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11.900+ 
landslides 

(2011-2017)

1.700+ per 
year

5 per day

Landslide risk in Italy



3

Structural interventions

Japan
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Early Warning System

1. Design:
•Geological knowledge
•Risk scenarios
•Design criteria
•Choice of geo-
indicators

3. Forecasting:
•Data interpretation
•Comparison with 
thresholds
•Forecasting methods
•Warning

2. Monitoring:
•Instruments 
installation
•Data collecting
•Data transmission
•Data elaboration

4. Education:
•Risk perception
•Safe behaviours
•Response to warning
•Population 
involvement

Intrieri et al. (2013)

Forecast
Determination of the time, place and magnitude of the single most 

significant movement episode of the object of monitoring
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Principles

Site-specific: There is no such thing as a universal EWS

Simplicity: avoid confusion, time loss and too many warning levels

Earliness: it is relative to the landslide behavior

Redundancy: some events are critical for the slope and the instruments

Risk acceptability: depends on risk scenarios and culture (social pact

Nadim & Intrieri (2011)
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Instrumention choices

Intrieri et al. (2013)
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Organization choices

Intrieri et al. (2013)
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Forecasting methods
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Forecasting methods based on rainfall

Guzzetti et al. (2007)

Based on an empirical a posteriori approach.

Typically applied at basin or regional scale.

Likely false and missed alarms.



10

Other forecasting methods
(acoustic emissions, rockfall frequency, porewater 
pressure)

Szwedzicki, 2003
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Forecasting methods based kinematic parameters

Empirical methods

Semi-empirical methods

Other methods are often associated with landslide prediction:

Numerical methods

Methods for the definition of thresholds



12

Empirical methods
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Creep
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The failure process

Models and experiments on rock specimens that display brittle creep
behavior have revealed the existence of power-law relationships between
the time of failure and the applied stress, where a number of constants that
depend on the rock properties; ambient conditions also play a role, including
the strength of the rock, temperature, water saturation and chemical-
corrosion processes.

When scaling up to a more complex system (such as a landslide), tertiary
creep still typically assumes the shape of a power law.

The increasing length of the propagating cracks increases the stress intensity
at the tip of the crack itself and, therefore, the velocity of further crack
propagation. Such a self-feeding process creates the striking non-linearity of
tertiary creep.
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Fukuzono (1985)
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Fukuzono (1985)

1/v = Λ

tc2
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Fukuzono (1985)

Λ ≡ 1/v = [A (α – 1)]1 / (α – 1) (tf – t)1 / (α – 1)
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Mt. Beni

Gigli et al., 2010
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Mt. Beni

Carlà et al., 2017LMA and SMA ESF
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Mt. Toc (Vajont)



21

Mt. Toc (Vajont)

Carlà et al., 2017
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Volterra medieval city wall

Carlà et al., 2017
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Volterra medieval city wall

Carlà et al., 2017
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Failure window analysis
Carlà et al. (2017)
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Saito (1969)
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Semi-empirical methods
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Barry Voight
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Barry Voight: generalization of Fukuzono (1985)

July 1995, Montserrat's Soufriere Hills volcanoMay 1980, Mt. St. Helens volcano

A method for prediction of volcano eruptions Nature (1988)

A relation to describe rate-dependent material failure Science (1989)
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Voight (1988)

α: 0.6÷2.6        A: 10-3÷102
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Solution (predicting

the time of failure)

Accurate predictive models

Different predictive models

Diversity prediction theorem (Page, 2007)

“In predictive tasks, diversity in predictive models reduces collective error. It's a
mathematical fact that diversity matters just as much as highly accurate models
when making collective predictions.”
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Diversity prediction theorem (Page, 2007)

“In predictive tasks, diversity in predictive models reduces collective error. It's a
mathematical fact that diversity matters just as much as highly accurate models
when making collective predictions.”
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Probabilistic approach (Intrieri and Gigli, 2016)

t · v = tf · v  -  b

C
o

lla
p

se
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Prediction plot
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Numerical methods
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Classic approach: the deterministic part is modelled in all its

components: cycle, trend, seasonality, random error.

Modern approach: the process generating the time series is

stochastic, that is it only follows probabilistic laws and the time

series is the only known realization of such unknown process.

Yt = f(t) + u(t)

Cycle+Trend+Seasonality

Deterministic part

(classic approach) Stochastic part

(modern approach)

Process 

generating the 

time series

Statistical methods of displacement forecasting
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“Study the past to forecast the future”
Confucius, -500 (ca.)



40Zhou et al., 2018

Three Gorges landslides
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90% confidence 
range

Airline series

Box and Jenkins (1976)

ARIMA models
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Threshold based on displacement forecast

Stromboli volcano (Italy)
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Threshold based on displacement forecast

Stromboli volcano (Italy)
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Methods for the definition 
of thresholds
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Site-specific empirical thresholds

Alert 
level

Velocity 
(cm/day)

Status Monitoring

0 v<0.2 Normal 1/month

0 0.2<v<0.4 Normal 1/10days

0 0.5<v<1.5 Normal 1/day

1 0.5-1<v<1.5-3 Alert 1/day

2 1-2.5<v<3-5 Pre-warning 1/day

3 Warning 1/day

Status Maximum punctual velocity 
(cm/day)

Normal v<0.75

Alert 0.75≤v<1.5

Pre-warning 1.5≤v<3.0

Warning 3.0≤v<5.0

Alarm 5.0≤v

(Oboni, 1988)

(Iovine et al., 2006)
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Crosta and Agliardi (2002)
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Brox and Newcomen (2003)
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Xu et al. (2011)

<45°: primary creep
≈45°: secondary creep
45°÷80°: tertiary creep (first warning threshold)
80°-85°: second warning threshold
>85°: close to failure (third warning threshold)
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Carlà et al. (2017a)
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Carlà et al. (2017b)
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Failure predictability
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Force chains

Te
m

po
Uniaxial compression on 
photoelastic granular material 
illuminated by polarized light



53Tordesillas et al. (2014)

antiorario

antiorarioorario

orario orarioantiorario

?
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Tordesillas et al. (2020)
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Hungr vs Petley

 “Given ductile, accelerating creep 
occurring under constant effective stress 
conditions in soil, rock and other 
materials, the inverse velocity plot would 
in fact be expected to be linear”

 “The timing of [brittle rock] failure 
cannot be anticipated by means of 
displacement monitoring”

 “Saito linearity is the result of brittle
deformation processes associated with 
the formation of the shear surface [(first 
time rupture)]”

 “Where the process occurring at depth is 
ductile, or indeed consists of sliding on 
existing surfaces, [...] an asymptotic trend 
might be expected [(reactivation)]”

 “It is not possible to use Saito linearity to 
predict failure in non-brittle materials”

Rose & Hungr, 2007 Petley, 2004
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Intrieri and Gigli (2016)

Limestone with clay interlayers

Reactivated landslide

High brittleness

2.7·108 m3

Collapse 09/10/1963

Reactivated landslides may present brittle failure and linear trend in particularly complex 
geological environments.
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Liberty Pit (USA)

R² = 0.9098
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Intrieri and Gigli (2016)

Weathered quartz monzonite

First time failure

Mid-high brittleness

6 ·106 m3

Asymptotic trend caused by external forces (explosions) that, still, do not 
prevent from forecasting
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Stromboli

Intrieri and Gigli (2016)

Alternation of pyroclastic material and lava

First time failure

Mid brittleness

Opening of an effusive vent at 400 m a.s.l.

Asymptotic trend caused by external forces (magma pressure)



61

Open-pit mine in hard rock

Carlà et al. (2017)

60 < RMR < 80
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Open-pit mine in hard rock
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Open-pit mine in hard rock
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GEOLOGY

KINEMATICS

PREDICTABILITY

Structural constraints

Rainfall

Volcanic activity

External forces

???
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The linear model applies to the most part of slope failures (both first time
and reactivations) in a “simple” geological environment (i.e. with a single
main driving factor of instability)

Non-linear (asympthotic) behaviour has been observed in first time failures
during volcano eruptions

In many cases reactivated failures exhibit a brittle behavior (related to the
linear model). Key reference: HUTCHINSON J.N. (1987) - Mechanisms producing large
displacements in landslides on pre-existing shears. 1st Sino-British Geol. Conf., Tapei, Memoir of the
Geological Survey of China, 9, 175-200.

Fukuzono linearity
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Future perspectives, 
opportunities and 

challenges
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Exploiting GB-InSAR spatial analysis

Dick et al. (2015)
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Xinmo (Maoxian, China)

24 June 2017

18 million m3

More than 100 people killed

Highly seismic area (earthquakes 
reaching M=8.0 in the last 
century)
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Sentinel-1 multi-
interferogram analysis

C-band (5.6-cm 
wavelength)

Interferometric Wide 
swath mode (250 km 
swath)

5 m x 14 m spatial 
resolution

45 images spanning 
from 9 October 2014 to 
19 June 2017

130.000 measurement 
points (SqueeSAR
technique)

Intrieri et al. (2018)
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Copper open-pit mine

Sentinel-1
Ascending orbit
θ = 39.22 ; δ = 8.31

Carlà et al. (2018)



74

Copper open-pit mine

Carlà et al. (2018)
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Copper open-pit mine

Carlà et al. (2018)
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Copper open-pit mine

Carlà et al. (2018)
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Copper open-pit mine

Carlà et al. (2018)

Sentinel-1 GB-InSAR

GB-InSAR
(daily average)

GB-InSAR
(hourly average)
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Simulation
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Location
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Motorway A5 Torino-Aosta
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Dora Baltea Valley
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The slope
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Compagnoni et al., 2014
Geology
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Recent events
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Recent events
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Recent events
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Upper slope conditions
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Upper slope conditions
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Scenario definition
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Satellite InSAR monitoring
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Satellite InSAR monitoring
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Satellite InSAR monitoring
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Satellite InSAR monitoring
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Runout simulations
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2D runout simulations

COLLECTOR
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2D runout simulations
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3D runout simulations

(SGI, 2017)
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Profile 
ID Volume (m3) Number of blocks 

at collector Emax (kJ) Hmax (m)

1 50 4097 115019 23.5
2 50 2262 123295 24.9
3 299.7 1574 473328 13.1
4 74.6 9346 176847 27.8
5 50 826 47361 8.1
6 50 1831 32772 7.1
7 50 7485 92174 16.5
8 108.3 2657 1037220 28.5
9 … … … …

Runout simulations
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Elements at risk
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Scenario summary

1. Most probable Scenario: rockfall
High probability of occurrence
Blocks up to 10 000 m3

Short-term precursors
Probability of motorway involvement: High
Probability of railway involvement: Low

2. Most credible Scenario: rock avalanche
Low probability of occurrence
Volume up to 500 000 m3

Long-term precursors
Probability of motorway involvement: Very high
Probability of railway involvement: High
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Risk management 
activities
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Involved institutions
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Centers of Competence provide the National Civil 
Protection Department with services, information, data, 
processing and technical-scientific contributions in 
specific fields.

The Center for Civil Protection of the University of Florence 
is a Center of Competence for monitoring and national 
surveillance aimed at geo-hydrological risk reduction.

Center of Competence
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The National Government grants concessions for 
motorways and railways allowing a private company to 
request a toll in exchange for investments and 
maintenance on the roads.

The motorway and railway operators provide signaling,
maintenance and guarantee the safety on the
communication lines.

Motorway and railway operators
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Regions are members of the National Service of Civil 
Protection and are in charge of civil protection activities.
They are responsible for the regional civil protection plan.
They manage the organization of civil protection systems 
within the Region and the Regional Operation Room.

Regions
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Mayors are the local civil protection authorities.
The Municipalities are responsible for the 
Municipal Civil Protection Plans.
They manages the Municipal Operational Center 
(C.O.C.) for prevention and emergency 
management

AND OTHERS

Municipalities
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The Prefecture (territorial government office) is a peripheral body of 
the Ministry of the Interior which represents the National 
Government at local level.

Prefects ensure the exchange of information among the 
Department of Civil Protection, the Regions, the Municipalities, the 
firefighters and the police bodies.

The Prefect is responsible for urgent logistic and technical services 
at local level during major emergencies.

Prefecture
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Police & Firefighters

Firefighters and police bodies are operational 
structures of the National Service of Civil Protection.

Their main task is to guarantee the safety of citizens
and to maintain public order.
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Volunteering organizations

Volunteering organizations provide support to the 
Operating Structures, particularly for surveillance 
and assistance activities. 

They represent an important link with the population.
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Integrated monitoring system

Satellite InSAR GB-InSAR WSN Total station
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Satellite InSAR - CSK 
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Satellite InSAR - CSK 
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P10

Wireless sensor network
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Clinometer 5 vs. Extensometer 9
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GB-InSAR
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GB-InSAR
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GB-InSAR
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GB-InSAR R3 vs. Extensometer 9
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Total station
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GB-InSAR vs. total station 
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November 3, 2019 visibility
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Building the 
emergency plan
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Emergency plan objectives

To define reliable monitoring thresholds for the different alarm levels

To integrate the alarm levels with the weather-based warning system of the 
Piemonte and Valle d'Aosta Regions

To identify the alternative routes to be used in case of closure of motorway 
sections

To organize alert, communication and operational response system, at 
different levels, in order to respond to the inconvenience to road users and 
to the whole affected area
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GB-InSAR threshold definition
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Extensometer threshold definition
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Monitoring thresholds

Alarm level GB-InSAR Extensometers

NONE - -

ATTENTION VLOS < ……….. VEXT < ………..

PRE-ALARM ……. < VLOS < ……. ……. < VEXT < …….

ALARM VLOS > ……….. VEXT > ………..
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GB-InSAR threshold definition
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Monitoring thresholds

Alarm level GB-InSAR
Total 

station
Extensometer

s
Tiltmeters Rainfall

Regional 
Alerts

NONE n.a. n.a. n.a. n.a. n.a. n.a.

ATTENTION
VLOS 

< 0,31
mm/h

VRTS 
< 0,31
mm/h

VEXT 
< 0,16 
mm/h

VANG 
< 0,05 
deg/h

1 h < 10 mm

3 h < 20 mm

6 h < 30 mm

12 h < 40 mm

24 h < 60 mm

Yellow

PRE-
ALARM

VLOS 
0,31–0,42 

mm/h

VRTS 
0,31–0,42 

mm/h

VEXT 
0,16–0,21 

mm/h

VANG 
0,05–0,07 

deg/h

1 h 10–20 mm

3 h 20–30 mm

6 h 30–40 mm

12 h 40–50  mm

24 h 60–70 mm

Orange

ALARM
VLOS 

> 0,42 
mm/h

VRTS 
> 0,42 
mm/h

VEXT
 > 0,21 
mm/h

VANG 
> 0,07 
deg/h

1 h > 20 mm

3 h > 30 mm

6 h > 40 mm

12 h > 50 mm

24 h > 70 mm

Red alert
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Finding alternative routes

Unstable slope
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Finding alternative routes

Unstable slope
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Quincinetto motorway node
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Emergency alternative routes
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Operational phase activation 

Operational phase Activation criteria

Attention
(Level 1)

Displacements shown by monitoring system

or

Yellow alert from the regional weather-based warning system

Pre-Alarm
(Level 2)

Pre-alarm monitoring thresholds exceded

or

Orange alert from the regional weather-based warning system

Alarm
(Level 3)

Alarm monitoring thresholds exceded

or

Red alert from the regional weather-based warning system
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Center of Competence actions

Operational phase Action

Attention
(Level 1) • 24 h automatic check of monitoring data

Pre-Alarm
(Level 2)

• 24 h automatic check of monitoring data

• Expert assessment on demand

• Informs through automatic messages the motorway and railway operators, the 
Prefecture and the Regions

• Sends a brief assessment about the ongoing situation

• Communicates the return to level 1

Alarm
(Level 3)

• 24 h automatic check of monitoring data

• Expert assessment on demand

• Informs through automatic messages the motorway and railway  operators, the 
Prefecture and the Regions

• Sends a brief assessment about the ongoing situation

• Communicates the return to level 2
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Motorway/railway operator actions

Operational phase Action

Attention
(Level 1) • Periodical check of motorway/railway lines

Pre-Alarm
(Level 2)

• South carriageway closure
• Prepare for motorway/railway closure
• Activate motorway/railway surveillance from safe position
• Give information on digital panels

Alarm
(Level 3)

• Motorway/railway closure
• Communicate motorway/railway closure
• Give information on digital panels
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Regions actions

Operational phase Action

Attention
(Level 1) • Publish the daily meteo-hydrogeological bulletin

Pre-Alarm
(Level 2)

• Publish the daily meteo-hydrogeological bulletin

• Communicate the  reaching of level 2 to the Municipalities 

• Communicate the return to level 1 to the Municipalities 

• Warn the volunteering organizations for population assistance at critical points

Alarm
(Level 3)

• Publish the daily meteo-hydrogeological bulletin

• Communicate the reaching of level 3 to the Municipalities 

• Activate the volunteering organization for citizen information and assistance at 
critical points

• Co-supervise with the Prefecture the activities of all the institutions

• Communicate the return to level 2 to the Municipalities 
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Municipalities actions

Operational phase Action

Attention
(Level 1) • Guarantee the efficiency of the secondary road network

Pre-Alarm
(Level 2)

• Prepare to activate their Operative Coordination Center (COC)

• Give information on digital panels

Alarm
(Level 3)

• Activate their Operative Coordination Center (COC)

• Communicate the Region the Operative Center activation

• Activate local police for traffic management

• Give information on digital panels
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Prefecture actions

Operational phase Action

Attention
(Level 1) • None

Pre-Alarm
(Level 2)

• Communicates the reaching of level 2 to firefighters and police bodies 
and coordinates their activity

Alarm
(Level 3)

• Communicates the reaching of level 3 to firefighters and police bodies 
and coordinates their activity

• Co-supervise with the Regions the activities of all the institutions
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Police & Firefighters actions

Operational phase Action

Attention
(Level 1) • None

Pre-Alarm
(Level 2) • Get prepared for level 3

Alarm
(Level 3) • Provide sourveillance and assistance at critical points along the alternative routes
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Volunteering organization actions

Operational phase Action

Attention
(Level 1) • None

Pre-Alarm
(Level 2) • Warn their volunteers to be prepared for level 3

Alarm
(Level 3) • Provide support to the firefighters and police bodies at critical points identified along the alternative routes
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Risk reduction measures

Dampening benches

Rockfall barrier
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Risk reduction measures

Removal of 
dangerous 
blocks
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Communication
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Peace time communication

Risk awareness

Self-protection rules

Communication channels

Warning messages

Civil protection plan

Areas at risk

Waiting areas

Useful telephone numbers
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Emergency communication

Color-cose

Type of risk

Municipality

Time window of the warning

Simplified description of the forecasted event

Updates about the event

Behavior rules to be followed before, during and after the event
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