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Slides may occur in almost every
conceivable manner, slowly and
suddenly, and with or without any

apparent provocation

From: Terzaghi K., & Peck R.B. (1967) - Soil mechanics in
engineering practice. 2" edition.

Ralph Peck and Karl Terzaghi
at Lake Maracaibo in 1956
(From The Terzaghi & Peck Libraries NGI, Oslo)

Landslide risk in
numbers

Areas at landslide risk
ca. 2 million landslides
ca. 10.000 areas at high landslide risk

Social impact (100 years)
ca. 4000 events affecting people
12.600 casualties
700.000 homeless

Economic impact (per year)

ca. 2 billion Euro of direct loss (0.1%
of GDP)

ca. 4 - 5 billion Euro of indirect loss
(0.1% of GDP)
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Landslide classification

Table 5 Summary of the proposed new version of the Varnes dlassification system. The words in italics are placeholders (use only one)

Type of movement Rock Soil
Fall 1. Rockfice fall* 2 Boulder/debris/silt fall*
Topple 3. Rock block topple® 5. Gravel/sandsilt topple®
4. Rock flexural topple
Slide 6. Rock rotational slide 1. Clay/silt rotational slide
7. Rock planar slide® 12. Clay/silt planar slide
8. Rock wedge slide” 13. Gravel/sand/debris slide®
9. Rock compound slide 14. Clay/silt compound slide

10. Rock irreqular slide®

Spread 15. Rock slope spread 16. Sand]silt liquefaction spread®
17. Sensitive dlay spread®
Flow 18. Rock/ice avalanche® 19. Sandsilt/debris dry flow
" 20, Sand/silt/debris flowslide®
21. Sensitive dlay flowslide®
22. Debris flow*
23. Mud flow®
24, Debris flood

25. Debris avalanche®

26. Earthflow
27. Peat flow
Slope deformation 28. Mountain slope deformation 30. Soil slope deformation
29. Rock slope deformation 31. Sail aeep
32. Solifluction

For formal definitons of the landslide types, see text of the paer.
* Movement types that usually reach extremely rapid velodites as defined by Cruden and Varmes (1996). The other landslide types are most often (but not always) extremely slow to very rapid

Hungr et al. (2014)

Simple landslide classification

Rapid long runout landslides Characteristics
Caused by earthquakes and * Rapid Motion
heavy rainfalls * Great Impact Force
* Wide Disaster Area

Rapid - velocity- Slow -

Long Rapidlong | slow long - | Great number of death |
run-out run-out traveling
distance landslides landslides

(liquefied (Earth flows,
slides, etc) etc)

Rapid y = e —
short- Slow short - e R Slopes in the suburban area _uceuvrenee ol_ﬂow
movin moving 77 Uenanication 727 in granular soils
g landslides 4
short- landslides g
: reactivate
moving (first-time I( dslid
landslides | slides) andslides)

Kyoji Sassa (2001)



Velocity

Table 2 Landslide velocity scale (WP/WLI 1995 and Cruden and Varnes 1996}

Velodity class i Typical velocity Response™
7 Extremely rapid 5x10° 5m/s Nil
6 Very rapid 5%10 3 m/min Nil
5 Rapid 5x10°7" 1.8 mh Evacuation
4 Moderate 5%107° 13 m/month Evacuation
3 Slow 5%10°° 1.6 m/year Maintenance
2 Very slow 5x107 16 mm/year Maintenance
1 Extremely Slow Nil
*Based on Hungr (1981)
Very slow and slow Fastil
movements
156 m/v 0.05m/s
o >0
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Apollonius of Perga

(Perga, 262 a.C. — Murtina, 190 a.C.)

The conics

|

Circle and Ellipse Hyperbolas

Parabola- cutting plane
parallel to side of cone.

Forecasting time of failure

t; = objective of prediction

Timet —
0 t\‘
U]
Vo
Limit
> | equilibrium
>
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g equilibrium
(hyperbolic)
acceleration
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Saito (1965) O

e Forecasting method of
the the time of failure
based on creep law

Velocity (mm/h)

e Hyperbolic
acceleration before
collapse

time

e Linear relationship
between the inverse
velocity and the time l
of failure e

COLLAPSE

inverse velocity
(h/mm)

Inverse velocity method O
Fukuzono (1985)

2 a
d'x A(d—x] If a = 2 then VL = A(tr-t) : HYPERBOLA

dt?  \dt

Surface displacement




Barry Voight (1988)

A relation to describe rate-dependent material failure. Science

(1988)

A method for prediction of volcano eruptions. Nature (1988)

Barry Voight and Discovery Channel film crew, the devastated city of Plymouth,
Montserrat, W1, May 2002

July 1995, Montserrat's Soufriere
Hills volcano

Forecasting Vajont landslide collapse

]

Slide velocity, v (mm/day)
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Green — “Normal” situation
Blue — Large seasonal variations

Orange — Dange

Level
1

Level
2

r: Acceleration started
Red — Evacuation: Increased acceleration
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Time before failure

Blikra L.H., 2008. The Aknes rockslide. Monitoring, threshold
values and early warning. 10th International Symposium on
Landslides and Engineering Slopes, 30th June- 4th July, Xian,
China, pp. 1089-1094.

NOTHING TAKE
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ENGINEERING
GEOLOGY

Engineering Geology
Volumes 147-148, 12 October 2012, Pages 124-136 | 22

Design and implementation of a landslide early warning system
Emanuele Intrieri & =, Giovanni Gigli, Francesco Mugnai, Riccardo Fanti, Nicola Casagli

Show more

https://doi.org/10.1016/j.engge0.2012.07.017 Get rights and content

Under a Creative Commons license

open access
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Earth slide
debris flow

Rapid long
runout

GB-InSAR
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Viaduct
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Landslide susceptibility
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Watershed

Last week rainfall
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Last month rainfal
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Ground-based
INSAR IBIS-FS

IDS
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"A6" Monitoring [GMT+1]

BEeS0 @B A

Cumulated displacements measured from 06:48:40 2019/11/27 to 06:54:47 2019/11/28
Elapsed time: 1d Oh 6min 7sec
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"A6" Monitoring [UTC+1]

w im T3m Tem Ty whlly From | Nov 25, 2018 Dec 6, 2
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Time Period
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Pluviometer
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r Strumenti per il monitoraggio geotecnico SCHEDA TECNICA
, di stabilita di versanti, scavi e opere

dellingegneria geotecnica

Tipologia sensore MEMS

Range +90°

Risoluzione 0.01°

Ripetitibilitd +0.02°

Linearita 0.05% FS

Tipologia sensore Resistivo

Range 30 psi

Sensibilita 3.33 mV/psi

Risoluzione 0.02 psi

Ripe ilita 0.05% FS

Linearita +0.05% FS

Tipologia sensore MEMS 3 assi

Range +2g

Sensibilita 0.001 mg/LSB

Livello di rumore 25 ugfvHz

Tipologia sensore Termoresistenza al platino =
Classe A(DIN EN 60751/95) _
Range -50°C / +130°C > ~ —
Resistenza 1kQ@a°C ~
Risoluzione 01°C g u‘Cm:r:."G
Tolleranza +015°C@0°C Manitcring

Strumenti per il monitoraggio geotecnico
di stabilita di versanti, scavi e opere
dell'ingegneria geotecnica

Mennceing

23



27.01.2020.

24



27.01.2020.

Monitoring system
PRGOS

Alerts and tresholds

ALERT wei:::;:zse" Pluviometer r;‘:“;ﬂ;"“;:’;::g DMS ALARM
NONE GREEN < treshold < treshold < treshold NONE
ORDINARY YELLOW > treshold > treshold > treshold ATTENTION
MODERATE ORANGE > treshold > treshold > treshold PREALARM
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Ground-
based radar

N 4 O +
a4 monitoring
’ sites

7 active now
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Switzerland

Pavia

\ - s
First application of GB-InSAR for
landslide monitoring (2000)

~
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Bosnia and
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Rapid short
runout
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Gallivaggio, 10 October 1492
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Radar monitoring
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Gallivaggio 29 May 2018 16:36
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@ Springer Link

Landslides

Landslides
August 2019, Volume 16, Issue 8, pp 1425-1435 | Cite as

Rockfall forecasting and risk management along a major
transportation corridor in the Alps through ground-based
radar interferometry

Authors Authors and affiliations
Tommaso Carla [, Teresa Nolesini, Lorenzo Solari, Carlo Rivolta, Luca Dei Cas, Nicola Casagli

Open Access = Original Paper

i = 1.3k s 1
First Online: 11 May 2019

Downloads Citations

Radar
satellites
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Radar satellites

f-esa

"~ sentinel-1

* *
R
LOS average
displacement
rate

time

115.35 Deformation . T
days time series | !
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Applications

Landslides

Volcanic activity

National
coverage
PSI

22 million of
permanent
scatterers
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National PS coverages

BGR
Lo

FRANGE
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d:esa

European Space Agency ReViSiting time: 6 days

First application of PS-InSAR Continuous Streaming at regional scale (2016)
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Regional PS Streaming
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Sentinel-1 archive since 2014

4330'0"N

4330'0"N

SENTINEL-1A ascending (2014-2016)
Vel (mm/yr)

* <200 49--20% 51-100 [§
® -199-.100% -19-20 ® 10.1-200
+ 99-50 21-50 ® <201

42°30'0°N

ISENTINEL-1A descending (2014-2016)
Vel (mm/yr)

* <200 49-20 51-100 [§
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99--50 21-50 & <201
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Continuous
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deferred
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6 days

Update of
landslides
inventory maps

Update of
scenarios for
geohazard risks
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Displacement rate >10 mm/yr

Ascending geometry

Velocity
filtering

Ground deformation maps

863.763 PS

Displacement rate >10 mm/yr

Descending geometry

Velocity

Ground deformation maps L
filtering

903.555 PS e 2987 PS
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PSI Hotspot and Clustering Analysis (PSI-HCA)

. rw"'v"/."_»" l’
Scattered PS

Clustered PS

3w, ), X
s {(nSU') N Al n}’

significant | RANDOM\g;0 ficant
x-X, )

| =
2. Kernel density estimation f(x)=EZK( P

anoooee

1. Getis-Ord G* Statistics ~ C/ (@) =

Ping et al. (2011) - International Journal of Remote Sensing

Automatic Hotspot detection
PSI Hotspot and Clustering Analysis (PSI-HCA)

Legenda:
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Journal
International Journal of Remote Sensing >

Volume 33, 2012 - Issue 2

Original Articles

Persistent Scatterers Interferometry Hotspot and Cluster
Analysis (PSI-HCA) for detection of extremely slow-
moving landslides

Ping Lu &, Nicola Casagli, Filippo Catani & Veronica Tofani

Pages 466-489 | Received 07 Dec 2009, Accepted 08 Mar 2010, Published online: 02 Nov 2011

&6 Download citation https://doi.org/10.1080/01431161.2010.536185

PS mapping results

Province
Pisa |10/ 3|00 |8 |36|0| 7| 64
Grosseto | 9 | 5| 1 (0 (|24|10| 3 | 8 60
Massa | o | oo lol37/0lol3]| a0
Carrara
Pistoia |15 1|1 |0 |10/0| 0|0 | 27
. Firenze | 1 |6 |0|0(16|0| 0|3 ]| 26
B Localsubsidence Siena | 0|2 |0]0|18]3]0]2] 25
B Areal subsidence Livorno | 8 |10/ 1|0 | 1[0 |0 |5] 25
B Local uplift Arezzo 0 2 0 0 15 0 2 2 21
B Areal upit lucca |1/0|0|l0|l10/0|0]|1] 12
@ Slope instability Prato 0O/,0|0]O0 3 0|0 0 3
Total [4429| 3 |0 (142{49| 5 |31 | 303

O Geothermal activity
@ waste dump

B Mining activity
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Sentinel-1 (2014-2017) 3
Vel (mm/anno) s
Desc Asc

Risk ranking

Cluster of deformation and elements at risk

Description

No clusters of deformation

Scattered elements at risk
2 within the cluster of
deformation

Diffused elements at risk
within the cluster of
deformation

v 4 498-400
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Urban areas within the
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Validation field surveys: Abbadia (Siena)

Validation field surveys: Abbadia (Siena)
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PS Monitoring

Capturing changes in the deformation pattern

through time

Historical interval (H)

Recent interval (R)
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Identification of trend changes within the last 150 days in the displacement time series. An anomalous
point is automatically highlighted as the difference between the deformation velocities (]AV])

recorded in the two-time intervals (T,-T, and T,-T,) is > 10 mm/yr.

Types of anomaly

Accelerating negative

Accelerating positive
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Field check
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Sentinel-1 (2014-2018)
Vel (mm/anno)
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Mining activity Levee instability

Levee instability
Castiglione della
Pescaia (Gr)

Sentinel-1 (2014-2017) Sentinel-1 (2014-2017)
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Causes of the anomalies
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OPEN C'on”tinluo'us,' semi-automatic
monitoring of ground deformation
using Sentinel-1 satellites
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We present the continuous menitoring of ground deformation at regional scale using ESA (European
Space Agency) Sentinel-1constellation of satellites. We discuss this operational monitoring service
through the case study of the Tuscany Region (Central Italy), selected due to its peculiar geological
setting prone to ground instability phenomena. We set up a systematic processing chain of Sentinel-1
acquisitions to create continuously updated ground deformation data to mark the transition from
static satellite analysis, based on the analysis of archive images, to dynamic monitoring of ground
displacement. Displacement time series, systematically updated with the most recent available
Sentinel-1 acquisition, are analysed to identify anomalous points (i.e., points where a change in the
dynamic of motion is occurring). The presence of a cluster of persistent anomalies affecting elements
at risk determines a significant level of risk, with the necessity of further analysis. Here, we show that
the Sentinel-1 constellation can be used for continuous and systematic tracking of ground deformation
phenomena at the regional scale. Our results demonstrate how satellite data, acquired with short
revisiting times and promptly processed, can contribute to the detection of changes in ground
deformation patterns and can act as a key information layer for risk mitigation.
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