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Landslide hazard assessment of the
Messina Municipality area (Sicily)

A summary of the project results of the study led by ENEA in the area of Messina Municipality is presented in this
paper. After the disaster occurred on October 15t, 2009, the Messina Municipality asked the ENEA team to make

a landslide hazard assessment of its whole territory. The project actions have been addressed to both realizing a
landslide inventory, a susceptibility map of triggering- and run out areas, an assessment of debris-mud flow intensity
and identifying the triggering thresholds of debris-mud flows. The study is meant as a contribution to the development
of a quantitative geomorphological approach in landslide investigation and an effective decision-support system for a

sustainable urban planning of the area

B Claudio Puglisi, Luca Falconi, Gabriele Leoni

Introduction

A community that wants to tackle the critical issues
determined by a rampant urbanization needs to know
about the environmental characteristics of its territory
and, among these, the risk conditions which it is
subjected to. Here are presented the results of the study
led by ENEA in the Messina area (North-East Sicily) after
the Giampilieri disaster occurred on October 15t, 2009,
when heavy rainfall (over 200 mm in 7 hours) triggered
more than 1000 debris mud flows (Fig. 1), in an area of
about 20 square kilometers. The flows hit 16 villages
causing 37 casualties, 140 injured, 1642 evacuated and
the interruption of national roads and railways. After
this event the Messina Municipality asked the UTPRA-
PREV team to make a landslide hazard assessment of
its whole territory, to obtain a decision-support system
for sustainable urban planning. The study has been
addressed to properly model causative factors leading
to an effective hazard assessment of both existing and
potential phenomenal. Part of the study is limited to the
debris-mud flows since they are the most common and
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destructive landslide typology in the area. Different tasks
have been performed on the basis of the experience
developed in more than ten years in many sites and
at different scales: creation of a database containing
information about historical and recent landslides
(landslide inventory); identification of the areas prone
to triggering landslides (susceptibility map) through the
application of a heuristic method; assessment of debris-

ISRl Some debris-mud flows occurred in the area on October
1st, 2009



mud flow run out and intensity; identification of rainfall
and pore saturation triggering thresholds.

Study Area

Messina municipality territory (220 square km) is
located at the NE culmination of Peloritani Range. The
northern part faces two seas: Mar Tirreno at NW and
Mar Ionio at SE. The southern part is represented by
the eastern side of Peloritani Mountains, that represent
the southern termination of the Calabro-Peloritano
arc. This chain is composed by seven metamorphic
units (Kabilo Calabride Complex), of pre-alpine age
and later involved in Hercynian and Alpine orogenic
processes, and tectonically overlapping the sedimentary
Maghrebidian units?. The rough morphology that
characterizes the Peloritani mountains was mainly
influenced by: the crystalline lithology, geostructural
complex conditions related to orogenic tectonic, recent
tectonic and still-in-progress strong uplift affecting
the sector since late Miocene. All these conditions
have morphologically influenced the area, generating
high relief energy, narrow “V” valleys deeply incised,
constantly deepening riverbeds often characterized by
considerable morphological jumps.

Landslide Inventory

A landslide inventory represents a key point for urban
and territorial planning, giving the chance to learn
from the geological processes of the past events in
the interpretation of the potential effects of present
landslides®. In this respect, through the recording of data
on historical and recent events, the landslide inventory
of the Messina municipality has been created. A special
contribution to the archive comes from the analysis
of the ground effects induced by the December 1908
earthquake®. The historical archive collects information
of landslides occurred during a period of time of
approximately 500 years, between the XVI century
and 2011, even if the vast majority (80%) of them took
place between the 20% and 21%t century. For this task,
several local institutional libraries, local and national
media, web sites, and scientific papers have been
consulted. Two separate archives, the first containing
207 records relating to events that occurred from 1523
to 2011, and the second containing 61 records relating

to events induced by the 1908 earthquake, have been
registered in a GIS. For each landslide, the databases
contain information regarding at least date and location
and, whenever possible, the landslide typology, the
resulting damage and the probable triggering factor,
the data source and its reliability. Most events (60%)
are classified as debris-mud flow and are located in
Aspromonte Units. Most part of the 1908 catalogued
landslides fell in the Messina urban area because the
technical reports were addressed to the inhabited
areas more than to the mountain and rural zones. The
geomorphologic survey has been carried out by digital
stereoscopic air photo interpretation on 2007 flight, GIS
photointerpretation of 2009 and 2010 orthophoto and
field surveys on events from 2009 until 2012. More than
3000 landslides of 4 typologies® have been surveyed
in an area of 220 km? (Fig. 2): debris-mud flows (74%),
rock falls (17%), rotational slides (7%) and translational
slides (2%). For each landslide typology those factors
of geomorphological, lithological, morphometric,
structural and land use order were detected. Data
considered of high and very high reliability can help to
enhance existing regional and national inventories. The
information on the landslide factors constitutes the basis

GEEGEA Example of the georeferenced features of some debris-
mud flows contained in the inventory (red triangle:
triggering point; yellow dot: stop point; red line: triggering
area; orange hatched: transport and depositional area;
green line: run out path)
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for the definition of the geomorphological susceptibility
map of the area®. Lastly, data recorded in the archive
are the propaedeutic basis necessary to determine the
landslide rainfall thresholds.

Susceptibility

The landslide susceptibility assessment consists in the
identification of the areas where potential phenomena
could happen in the future. In this study an heuristic
methodology has been applied, based on the knowledge
of past events and local conditions, acquired by an
appropriate field survey’8°. The statistical analysis
of the landslide inventory leads to identify particular
conditions and their mutual relationships, distinguished
as ‘“discriminating parameters” (conditions necessary
for slope instability), or “predisposing factors” (all
other conditions that work together in worsening slope
stability). The former, commonly lithology and slope
angle, indicate potential susceptible zones, whereas the
latter contribute to quantify the susceptibility degree.
Once the causes have been recognized, it is possible
to extend the approach to similar areas, to find those
affected by the same hazardous conditions. Finally the
GIS overlay of indexed maps, representing each known
factor that affects slope instability, points out a potential
triggering area of landslides.

The descriptive statistical analysis showed low reliability
for slow slope movements (rotational and translational
slides) depending on the small statistical sample, about
200 and 50 events, respectively. For all phenomena, the
statistical analysis pointed out the great significance
of lithology and slope angle: these two discriminating
parameters show a great differentiation between class
values with and without associated events. Discriminating
parameters associated with debris-mud flows, in the
study area, are all lithologies, except clays and chalks,
for slope angle varying from 17° to 73°, while for rock
falls the associated discriminating parameters are all
pre-quaternary deposits for slope angle greater than 26°.
Given the general framework of discriminating
parameters, which outlines potential susceptible and
non-susceptible areas, there are some landslide factors
more recurrent than others: these conditions represent
the predisposing factors. In most cases, debris mud
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[EENEER] Detail of susceptibility map for debris-mud flow typology

flows occur in Miocene Flysch and in metamorphic
Units (except Marbles), with slope angle ranging from
36° to 59°, weakly convex-shaped slopes, terraced areas
with low or no vegetation and areas close to natural
or artificial slope breaks. For rock falls, predisposing
factors are represented by Miocene coarse-grained
Flysch, Plio Pleistocene Calcarenites and metamorphic
Units (except Phyllites), with slope angles greater than
40°, strong convex-shaped slopes, no vegetation and
artificial slope breaks.

The susceptibility function summarizes predisposing
factor indices producing the map of the spatial
distribution of susceptibility index for the whole study
area. For debris mud flows (Fig. 3) high and very high
susceptibility areas are located in the central and
southern zones of Messina Municipality, already hit by
the 2007, 2009 and 2010 events, and in the northern zone,
close to neighboring Municipalities hit by the 2011 event.
In this framework, the correlation between the spatial
occurrence of observed debris-mud flows and
the soil erosion susceptibility, as expressed by the
synthetic RUSLE index, has been analyzed in three
small catchments located in the Messina study area.
Two different statistical approaches based on logistic
regression analysis have been compared: the general
logistic regression analysis and the spatially-constrained
logistic regression. Notwithstanding some limitations



given by the lack of a detailed soil survey and the poor
consistency of the current rain observation network, the
outcomes appeared satisfactory and very encouraging
to carry on with further investigations.

Debris-Mud Flow Run Out

Especially important for prevention activities is
to recognize the potential path of the debris-mud
flows from the triggering point to the stop. The run
out distance of a huge number of debris-mud flow,
occurred after 2007 in the Messina Municipality area,
was calculated following the literature approach!®1!. The
mobilized volume multiplied by the altitude difference
(Ah) between the triggering point (Piff) and the stop
point (Pip), in abscissa, and the distance traveled by
the phenomena from the Piff to Pip in the ordinate were
plotted. To estimate the volume of each single occurred
phenomena, the product of the maximum depth of
failure surface (which varies from 0.2 to 1.5 m) by the
triggering area, derived by photo interpretation, was
calculated; such product has then been reduced through
an experimentally-obtained correction factor of the
niche shape, equal to 0.62. Aiming to avoid leaving out
the mobilized volumes in the transit areas and following
field observations, an average thickness values of
these zones were considered variables from 0.2 to
Im. Because of their significant kinematics difference,
channelled and unchannelled phenomena have been
analyzed separately. The equations of the interpolation

lines derived from the two graphs are as follows:
m Channelled phenomena: y = 4.861x0.329 with a mean
square error of R? = 0.894
m Unchannelled phenomena: y = 3.127x0.341 with a
mean square error of R? = 0.817
Comparing these equations with those proposed
by Rickenmann, it appears that, for equal volumes
mobilized and equal altitude difference between the
triggering point and the stop point, the run out distance
in the Peloritani area is lower than in other regions.
Subsequently, these formulas have been revised to
make the applicability to potential phenomena more
effective and easier to use. With this aim it has been
chosen to substitute the stop point of the flow with the
foot of the slope, where the speed of the mobilized mass
starts decreasing to lose its erosive power and to deposit
material. In a first approximate analysis, the foot of the
slope has been identified with the contour line of the
slope angle equal to 28°.
New charts have been elaborated, where in the abscissa
the product of mobilized volume multiplied by the
altitude difference (Ah) between the triggering point
(Piff) and the foot of the slope (28° contour line) was
placed. The equations of the interpolation lines derived
from these new graphs are the following (Fig. 4):
m Channelled phenomena: y = 5.049x0.329 with a mean
square error of R? = 0.887
m Unchannelled phenomena: y = 3.099x0.346 with a
mean square error of R? = 0.807
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A confirmation of the reliability of this new processing
was carried out by comparing the original equations and
their evolution, which indicates an excellent agreement
between the curves. Therefore, given the volume of
the potentially mobilized material and basing on these
curves, it is possible to calculate the run out of potential
debris-mud flows with a good approximation.

Debris-Mud Flow Intensity

The intensity expresses the destructive capacity of
a phenomenon, essential datum to design suitable
protection structures. It may be expressed in a relative
scale, referring it to damage or loss degree, or in terms of
characteristic variables of the phenomenon (e.g., speed,
volume, energy)!?. According to the methodology, the
intensity is considered as equal or proportional to the
kinetic energy developed by the landslide, since the
ratings for speed and size may be partial.

During the field survey several points were identified in
order to measure the speeds achieved by the debris-mud
flows occurred in October 1,2009. Adopting the Johnson &
Rodine approach!3, it was possible to estimate the average

GG Very high susceptibility areas (green) with the propagation
distances expressed in meters (yellow) and the maximum
kinetic energy expressed in thousands of kilojoules (pink)
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speed of a flow by measuring the raising that occurs in
the outer portion of a curve due to the centrifugal force.
The identified measurement points were characterized
by the presence of traces left by the transit of the flow, like
mud deposits or abrasions in the tree bark. Applying the
Johnson & Rodine formula to different points of the mud-
debris flow paths, specific velocities were calculated,
in order to outline the deceleration curves for different
occurred debris-mud flows. Maximum speed values
range between 8 and 16 m/s.

Along the path traveled by the considered flow, at
each point where speed was calculated, the value of
developed kinetic energy was obtained. By calculating
the product of the mass — equal to the product of the
volume by the average density (estimated as 2000 kg/
m?) - by the speed, maximum developed energies were
estimated in the order of thousands of kilojoules. Finally,
volume, distance of propagation and velocity were
estimated for several potential phenomena identified by
the susceptibility map, in order to estimate the potential
energy in different points along the path in which new
phenomena could develop (Fig. 5).

Rainfall Thresholds for Debris-Mud Flow

The analysis of the triggering thresholds is aimed at
answering the question of when an event can take
place. Based on the historical information on rainfall
— the main triggering factor of this type of landslides
— the triggering thresholds of debris-mud flows have
been investigated with the aim to provide additional
elements to the knowledge of the critical rainfall, useful
for developing effective early warning systems!415,
The study was based on the daily rainfall data of the
Waters Observatory of the Sicily Region and on a
database of 46 debris-mud flows occurred between 1933
and 2011.The temporal distribution of the 46 debris-mud
flows indicates a concentration in the autumn months,
with a maximum in October.

The data used in the elaboration were annual normalized
values of the rainfall in the day of the event, compared
with those of 1, 2, 6, 14 and 29 preceding days. The
debris-mud flow events have been divided into two
subsets based on the number of concurrent records in
the same date. The trend lines of the distribution of the
normalized values of these two subsets have permitted
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to distinguish 3 different fields of severity (Fig. 6). It
is remarkable that the most significant recent events
are always positioned above the high severity daily
threshold line.

The current landslide real-time monitoring, particularly
for debris-mud flows, are mainly based on the
measurement of rainfall. Nevertheless, the factor most
directly related to the triggering of this landslide
typology is the soil moisture level, which not only
depends on the intensity of rainfall in a given moment, but
also on the thermo-precipitation regime of the previous
period. By coupling rainfall and soil water content data,
the study would contribute to the development of more
effective early warning systems for debris-mud flows.
Precipitation data of the event of October 1, 2009 and
of other more recent events registered by the Sicilian
regional rain gauges network were used. The state of
soil saturation was investigated by installing FDR probes
(Frequency Domain Reflectometry) in June 2012.

Soil has been sampled in correspondence of the levels
where the FDR probes have been placed. In general,
they have low clay content, sandy in shallow levels and
finer in the deepen horizons. Being in correspondence
of metamorphic parent materials, consisting of shales
and phyllites, these soils generally have thixotropic
properties. After the measurement of the mass density,
the soils were brought to saturation, showing a water
content ranging from 19% (87% of skeleton) to 43%
(2.5% in skeleton).

The measurement of the gravimetric water content,

carried out with the pressure plate extractors [16],
allowed to estimate the water content in the immediate
surroundings of the event of 1 October,2009. Once having
determined the hydrologic boundary conditions!?,
the water retention capacity was calculated as the
difference between maximum water content (WCsat)
and field capacity (WCCC) for each horizon and, then,
for the entire soil thickness. The modeling conducted
with a simplified method has shown that, at the moment
of the triggering of debris-mud flows of October 1, 2009,
the soil above the slopes of the study area reached the
pore saturation. The responses of the twelve FDR probes
seem to confirm the data modeling, showing in some
cases a marked sensitivity to the rainfall input.

Conclusions

The morphology of Messina’s territory, the development

oftowns and villages up to creek outlet, the transformation

of riverbed in street and the abandonment of terracing
have contributed to increase the geomorphological
risk of the area. The study provided a framework of the
degree of landslide hazard in the territory of Messina
and will constitute a necessary basis for the definition
of sustainable risk mitigation actions. The proposed

methodology is a contribute to the development of a

quantitative geomorphological approach in landslide

investigation. In particular, it is worth mentioning that:

m although the registered events contained in the
landslides inventory have different significance
according to the different reliability of the sources
and to the dissimilar detailing level of the reported
description, they represent, by the way, a valid tool not
only for experts in the sector but also for anyone who
may face the issues linked to the geomorphologic risk
assessment;

m the heuristic method for susceptibility assessment
integrates  multidisciplinary = knowledge, both
quantitative and qualitative. Furthermore, it allows
the use also by operators lacking specific statistical
or modeling expertise, it can be explained easily to
stakeholders and gives a framework of large areas,
pointing out the emergencies that need prior response;

m by applying the site-specific formulas, it is possible to
estimate the run out distance of the mobilized material
of the potential triggering areas. This tool is especially
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useful for land planning and civil defense policies;

m although it is necessary to perform site-specific
analysis in order to assess the energies expected
with the accuracy required for site operations, the
results of this study provide a rough estimate of the
energy that can be developed from the triggering of
debris-mud flows in the area;

m although it is necessary to recognize the limitation of
this study, constituted by the small size of both daily
and hourly dataset, the rainfall threshold analysis
has yielded significant results for the study area,
correlated with similar studies conducted in other
areas proposed by several authors;

m the study on the soil saturation threshold is still at an
early stage and the results have strong limitations,
relating mainly to the small size of the dataset.
However, it is possible to presume that it can provide
useful data for future implementation of the early
warning monitoring stations that can be used for the
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