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ABSTRACT

In the Mediterranean region landdlides occur every year, causing casualties and large economic damage. Landslide
mapping, hazard assessment and risk evaluation are important goals for scientists, planners, decision makers and land
developers. In this short report | outline the main characteristics and principal limitations of the methods and
techniques currently used to map dope failures, ascertain landslide hazards and estimate the associated risks.
Recommendations are given on the basis of experience gained in studies conducted in central and northern Italy.

1 INTRODUCTION

Many different triggers cause landslides. They include intense or prolonged rainfall, earthquakes and snow melting.
On Earth the volume of mass movements spans 15 orders of magnitude; and landslide velocity extends over 14 orders
of magnitude, from millimetres per year to hundreds of kilometres per hour. Mass movements can occur singularly or in
groups of up to several thousands. Multiple landslides occur simultaneously (e.g., when slopes are shaken by an
earthquake) or over a period of hours or days (e.g., when failures are triggered by intense rainfall or rapid snow
melting). Slope failures can involve flowing, diding, toppling or falling movements, and many landdlides exhibit a
combination of these types of movements (Varnes, 1978). The extraordinary breadth of the spectrum of mass-
movement phenomena makes it difficult to define a single methodology to ascertain landdide hazards and to evaluate
the associated risk.

The main causes and effects of landdides have long been known. Moreover, several different methods and
techniques have been proposed to identify and map slope failures (Rib and Liang, 1978), to evaluate landslide hazards
(Guzzetti et al., 1999; van Westen, 1994) and to ascertain landslide risk (Cruden and Fell, 1997). However, no general
agreement has been reached on how to accomplish these tasks effectively. In this short report | will briefly outline some
of what | consider to be the inadequacies of the existing approaches to landslides mapping, hazard assessment and risk
evaluation. | will offer some recommendations on the basis of experience gained in landslide studies carried out in
Central and Northern Italy.

2 L ANDSLIDE IDENTIFICATION AND MAPPING

Any landdlide hazard or risk assessment must begin with the collection of information on where landslides are
located. This is the goal of landslide mapping. A landslide inventory is the simplest form of landslide map. It records
the location and, where known, the date of occurrence and types of landslides that have left discernable tracesin an area
(Hansen, 1984). Inventory maps can be prepared by different techniques, depending on their scope, the extent of the
study area, the scales of base maps and aerial photographs, and the resources available to carry out the work. Landslide
inventory maps may show al the slope failures triggered by a single event, such as an earthquake, rainstorm or
snowmelt (event inventories), or they may show the cumulative effects of many events over a period of hundreds or
even thousands of years (historical inventories) (Guzzetti et al., 2000). By interpreting multiple sets of aerial
photographs of different ages, multi-temporal inventory maps can be prepared.

As they are prepared by interpreting one or more sets of aerial photographs and correcting the results by field
mapping, landslide inventory maps tend to be subjective. Reliability, completeness and resolution are issues to consider
when preparing and using an inventory map. An incomplete or unreliable inventory may result in erroneous hazard or
risk assessments. Many factors affect the reliability, completeness and resolution of an inventory map, including: (a)
landslide freshness and age, (b) the quality and scale of aerial photographs and base maps, (c) the morphological and
geological complexity of the study area, (d) land use types and aterations, and (€) the degree of experience of the
geomorphologist who completes the inventory. Good quality event inventories should be reasonably complete, at least
in the areas for which aeria photographs were available and where it was possible to perform fieldwork. As a
drawback, event inventories often cover only a part of the total geographic area associated with a landdlide triggering
event. Historical inventories are never complete. Evidence for the existence of landslides is rapidly removed by erosion,
growth of vegetation and human activity, and with time landslide boundaries become fuzzy, making it difficult to map
the landslide precisely. Multi-tempora inventory maps can be prepared only where multiple sets of aerial photographs



are available, i.e., only for the last 50 to 60 years in Europe. Despite the numerous published works dealing with
landslide inventory maps, very few attempts have been made to assess their reliability and completeness quantitatively
(Carrara et al., 1992; van Westen et al., 1994; Ardizzone et al., 2002). Where this has been accomplished, results have
shown that landslide identification needs to be carried out by experienced geomorphologists, but that landslide mapping
lacks clearly defined standards. The latter is both a science and an art, and efforts should be made to make it more
objective, reproducible and scientific.

Landdlide inventories are easy for both experts (e.g., geomorphologists) and non-experts (planners and policy-
makers) to understand. Trained geomorphologists can easily prepare such maps without the need for large investments
in costly equipment. Despite the ease with which they can be prepared, their immediateness and their low cost, landslide
inventories are still not very popular, particularly among regional and national agencies. The reasons for this include:
(8) inability to understand the value of regional inventories for planning purposes, (b) lack of resolve in preparing such
maps for large regions, (c) unwillingness to know where landslides are located (lack of knowledge represents more
freedom), and (d) the intrinsic subjectivity of landslide inventory maps (Guzzetti et al., 2000).

2.1 Recommendations

| propose the following recommendations for the preparation and use of landdlide inventories maps:

e Prepare inventory maps for large areas (entire provinces or regions) using consistent, reproducible methods. Study
the relationships between the lithological and structural settings and the landslide types and pattern.

e Prepare inventory maps after each landslide-triggering event, covering the entire territory affected by the event. Use
frequency-size statistics to describe landslides triggered by extreme events.

o Keep arecord of the landslides and of the landslide events that have occurred in historical times. Prepare multi-
temporal inventory maps. Study the spatial relationships between failures of different ages and types.

e Ascertain the quality (in terms of completeness, resolution and reliability) of the inventory maps. Specify the
techniques, methods and tools used to compl ete the inventory, including type of stereoscope, type and scale of aerial
photographs and base maps, and level of experience of the investigators

3 L ANDSLIDE HAZARD ASSESSMENT

In a very well-known report, Varnes and the IAEG Commission on Landslides and other Mass—-Movements (1984)
proposed that the definition adopted by UNDRO (1982) for all natural hazards be applied to landdide hazards.
Landdlide hazard is therefore “the probability of occurrence within a specified period of time and within a given area of
a potentially damaging phenomenon”. Guzzetti et al. (1999) preferred the definition to include the magnitude of the
event, i.e. the area, volume and velocity or momentum of the expected landslide.

This definition of landslide hazard is widely accepted. However it poses problems, largely as a result of the
peculiarities of landslides when compared to other natural hazards, chiefly earthquakes, for which the UNDRO
definition is best adapted. Even when they are caused by a single triggering event (e.g., intense rainfall, earthquake or
rapid snowmelt), landdides affect any given geographical area in a way that differs from that of other natural hazards.
Landdlides are localised (“point”) events controlled by the intensity, duration and extent of the triggering mechanism,
and by the local morphological, lithological, hydrological, structural and land-use settings. Moreover, some of these
factors vary with time. The definition of landslide hazard incorporates the concepts of location (where a landslide will
occur), time (when, or how frequently a landslide will occur) and magnitude (how large, or how fast the landslide will
be). In conceptua terms, confusion may arise from the use of the term landslide to address both the landslide deposit
and the movement of slope material or remobilisation of an existing mass movement deposit. Thus, hazard models
cannot predict when a landslide will occur based on where landslides have occurred in the past. Information on
frequency is evaluated by studying historical records or through a multi-temporal analysis of various sets of aerial
photographs. This information is difficult to obtain. In addition, each time a landdlide occurs, the topographical,
geological and hydrological settings of the slope change, giving rise to different conditions of instability. Due to the
variety of landdide types and the possibility that the landslide will evolve abruptly from one type of movement to
another (e.g., when a soil dlip is transformed into a debris flow), the magnitude of the expected mass movement is also
difficult to predict.

Many methods have been proposed to evaluate landslide hazard spatially (Guzzetti et al., 1999). Two approaches are
the most promising: methods based on the statistical analysis of geo-environmental factors related to the occurrence of
landslides; and deterministic modelling based on simple mechanical laws that control slope instability. Multivariate
statistical models provide the best results for large areas and where the relationships between determining factors and
landslide occurrence are complex. These models provide in a quantitative, objective and reproducible way of
ascertaining the spatial pattern of landslides. Good multivariate models usually perform better than the original
inventory map in predicting the occurrence of landslides (Ardizzone et al., 2002) but do not explicitly incorporate the
tempora aspect of movement. Physically-based models perform well for landslides whose behaviour is easily predicted
by simple mechanical laws (e.g., soil slips and rock falls), but they too lack consideration of the temporal aspect of
landslides. Attempts to introduce the time component into hazard models have been proposed by Agostoni et al. (2000),



who incorporated historical landslide events in a multivariate discriminant model. Moreover, Coe et al. (2000) proposed
a probabilistic model of landslide occurrence based on a catalogue of historical landslides. Guzzetti et al. (2002), who
used a physical model to study rockfall hazard, simulated the time effect by launching a large number of boulders from
each rockfall source area.

The experience gained in numerous hazard investigations has shown that, although quantitative, indirect methods of
assessing landslide hazards are preferable, no single method has proved to be superior in every area and for all types of
landslide. Selection of the statistical technique and the type of deterministic model appears less important than the
availability, quality, resolution and abundance of input data, including those derived from inventory maps. Equally
important is the ability of the geomorphologist to interpret the model results and to design appropriate forms of
protection for the different hazard zones.

3.1 Recommendations

On the basis of these considerations, | propose the following recommendations concerning the procedures for
landslide hazard assessment:

e Invest in the acquisition of high-quality information that is relevant to the distribution and characteristics of
landslides in the study area. When seeking to ascertain the magnitude of landslide hazard, do not use unreliable,
badly formulated, low-quality data.

e Prepare landslide hazard maps for large areas (an entire province or region) using consistent, scientifically-based,
and reproducible methods. Choose the modelling technique that is more suited to the type of landdides to be
investigated. Make preferential use of statistical (functional) and deterministic (physically-based) methods that
provide quantitative results.

o Verify the quality, reliability and sensitivity of landslide hazard models and maps using good quality inventory maps
and reliable historical catalogues.

e |Incorporate the time component (i.e., the frequency or occurrence of landslides) into the hazard models. If thisis not
possible, provide atime-frame for the validity of hazard models and maps.

e Investigate new approaches to the portrayal of landside hazards, and new means of transferring scientific and
guantitative information on landslide hazards to decision makers, land-use planners, consultants and concerned
citizens. Help design land-use regulations and policies that incorporate landslide hazard zoning.

4 L ANDSLIDE RISK ASSESSEMENT

Landslide risk evaluation aims to determine the “expected degree of loss due to a landslide (specific risk) and the
expected number of live lost, people injured, damage to property and disruption of economic activity (total risk)”
(Varnes et al., 1984). Quantitative (probabilistic) and qualitative approaches are possible. Quantitative risk assessment
aims to establish the probability of occurrence of a catastrophic event, e.g., the probability of live losses, or the
probability of a landslide causing N or more casualties (Fell and Hartford, 1997). The method requires a catalogue of
landslides and their consequences. Such lists have been prepared for landslides with human consequences, i.e., deaths,
missing people, and injuries (Evans, 1997; Guzzetti et al., 2000; Kong, 2002), but are more difficult to compile for other
types of damage due o the lack of relevant information. With this information, frequency vs. consequences (F-n or F-N)
plots can be prepared and the probability estimated. Acceptable risk levels are determined by comparison with natural
or human-induced hazards for which acceptable risk levels have aready been established (Fell and Hartford, 1997).
The completeness and timespan of the landslide catalogue greatly affect the reliability of risk assessments.

When attempting to evaluate specific and total risk for a site or region where landslides are likely to take various
forms or pose various types of threat, the quantitative approach often becomes impracticable. It may not be easy to
ascertain the magnitude, frequency and forms of evolution of landdides in the area, and a detailed and reasonably
complete catalogue of historical events may not be available. In some areas a qualitative approached can be pursued in
such away asto establish qualitative levels of landslide risk. This involves designing landslide scenarios. Guzzetti et al.
(2002) described an attempt to determine qualitative risk levels based on the geomorphological interpretation of several
sets of aerial photographs of different ages (a process of multi-temporal landslide mapping).

A reasonable alternative to qualitative risk assessment is analysis of the impact that slope failures have had, or may
have, in a given area. This can be accomplished in two ways. First, where a historical catalogue of landslides and their
conseguences is available, the sites repeatedly affected by catastrophic events can be determined and the vulnerability
of the elements at risk ascertained (Kong, 2002). Alternatively, where a detailed landdide inventory map and a map of
structures (houses, buildings, etc.) and infrastructure (roads, railways, lifelines, etc.) at risk are available in GIS form,
simple geographical operations allow one to determine where landslides may interfere with the elements at risk. Despite
the relative simplicity--and effectiveness--of such analyses, they are not commonly performed.

41 Recommendations

The following recommendations are intended to help improve the quality of landslide risk assessments:
e Assesslanddiderisk quantitatively and qualitatively at local and regional scales.



e Build catalogues of landglide events and their consequences. This information is essential to any quantitative risk
assessment.

e Collect and analyse information on vulnerability to landslides. Such information is usually lacking.

e Use GISbased landdide maps and maps that show population density and the location of structures and
infrastructure to ascertain the potential impact of landslides.

e |n cooperation with economists, decision makers, land developers and concerned citizens, perform risk analyses.
Establishing risk levelsis a political as much as atechnical decision-making process.

e Compare and integrate landslide risk assessments with assessments for other natural and man-made hazards.

5 CONCLUSIONS

Landslide mapping exercises, hazard assessments and risk evaluations are a great challenge for scientists, planners,
decision makers and land developers. Despite numerous efforts reported in the literature, most of the methods and
techniques proposed and tested to accomplish these tasks are till badly defined and poorly documented. More effort
should be made to make these methods more quantitative, better documented and more reproducible. More effort is
needed to transfer the scientific information on landslide hazards and risk into building codes and civil protection plans.
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