geotechnical methods and the available input data,
quantitatively confirmed the topographic measurements and highlighted the close link in the observation period between cause (lowering of the water
table) and effect (settlement).
Following this evidence, the correlation between the lowering of the water table and water
withdrawals, if any, and between the ground surface
settlements and damages recorded to buildings were successively investigated. However, an answer to
the second question soon appeared prohibitive for
at least two reasons. The limited topographic survey did not allow the estimation of the differential
settlements and the analysis of buildings damages.
The complex pattern of the damages [NIGRO, 1992]
could be associated with the 1980 earthquake, as in
the case of the Church in figure 5.2, or to the subsidence-induced settlements, as for the Town hall in
the same Figure.
Focusing on the first question, the trend of the
spring flow in the area was compared with the piezometric levels. The results unequivocally showed
that water withdrawal was one of the main causes
of settlements. Based on this evidence, a statistical relationship was identified between rainfall in
the area and the springs flow rate. This allowed the
implementation of a model [CASCINI and CASCINI,
1994] able to relate the volumes of water exploita-

Fig. 5.2 – A view of the Church and the Town hall building.
Fig. 5.2 – Vista della Chiesa e dell’edificio municipale.
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tion during one year with the cumulated rainfall recorded in the previous half year without inducing a
lowering of the water table and, therefore, without
causing subsidence in the town.
Once this additional information was added to the knowledge framework the discovery of a
piezometer installed in the area more than twenty years before (Fig. 5.3) opened another line of
investigation due to the drastic reductions in the
piezometric levels during this period that were not
related to water exploitation in Sarno [CASCINI and
DI MAIO, 1994].
Further investigation took place across the
Campanian Plain (Fig. 5.1) that, within its succession of volcanic soils, is rich in water resources and
recharged by the surrounding carbonate and volcanic massifs. Thus, it was possible to observe the
drastic change in the groundwater flow during the
70s and 80s (Fig. 5.4) coinciding with the period
when significant caption works were carried out,
mainly in the area of Lufrano, to cope with water
needs of Naples. Indeed, the subsidence in Sarno
began before the start-up of the caption works located inside the municipal area, even though at
a much lower intensity than that recorded in the
90s.
Based on this consideration, the author concludes that studies of the groundwater exploitation, to be meaningful, must embrace a long period of time and involve an extended territory because the effects can be recorded years later and at
a long distance from the exploitation source area
[CASCINI, 1996]. To this aim, studies such as those
carried out by the River Basin District of Southern
Apennines (http://www.ildistrettoidrograficodellappenninomeridionale.it/) that recently dealt
with similar analyses at basin scale may turn out to
be particularly useful in representing the essential
starting point for developing studies at more detailed scales.

Fig. 5.3 – Piezometric levels vs. time recorded at two openpipe piezometers (modified from CASCINI and Di MAIO,
1994).
Fig. 5.3 – Livelli piezometrici misurati nel tempo in due
piezometri a tubo aperto (modificato da CASCINI e DI MAIO, 1994).
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work has allowed the generation of a subsidence map
(Fig. 5.5b) that, however, is incomplete and inhomogeneous due to the different spatial and temporal
coverage in the dataset of in situ measurements.
A chance to overcome these limits and the high
cost of the traditional techniques, when applied to either a large area or a single building, is now provided
by a technological evolution, as stated by MANDOLINI
and MANASSERO [2011], that combines remote sensing
data with geotechnical engineering models (Fig. 5.6).
With reference to remote sensing technology, figure 5.7 provides a picture of the historical evolution
of SAR sensors since ERS-1 became operative in 1992.
Sensor working frequencies are generally allocated
in the L, C, and X bands, respectively corresponding
to wavelengths of about 18 cm, 5.6 cm, and 3.1 cm
[PEDUTO et al., 2015]. Sensors resolution ranges from
high (i.e. for sensors operating in the C-band such as
ERS1-2, RADARSAT, ENVISAT) to very high (for sensors operating in the X band such as CosmoSkymed,
TerraSar-X) according to BREFORT [2011], with datasets covering more than 20 years from 1992 to the
present (Fig. 5.7). Multipass DInSAR techniques can
be grouped in Persistent Scatterers Interferometry

Fig. 5.4 – Groundwater regimen variation in the Campanian Plain over the period 1978-1989 [CELICO and DE PAOLA,
1992].
Fig. 5.4 – Variazione del regime idrico sotterraneo nella Piana
Campana dal 1978 al 1989 [CELICO e DE PAOLA, 1992].

5.2. The role of technology in input data capture
Lack of displacements data in the previous case
study did not allow researchers, at regional scale, to
individuate: a quantitative relationship between water withdrawals in the Campanian plain and settlements recorded in Sarno; the identification of subsidence phenomena, if any, in other areas of the
Plain. Moreover, at local scale, it was not possible to
relate the water withdrawals in Sarno with the damages to buildings.
Attempts to overcome these limitations with the
aid of conventional measurements are not common
in the literature. An interesting example is provided in the Emilia Romagna region (Northern Italy)
where, starting from the seventies, an increasingly
dense network of measurement points was installed
(Fig. 5.5a). The network currently consists of 3,000
topographic leveling benchmarks corresponding to
3,000 km of alignments over an area of 8,609 km2
[BENEDETTI et al., 2000], and 60 GPS benchmarks located in 12 stable areas [BITELLI et al., 2000]. The net-

Fig. 5.5 – a) Subsidence leveling network of the Emilia Romagna region; b) map of settlement rates of the ground
surface (period 1970/93-1999 - http://www.arpa.emr.it).
Fig. 5.5 – a) Rete di livellazione per la misura dei cedimenti da
subsidenza nella regione Emilia Romagna; b) carta della velocità
dei cedimenti della superficie topografica (periodo 1970/93-1999
- http://www.arpa.emr.it).

RIVISTA ITALIANA DI GEOTECNICA

43

GEOTECHNICS FOR URBAN PLANNING AND LAND USE MANAGEMENT

Fig. 5.6 – Technological innovation as a transversal process
connecting at least two technological domains (according
to MANDOLINI and MANASSERO, 2011).
Fig. 5.6 – Innovazione tecnologica come processo trasversale
che connette almeno due domini tecnologici (in accordo con
MANDOLINI e MANASSERO, 2011).

(PSI), including the pioneering Permanent Scatterers (PS) [FERRETTI et al., 2001] and similar, and Small
BASeline (SBAS) [BERARDINO et al., 2002; FORNARO et
al., 2009] approaches. All of them allow for the measurement of the displacements (sub-centimetre to millimetre precision) and the average velocity of points

belonging to the topographic surface (targets), respectively coinciding with natural (exposed rocks) or
anthropogenic elements (e.g. buildings, roads, pipelines, railway lines, antennas, metal structures, etc.).
In Italy the efforts devoted to this new technology are focused on both the measurements interpretation and the systematic funding of projects at national (Extraordinary Plan of Remote Sensing - PST
- sponsored by the Ministry of Environment) and
regional (ARPA Piemonte, ARPA Emilia-Romagna,
Lombardia Region, Liguria Region, Campania Region, etc.) levels.
The contribution of geotechnics is well known
[VIGGIANI, 1999; LANCELLOTTA, 2004; etc.] as it concerns the analysis of both settlements and the related
damages to structures. Conversely, the literature does
not systematically suggest ways to overlap geotechnical knowledge with remote sensing data in order to
obtain technological innovation. One of the few proposals is provided in figure 5.8, defining the expertise of each discipline and the aspects to be jointly
explored.
In particular, the competent in subsidence phenomena is considered in charge of defining: the

Fig. 5.7 – The available SAR sensors, the archives and the achievable resolutions (modified from PEDUTO et al., 2015).
Fig. 5.7 – I sensori SAR disponibili, gli archivi e le risoluzioni conseguibili (modificato da PEDUTO et al., 2015).
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Fig. 5.8 – A general framework for the analysis of DInSAR data (modified from CASCINI et al., 2012).
Fig. 5.8 – Inquadramento delle analisi dei dati DInSAR (modificato da CASCINI et al., 2012).

extent of the area to be investigated; the vegetation coverage and the presence of structures/infrastructures; changes in the topographic surface
occurred during the observation period; the purpose, the scale, the operative grid, and time span of
the analysis; the use of DInSAR data; etc. An expert
in image processing should identify, in turn, the
dataset of images to be selected on the basis of the
sensor characteristics (bandwidth, orbital data, acquisition geometry, resolution, dataset available on
the study area, revisiting time), and the size of the
scene to analyze. The selection of the algorithm
for SAR images processing should be carried out
by both experts to better assess the measured velocity, time series, coherence, and reference points.
Finally, each expert should respectively deal with
image processing and subsidence phenomenon interpretation.
Referring to the framework in figure 5.8, PEDUTO et al. [2015] recently identified specific procedures for each scale of analysis that must necessarily be characterized by a different level of detail
and purpose. For regional and urban planning,
the authors suggest the use of a cascade approach
aimed at: identifying at small scale (<1:100,000)
the areas affected by subsidence; ranking at medium scale (1:100,000 to 1:25,000) the municipal-

ities in which more detailed analyses must be carried out; deepening of knowledge at large scale
(1:25,000 to 1:5,000) in those areas of municipalities where damage occurred or is likely to occur;
developing at detailed scale (> 1:5,000) advanced
analyses of single buildings to quantitatively relate
cause and effect and to assess the damage to buildings and infrastructures.
The potential of both the proposed procedure
and the technological evolution introduced in this section are hereafter discussed starting from the unsolved
question previously raised for the Campanian Plain.

5.3. From small to detailed scale with the help of technology
The first unsolved question, i.e. the existence or
not of other subsiding areas in the Campanian Plain
as a consequence of the change in the groundwater regime, finds an immediate response referring
at small scale (1:100,000) to the satellite data available since 1992. To this aim, figure 5.9 shows the results obtained by PEDUTO et al. [2015], once fixed a
movement threshold of 1.5 mm/year and referring
to the so-called ‘Subsiding Municipality Index’ (Ism)
defined as:
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Fig. 5.9 – Map of subsiding municipalities at small scale in the Campania region (Southern Italy).
Fig. 5.9 – Carta dei Comuni subsidenti a piccola scala nella regione Campania (Italia Meridionale).

I sm =
n

∑

((
((

Mi=1

Um
Uc
Utot

Mi

Um
Uc
Utot

Mi

(5.1)

where: Um is the extension of the urbanized area
with evidence of movement, Uc is the extension of
the covered urbanized area, Utot is the extension of
the urbanized area, Mi refers to the ith Municipality
within the considered test area.
Referring to the municipal territories characterised by the highest Ism index values, the scientific
literature relates settlements and subsidence triggering causes. Particularly, COCCO et al. [1993] described the erosional processes affecting the coastline in the Castel Volturno municipality, while CORNIELLO et al. [2010] focus on the huge groundwater
withdrawal in the area. Both phenomena contribute to cause a widespread subsidence that is likely related to the sea ingression into the land (saltwedge) [CASCINI et al., 2007a]. LANARI et al. [2004]
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dealt with bradyseism and related effects in Pozzuoli (Naples Province) and the Phlegraean Fields
area. BORGIA et al. [2005] connected the ground deformations in the ring-like zone bordering the Vesuvius volcano and the activity of the Somma-Vesuvius volcanic complex. LANARI et al. [2004] and
CASCINI et al. [2007a; 2013d] associated settlements
affecting a district of Naples city to the construction work on a new underground line. Finally, settlements in the Campanian plain are related to the
intensive groundwater withdrawals quoted in the
previous section.
Enlarging the view over the Campanian Plain,
figure 5.10 compares the displacement maps respectively deriving for Sarno from the topographic
leveling measurements and the DInSAR data developed at low resolution via the SBAS algorithm [CASCINI et al., 2006a]. The comparison unequivocally
highlights the highest accuracy of the DInSAR map,
developed over a grid of 10×10 m and allowing for
the individuation and zoning of the territory undergoing comparable rates of subsidence-induced settlements and, presumably, similar damages to buildings. This is the case of a zone located in proximity
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Fig. 5.10 – Displacement maps deriving from a) the topographic levelling measurements performed at the 18 installed
benchmarks in the period July 1992 - October 1993 and b) the DInSAR data in the period June 1992 - November 1993 (modified from CASCINI et al., 2006a).
Fig. 5.10 – Carte degli spostamenti derivanti da a) livellazione topografica di 18 capisaldi nel periodo luglio 1992 - ottobre 1993 e b) dati
DInSAR nel periodo giugno 1992 - novembre 1993 (modificato da CASCINI et al., 2006a).

Fig. 5.11 – Deformation gradient map of the investigated area and spatial distribution of damaged buildings (modified from
CASCINI et al., 2006a).
Fig. 5.11 – Carta dei gradienti di deformazione dell’area e distribuzione spaziale degli edifici danneggiati (modificato da CASCINI et al., 2006a).

Fig. 5.12 – a) Longitudinal and transverse profiles on the Church (left) and Town hall building (right); b) settlements computed along the longitudinal profile farthest from the principal façade of the building (observation period starting from June 8, 1992, and over three significant time intervals); c) settlements computed along the transverse profile on the Town hall
building (modified from CASCINI et al., 2007b).
Fig. 5.12 – a) Sezioni longitudinali e trasversali relative alla Chiesa (sinistra) e al Municipio (destra); b) andamento dei cedimenti cumulati,
a partire dall’8 giugno 1992 e per tre intervalli temporali significativi, di punti disposti lungo il profilo longitudinale, più distante dalla
facciata principale dell’edificio; c) cedimenti calcolati lungo il profilo trasversale del Municipio (modificato da CASCINI et al., 2007b).
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Fig. 5.13 – Processed relative rotation from longitudinal profile parallel to building façade (data from June
8, 1992 to October 7, 2004) (from CASCINI et al., 2007b).
Fig. 5.13 – Rotazioni relative calcolate per due profili
longitudinali paralleli alla facciata dell’edificio (i dati sono
relativi ai cedimenti calcolati dall’ 8 giugno 1992 al 7 ottobre
2004) (da CASCINI et al., 2007b).

of the Cerola spring where, due to the presence of
a 6 m thick peat layer in the subsoil [CASCINI and DI
MAIO, 1994], the highest settlements (about 16 cm)
and the highest damages were recorded at the end
of a 12 year observation period.
To further deepen the knowledge in the area
affected by the highest settlements, CASCINI et al.
[2006a] drew the map of the settlement gradients
via DInSAR data. As expected, the most damaged
buildings prove to be located where the gradients
assume the highest values (Fig. 5.11), i.e. in correspondence of a narrow strip parallel to massif bordering the urbanized area [CASCINI and DI MAIO,
1994]. For these buildings CASCINI et al. [2007b]
developed an analysis relating ground deformation to damages observed in both masonry and
reinforced concrete buildings. For instance, the

building labeled with No. 1 in figure 5.11 suffered
a rigid rotation that did not induce cracks, whereas the second structure (building 2 in Fig. 5.11)
experienced a vertical crack in correspondence to
a weak section.
Once the spatial distribution of the damages
has been mapped, the crack distribution over a single building can be further examined at detailed
scale via full-resolution DInSAR data [LANARI et al.,
2004], as in the case of building in figure 5.12a for
which topographic data did not allow any kind of
analysis. Conversely, DInSAR data and SKEMPTON
and MCDONALD’S [1956] method quantitatively confirm the hypothesis formulated by NIGRO [1992],
who ascribed the damage suffered by the church to
the earthquake and damage recorded at the town
hall to the subsidence-induced differential settlements [CASCINI et al., 2007b]. This is well explained
by the diagram in figure 5.12b, highlighting equal
settlements in correspondence of the church and
significant differential settlements in correspondence of the town hall; as for the transverse profile,
the town hall undergoes a rotation southward (Fig.
5.12 c). Moreover, in spite of further subsidence-induced settlements since 1992, the recorded trend
of the differential settlements estimated via satellite measurements fully explains, via the relative rotation parameter [BURLAND and WROTH, 1974], the
unchanged width of the monitored cracks during
the following 12 year time period (Fig. 5.13).
A further example showing the potential of
DInSAR data exploitation, aimed at analyzing geotechnical problems at detailed scale, concerns the
buildings in figure 5.14 built in the period between
2002-2005 in Baronissi (Salerno Province) and

Fig. 5.14 – Analysis at large scale over Baronissi municipality from 1992 to 2007 using ERS and RADARSAT SAR sensors.
Fig. 5.14 – Analisi a grande scala in un’area del Comune di Baronissi dal 1992 al 2007 mediante i sensori SAR ERS e RADARSAT.
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Fig. 5.15 – Analysis at detailed scale for a building in Baronissi municipality: a) cumulative settlements; b) mean cumulative
settlements computed along the sketched profile at different dates starting from 2003; c) cracks to external stairs; d) cracks
to outside pavement; e) cracks to infill walls (from PEDUTO et al., 2015).
Fig. 5.15 – Analisi a scala di dettaglio di un edificio del Comune di Baronissi: a) cedimenti cumulati; b) cedimenti medi cumulati
calcolati a partire dal 2003; c) fessure alle scale esterne; d) fessure nella pavimentazione esterna; (e) fessure nelle tamponature (da PEDUTO
et al., 2015).

interacting, trough shallow foundations (grade
beams or grade slabs), with an alternation of alluvial deposits and pyroclastic soils [SANTORO, 2001].
Since 2011, the residents have noted damage to
these buildings that has increased in severity over time. In 2013, using classical geotechnical methods,
researchers estimated a maximum expected settlement induced by the building loads of about 3 cm,
together with the related differential settlements
and angular distortions that were not severe enough to explain the observed crack pattern. This disparity led to broadening of the analysis by referring to satellite measurements, available through
the PST project, to generate the cumulative settlements maps in figure 5.15 via the use of DInSAR time series and appropriate algorithms [MANZO et al.,
2006].
This process revealed the occurrence of a subsidence phenomenon that has occurred since the
completion of the buildings and progressively
extended over an increasingly relevant area, inducing additional settlements almost equal to the settlements caused by the building loads. Taken together, the subsidence phenomenon and the building load settlements quantitatively justify the
crack pattern recorded by the in situ survey [CASCINI et al., 2006a].

5.4. Discussion
The case studies in this chapter highlight that
moving from small to large scale is currently the best
approach to analyze subsidence, often induced by
human triggering factors and, as a result, to be investigated case-by-case. This investigation is nowadays
facilitated by a technological innovation easy to apply to the urbanized areas and supported by a dataset since 1992. The availability of displacement measurements over a long period of time allows the detection of how these phenomena start and how they
evolve in space and time without requiring any preliminary intuitions as in the case of the landslide
analysis.
Indeed, keeping up with technology is essential
for scientist and technicians, who can benefit from
both the relevant progress in the field and other significant datasets. This is the case for Italy where,
within the Remote Sensing Extraordinary Plan supported by the Ministry of the Environment, remote
sensing data are systematically collected via airborne laser scanners providing: a point density on the
ground greater than 1.5 points per square meter; and
a digital terrain having an accuracy of ± 15 cm in elevation and planimetric accuracy of ± 30 cm. (http://
www.pcn.minambiente.it/GN/leggi/EcoCity_Expo_
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Fig. 5.16 – Examples of 3D tomography to: a) the Mirage hotel in Las Vegas [REALE et al., 2011] and b) a high speed railway
track in Naples [CASCINI et al., 2013d].
Fig. 5.16 – Esempi di tomografia 3D riferiti a: a) hotel Mirage a Las Vegas [REALE et al., 2011] e b) tracciato ferroviario per l’alta
velocità presso Napoli [CASCINI et al., 2013d].

Pisa_2.pdf). Conducting this activity for several years
will cover the entire Italian coastline with a buffer of
800 m inland, all the river courses of I, II, and III order with a buffer of 350 m on both sides, and about
11,000 km2 of critical areas identified on the basis of
information supplied by the River Basin Authorities
(http://ambiente.regione.emilia-romagna.it/geologia/temi/costa/il-rilievo-lidar). The work thus far,
according to the Ministry of the Environment, has totally covered 49% of the national territory.
Such a rich database can be systematically updated with the aid of drones (Unmanned Aerial Vehicle) that have several advantages: they are low
weight; fly without pilot at heights ranging from 100
m to more than 30,000 m, with an autonomy variable from 1 to 48 hours; can be equipped with different types of sensors (http: //3dom.fbk.eu/files/
uav/slides/CNR_IRPI.pdf); are inexpensive compared with conventional aircrafts for monitoring of
landslides (DEM, displacement measurements, etc.)
or recovering sites difficult to reach. Further support will be systematically provided in the near future by the latest generation of sensors (TerraSAR-X
and COSMO-SkyMed), which should allow for the
achievement of impressive results, such as those in
figure 5.16, respectively referring to the Mirage hotel in Las Vegas [REALE et al., 2011], and an high
speed railway track in Naples [CASCINI et al., 2013d].
Similar progress over large areas is or will be easily complemented at the scale of the single structure
by many other innovative techniques. These include
the optical fiber sensors that in recent years have successfully proven useful in the field of structural control for monitoring critical parameters (e.g. deformations, temperatures, etc.), facilitating safe and effective planning of the maintenance work.
It is author’s opinion that in few years this accurate, reliable, economic, and widely usable monitoring
systems will change the understanding and modeling
of several phenomena affecting the territory, such as
subsidence and landslides. Moreover, the author belie-
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ves that the availability of satellite data since 1992 will
likely change the design and control of new structures
and infrastructures, sometimes based on a few number
of experimental observations as in the case of angular
distortions responsible for damages to buildings.
Indeed, the massive diffusion of these data, together with their increasing use, makes urgent the need
to establish appropriate and shared procedures for
consistent analysis and interpretation to prevent an
incorrect and uninformed use that could limit their
enormous potential in many practical applications.

6. Applicability of the proposed approach
The previous chapters focus on geotechnics aimed
at solving problems that affect large areas and address
urban planning and land use management issues, i.e.
the first two open questions promoted by Croce during
the round table at the XII Italian Geotechnical Congress (1975). The technical/scientific initiatives, legal
instruments and administrative schemes that encourage or demand the involvement of our community
in applying geotechnics in urban planning (the third
open question at this round table, see Section 1) are
hereafter addressed. Considering the relevant role played by economy in solving technical problems, some
final comments are devoted in this chapter to the urgent need for a sustainable territory management able
to supersede the current practice in several countries.

6.1. Recent initiatives for an advanced urban management
The European Union (EU) and several nonEU countries encourage a sustainable environment
and urban management by supporting research
projects and providing directives, communications,
and orientations. The Water Framework Directive
(2000/60/EC) and the Flood Framework Directive
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Fig. 6.1 – Flood hazard and risk zoning in the Southern Apennine River Basin District (courtesy of the Southern Apennine
River Basin District).
Fig. 6.1 – Zonazione della pericolosità e del rischio di alluvione nel Distretto Idrografico dell’Appennino Meridionale (fornito dal Distretto
Idrografico dell’Appennino Meridionale).

(2007/60/EC) are examples of EU initiatives focusing on the interactions of water (in terms of quality, quantity, and hazard) with the infrastructure,
cultural, and environmental systems. For this aim,
the Flood Directive establishes, a framework for the
assessment and management of flood risks, aiming at the
reduction of the adverse consequences for human health,
the environment, cultural heritage and economic activity
associated with floods in the Community. The European
Member States are fulfilling this goal by developing
the river basin management plans as in the case of
the Southern Apennine River Basin District (extending for about 31,000 km2), that zoned an area of
about 1,500 km2 at flood hazard or risk, referring
to strategic structures, cultural heritage, economic
activities, sites of national and regional interest, etc.
(Fig. 6.1).
Referring to the previous examples and given
the available technical knowledge, it could be argued that countries belonging to the European
Union could be asked, in a short period of time,
to produce a similar effort for landslides and subsidence risk zoning. For landslides, this perception
is strengthened by several European and Italian initiatives carried out in recent years, such as the SafeLand project, several calls of the Horizon 2020
Work Programme and two National Projects of Re-

levant Interest (i.e., PRIN 2007 and PRIN 20102011) sponsored by the Italian Ministry for Education.
The SafeLand project, “Living with landslide
risk in Europe: Assessment, effects of global change, and risk management strategies,” was funded by
the European Commission within the Seventh Framework Programme for research and technological
development (FP7) and belongs to the Cooperation
Theme 6 Environment (including climate change),
Sub-Activity 6.1.3 Natural Hazards. The project, developed by 27 research centers belonging to 12 EU
European Countries, provided several deliverables
among which: guidelines for landslide susceptibility, hazard and risk assessment and zoning at different scales; guidelines for the use of remote sensing
techniques, monitoring, and early warning systems.
The call of the Horizon 2020 Work Programme named “Science and innovation for adaptation to climate change: from assessing costs, risks and opportunities to demonstration of options and practices”
states that the proposed research and innovation activities should be properly coordinated and clustered in order
to assess, on a standard basis (including transferable,
widely applicable tools and methods), potential climate
change impacts, vulnerabilities, costs, benefits, risks, and
opportunities.
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Fig. 6.2 – a) Constraints of the landslide risk management
from a) LEROI et al. [2005], and b) SACCO and CASCINI [2013].
Fig. 6.2 – a) Vincoli nella gestione del rischio da frana da a)
LEROI et al. [2005], e b) SACCO e CASCINI [2013].

In Italy, the PRIN 2007 project provided procedures and methods to improve and connect landslides risk zoning at different scales (from 1:2,000 to
1:100,000 scale) thus facilitating and relating the
landslide risk management in charge of central, regional, and local authorities. The PRIN 2010-2011
project, which is still in progress, is developed by 9
research units that are located throughout the Italian territory and focuses on several topics among
which an innovative landslides risk mitigation, based on sustainable measures and control works,
and a new landslides risk management able to involve central and local authorities in a rational framework.
Given that the previous examples highlight the
presence of several preconditions to tackle the territorial problems with the aid of geotechnics, CASCINI [2014] stresses that this goal can be met only if
other issues are properly addressed (Fig. 6.2a), as it
is shortly discussed in the next section.

6.2. Regulatory framework and applicability of the proposed approach
The applicability of the proposed approach in
a country depends on the current regulatory framework and the juridical tradition. This issue is de-

OTTOBRE - DICEMBRE 2015

alt with by CASCINI [2014] referring to the landslides
hazard and risk zoning in force in Italy since 2001
(L. 226/99 ), usually developed at 1:25,000 scale
and based on four different classes of risk (R1-R4),
that dictate different constraints for urban planning. Particularly, in areas classified R4 (very high
risk) and R3 (high risk), where loss of human life and damage to buildings and infrastructures are
expected, new public structures and infrastructures can be constructed only when they cannot be
located in a different zone. Private constructions
are only allowed inside areas classified R2 (medium
risk) and R1 (moderate risk), where limited or marginal damage to buildings, infrastructure, and the
environment may occur, provided that in situ investigation and geological-geotechnical analyses demonstrate that they do not worsen the current slope stability conditions. Zoning and constraints all
over the Italian territory are provided by the “Geoportale Nazionale (GN)”, that is updated considering projects and activities developed at national
and international level (http://www.pcn.minambiente.it/GN/).
This regulation was favourably accepted by
town planners [SEASSARO, 2000; ORLANDIN, 2000;
MENONI, 2000; LOMBARDINI, 2003, ZAZZI, 2004 and
2012], but an analogous positive reception of the
urban planning constraints wasn’t well received
among many stakeholders observing the difference between the scale of urban planning (> 1:5,000)
and that of the constraints (1:25,000 and only in
few cases 1:5,000). This is inconsistency that can
be rectified only by the quantitative risk assessment
(QRA) to be developed by implementing on a large scale the geotechnical models introduced and
discussed in the previous chapters. To this aim, and
by adopting a multi-scale approach, the available
thematic maps could represent the reference informative document at the regional scale and, at
the same time, be considered a guideline for QRA
at the local scale.
Several conditions encourage this procedure
that can be made easier in Italy if the geotechnical
community moves forward and the law is updated to
frame the QRA inside the national (Norme Tecniche
per le Costruzioni - NTC established on 14th January
2008) and international technical standards (Eurocodes 7 and 8).
In regard to the first question, it is important to
stress that the first (risk analysis) and the last (mitigation at large/detailed scale) steps of the risk management process can be properly developed only with
the aid of geotechnical analyses, calibrated and validated following the procedures discussed in chapters 4-5. Indeed, introducing the likelihood of the
triggering factors (for instance rainfall, earthquake,
etc.), the geotechnical model can allow a proper estimation of both the risk and the efficiency and per-
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formance of the control works that must be necessarily compared with the efficiency and performance
expectations set during the design stage.
As for the second question, FERLISI et al. [2014]
observed that Italian technical standards do not
provide any recommendations to estimate the probability of occurrence of the landslide triggering
factors, even though some sections of the recommendations call for an appropriate knowledge of
these factors in relation to the design of mitigation
measures. Thus, the designer cannot quantify both
the risk mitigation provided by the control works
and the residual risk that is made complex because uncertainties are generally considered in an implicit and lumped manner [HO, 2004]. As a consequence, control works are sometimes designed by
using criteria that are too safe and do not respect
the cost-benefit principles. Indeed, Italian technical standards should be urgently and appropriately
updated by introducing the QRA, as well as acceptability/tolerability criteria, to allow [FERLISI et al.,
2014] i) the design of control works based upon a
well established return period of the triggering factors and ii) a cost-benefit evaluation taking account
of their nominal life.

6.3. Practice and economic sustainability of risk mitigation
According to figure 6.2b, economic factors
play a relevant role whatever the overall goal, and
this calls for a close examination of current practice in urban planning and land use management
as discussed in CASCINI [2014]. Referring to Italy,
the author stresses that in the past relevant economic support was usually provided only after a disaster occurrence, which allowed the implementation
of residual risk mitigation and eventual economic
recovery in the towns affected by the catastrophic
phenomena. This practice cannot be carried out in
the future due to the ongoing economic crisis and
the risk zoning in force all over the Italian territory.
The effect of the economic crisis was evident just after the earthquake that affected the Emilia-Romagna region in 2012, when the central government
was not able to provide the usual economic support
to the threatened territories. As it concerns the second issue, nowadays economic efforts cannot be
devoted to mitigate the residual risk in a threatened
town, for instance classified R3-R4 (high or very high risk), when neighbouring towns are zoned at a similar landslide risk.
An alternative is ranking all the area classified R3-R4 inside an homogeneous geological context, in order to individuate the towns where the
risk must first be mitigated. This is, for instance,
the case discussed in section 4.2.1 for which a consistent database on the events that have occurred

since 1640 [OPERATIVE UNIT 2.38, 1998; CASCINI et
al., 2002; CASCINI and FERLISI, 2003; CASCINI et al.,
2008d] allows experts to distinguish a different societal risk with the aid of F-N- curves for the 212
towns in the Campania region, actually zoned R4.
In reference to sustainable mitigation measures,
CASCINI [2011] identifies an economic budget for
the 212 towns similar to that provided by the central government to tackle the landslide disaster occurred in 1998 (5 towns strongly damaged); moreover, the author uses the F-N curves to demonstrate
that the budget can be planned over a period of time according to the economic resources of the territory management authorities.
Once the ranking of towns where the risk should
first be mitigated is available, accurate in situ and
laboratory investigations at slope scale are necessary. Examples of detailed studies pursuing this aim
are described in FERLISI et al. [2015], who refer to
Nocera Inferiore (SA), and in CUOMO and FORESTA
[2015] dealing with Cervinara (SA). In both cases
in situ investigations were performed over an area
larger than 400 hectares by using several techniques
(geophysical surveys and penetration tests, manmade pits and iron-rod drillings, suction measurements, laboratory tests on undisturbed specimens of
saturated and unsaturated ashy soil, etc.) to obtain
accurate soil cover maps and detailed geotechnical
cross sections.
Planning extensive in situ and laboratory investigations, typically difficult to be developed by the
technicians, can be made easier to conduct by referring to CRESPELLANI ALLEGRETTI who, during the
round table of the XII Italian Geotechnical Congress (1975), observed that the knowledge of soil
properties must be significantly improved to facilitate the geotechnics approach in tackling problems
involving large areas. This goal, she noted, can only
be reached by coordinating the in situ investigation, and collecting reliable database information
at different scales. Moreover, CRESPELLANI ALLEGRETTI
[1975] observed that the technical solutions of designers and planners could be easily evaluated by those in charge of the territory management, especially
with the aid of the new technology.
A significant example of this approach is provided by the Geological Survey of the Netherlands
which, in the last few years, built up the ‘GeoTOP’
model (Fig. 6.3) based on a systematic collection of
borehole data. The model provides a 3D geological
view of subsoil up to 30 m of depth from the ground
surface. In GeoTOP the subsoil is divided into millions of parallelepiped-shape voxels (100 × 100 meters in the horizontal plain and 0,5 meters in the
vertical plain); for each voxel, information on lithostratigraphic units and lithological classes – with associated physical and chemical parameters – is provided.
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Fig. 6.3 – Basic modelling procedure of GeoTOP (modified from STAFLEU et al., 2011).
Fig. 6.3 – Procedura della modellazione operabile con GeoTOP (modificato da STAFLEU et al., 2011).

In Italy, the “Geotechnical database” of the Regional Agency for the Protection of the Environment
(ARPA) of Piedmont (http://www.arpa.piemonte.
it/) should be noted. This database is aimed at collecting, homogenizing and analyzing information
concerning the physical and mechanical parameters
of soils, as well as of intact and fractured rocks, based
on activities conducted for several purposes (e.g., feasibility studies, design of large infrastructures, landuse planning).

7. Concluding remarks
The approach proposed in this paper and the
case studies confirming its applicability to real
problems show that exporting the geotechnical approach over large areas is an opportunity to meet
undeniable need. This is made urgent by i) technical standards implicitly calling for analyses involving increasing areas, ii) the constant pressure on
technicians to decrease the time it takes to design
complex works, and iii) the increasing complexity
of the areas where new works must be located, or
existing structures and infrastructures must be upgraded to face earthquakes, landslides, subsidence
and other hazards. Indeed, the geotechnical community is called upon to develop significant efforts
to successfully meet these challenges and to deal
with new fields, such as urban and land use planning, in addition to the traditional technical and
scientific issues.
A requirement to create a new role for geotechnics is moving past an ancient taboo represented by
scales and methods of analysis. To this aim, several technical documents and scientific papers indicate that heuristic, statistic, and deterministic methods are confidently used to solve landslides problem at small, medium and large/detailed scale. The
author, being one of the advocates of this strategy,
suggests that it will be exported to other relevant
territorial issues by integrating each other the dif-
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ferent scales of analysis. This can be obtained by introducing the TRU/RAV, which represents the glue
among the adopted scales and is the key factor in
obtaining results that have a clear physical meaning at each scale, are achievable by everyone, and
are characterized by well defined quantitative uncertainties. To accomplish this, a deep synergy between geology and geotechnics is absolutely necessary, as has been stressed by Terzaghi since the origin of geotechnics.
Once scales of analysis and methods have been
properly individuated, the strategy to follow is of
paramount relevance. This can be achieved by starting from detailed/large scale, at which classic geotechnical studies are properly developed, then progressively generalizing the acquired knowledge at
medium, small scales. This bottom-up approach
guarantees the consistency of the results, even
though the research could call for relevant technical and economic efforts, as well as long period of
time, to progressively generalize the knowledge. As
a consequence, geotechnics can be prevented from
demonstrating its potential in several problem areas, such as in the case of urban and land use planning. To avoid this threat, geotechnics should start
the analysis at a small scale and progressively deepen the knowledge and enlarge the scale. However,
the top-down approach necessarily needs consistent preliminary intuitions and it does not guarantee the path will reach the TRU/RAV that are the
last step to demonstrate the consistency of the starting point.
Independent from the followed approach, the
author is convinced that a key issue is the availability of consistent frameworks to properly address the
analysis of practical problems. The examples provided in the paper allow experts in the field to imagine
that they can be further developed to tackle many
other relevant problems. However, to be properly
spread out they need i) updating of rules and standards that should be the reference point for each proposed framework and ii) investigation programs dif-
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ferent from those actually carried out in many countries.
Updating of rules and standards is requested by
the landslides zoning which became law in Italy after the dramatic event occurred on 1998, since the
design of risk mitigation measures calls for the return period of the landslides triggering factors. As
an alternative, “too safe” criteria are used to design
the control works that, of course, do not respect the
cost-benefit principles.
With regard to the in situ investigations, CRESPELLANI ALLEGRETTI [1975] suggested the systematic
coordination of the in situ investigations to endorse
the role of geotechnics in dealing with technical
problems over large areas. Recently, the relevance
and modernity of this became evident thanks to national and regional programs (see section 6.3) that
allow the development of general datasets at national, regional, and local levels.
New technology, recently used to develop national programs such as Italy’s 2002 “Piano Straordinario di Telerilevamento Ambientale,” emphasizes
the necessity of this new approach and adds perspective to the implementation of advanced new models capable of analyzing problems over progressively
larger areas and at scales smaller than those usually
adopted to solve classic geotechnical problems. Of
course, reliable and understandable results will be
facilitated by the above mentioned input data, the
deep understanding of mechanisms over large areas, and the uncertainties of the output data quantitatively assessed at each scale of analysis.
In conclusion, several complex issues must be
properly deepened to allow this growth of our discipline, and enhancing our knowledge base should
be encouraged as it will result in a new culture diffusion characterized by accuracy and supported by
mechanic laws, i.e. the typical geotechnics approach.
This will lead to consistent solutions for many territorial issues, especially during emergency management events, when scientists and technicians must
test themselves by tackling unsolved questions for
which authorities want quick answers. Moreover, this
way of thinking will allow new opportunities for the
young generation of scientists and technicians who
can significantly benefit by going beyond the traditional field of interest.
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