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Abstract The Center for Scientific Support in Disasters
(CENACID‐UFPR) is a special unit of the oldest
university of Brazil, the Federal University of Paraná. The
purpose of the center is to provide scientific and
technical support to governments, civil protection
agencies, research institutions, non‐governmental
organizations and community, both national and
international, in the theme of risk management and
disaster response. It also proposes actions to mitigate and
respond to emergencies, and provides training on
emergency response and accident prevention. CENACID
was requested to provide scientific support in national
and international emergencies associated with mass
movements, such as landslides, mudflows and debris,
dam breaks, gravitational mass movements associated
with earthquakes and others. The center provided
scientific knowledge in natural and anthropogenic
environmental disasters, particularly in Brazil and South
and Central America. CENACID specialists in various
disciplines can be requested in emergencies, and one of
the group's priorities is the investigations into emergency
risk analysis associated with situations of gravitational
mass movements.
Keywords CENACID, Scientific Support, Disasters,
Landslide

History
The Center for Scientific Support in Disasters (CENACID‐
UFPR) is a special unit of the Federal University of Paraná
(UFPR). It was created by a group of the members of the
Interdisciplinary Nucleous for Environment and
Development of the university in 2000. The members
were looking for methodological approach to the
sustainable development and the group produced some
interdisciplinary tools to face the complexity of the
development problems.
The group's reflections realized the importance of
natural and man‐made disasters for sustainable
development. The group is leaded by Geologists,
Biologists and Engineers and at this stage include
Geologists, Engineers, Biologists and Physicians.
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General purpose of CENACID
CENACID‐UFPR's mission is to reduce the loss and
suffering of people in disaster situations. For this, the
center has a group of trained scientists prepared to
contribute to emergency missions and to collaborate in
disaster situations, providing scientific knowledge (Fig. 1).
The contribution can be of different types
depending on the disaster and each specific situation.
Types of scientific support
Each specific situation requires different scientific
contributions and it is not easy to discover what is
important, possible and useful in disaster response.
Normally the community affected, including the
government, do not know what kind of scientific support
could be useful to reduce the disaster (social, economic
and environmental consequences of the hazardous
process).
Basic financial support is provided by Federal
University of Parana and, depending on each situation,
may receive additional donations from different partners.
In the past, we have received financial support for
disaster response missions from Civil Protection agencies,
the Ministry of Foreign Affairs, UN agencies, OCHA,
companies, local and state governments, etc.
Some of the typical contributions provided by the
CENACID mission to a disaster area are:
Rapid general risk evaluation;
Support to the disaster management;
Support to the government committees;
Emergency risk mapping;
Understand and explain to government leaders and
representatives the geological hazardous process;
Analysis of the hazardous process and preparation of
a prognosis of the disaster evolution;
Support to national and international agencies
involved in disaster response;
Recommendations for the disaster recovery phase;
Explanations to the community about the natural or
artificial
disaster‐related
process,
including
information for the press and media services.
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Study each type of disaster‐generating process to be
able to apply this knowledge to future disaster
situations.
Understand and study hazardous processes in each
disaster, accident or risk situation to learn from each
specific situation and be able to use that experience
in future situations.

The CENACID‐UFPR mission protocol has four
phases to respond disaster situations (Fig. 2):
Phase 1
Monitoring, Training, Research

Phase 2
Preparation

Phase 3
Mission

Phase 4
Post-mission

Figure 2 Scheme of CENACID‐UFPR mission protocol.

Phase 1 – MONITORING, TRAINING, RESEARCHING

Figure 1 Bridge fall over the Capivari River caused by landslides,
affecting the most important Brazilian highway that connects
the southeastern and southern regions (2005).

Methodology of the scientific disaster response of
CENACID‐UFPR
The center has developed its own methodology for
scientific disaster response. This methodology is
followed in every disaster or risk situation in which the
CENACID group is called or offers support.
The center has regular follow‐up on key situations
that can result in disasters and receives information from
the authorities, the press, UN agencies and other sources,
about accidents and disasters.
The action of the center is based on the scientific
approach and aims for rapid analysis of the hazardous
process and its main characteristics. The group aims to
apply an integrated, cooperative and interdisciplinary
approach.
The CENACID‐UFPR methodology for scientific
disaster response is based in some general principles as
follows:
Recognizing and understand the hazardous process.
Rapid assessment of the risks, including secondary
risks.
Support to the disaster management.
Immediate preparation of a proposal for urgent
action.
Registration of the facts at the “VICON‐desastres”
GIS, which is a Geographic Information System
developed by the members of the center.
Pragmatic situational approach, considering cultural,
economic, political conditions, etc. of the affected
region.
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In the continuous monitoring phase, the CENACID team
carries out the following activities:
Permanent monitoring;
Scientific research on hazardous processes and
disasters;
Conducting CENACID Training Courses (Fig. 3);
Participation in meetings, seminars, scientific
congresses, etc.
Selection of disaster situations where CENACID
team could be helpful, on demand or chosen;
Deciding whether or not to launch each mission;
Alert to CENACID members;
Selection of the team for the disaster response
mission using as criteria a) availability b) area of
expertise and c) experience in previous missions of
CENACID (Fig. 4).

Figure 3 Preliminary Training Course of CENACID.
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Figure 5 “Mission” phase to respond a landslide accident in a
small city of Paraná State, Brazil (2018).
Figure 4 Basic Training Course that prepares the participants to
be a leader of mission.

Phase 2 – PREPARATION
The “Preparation” phase is critical to the success of the
mission. It is also the fastest part of the cycle. It includes
team tasks for the selected team and for the coordination
of the mission.
Tasks for selected team:
To gather information about the accident;
To look for general information (maps, roads,
language, dangerous facilities, etc.);
Others.
Tasks for the coordination of the mission:
Define and provide the transportation of the team to
the disaster area;
Prepare the resources needed for the mission. Local
authorities contacts, travel money for each person,
visas, etc.;
Insurance for mission members in case of an
international mission;
“Mission Plan”.

Phase 3 – MISSION
Carrying out a disaster relief mission is the center's most
important task, and an important step towards achieving
CENACID‐UFPR's goal.
During this phase the team has a long list of
activities to implement including: arrival and initial
contacts, selection of priorities, definition of action plan,
field activities, indication of urgent action proposal for
local managers, information management, database
organization, contacts with authorities, mandatory
Mission Report, preparation of the recommendations,
transfer of responsibilities to local agents, disaster exit
(Fig. 5).
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Phase 4 – POST‐MISSION
“Post
Mission”
includes
the
preparation
of
supplementary reports, mission evaluation, return to the
“monitoring” phase, complementary research and
training courses. It also includes the preparation of
scientific articles and conferences on the natural and
anthropic processes involved in the disaster.
All CENACID scientific missions have a "lessons
learned" seminar with the entire group, including non‐
mission members.

General experiences of CENACID
CENACID has sent science missions to almost 100 risk
and disaster situations. The group was sent to offer
scientific support in landslides, mass flows, floods,
earthquakes, hurricanes, tornadoes, volcanic activities
and tropical storms. Accidents such as the breaking of
dams and collapses in karst urban areas have also been
scientifically supported in different locations. In addition,
environmental accidents such as oil spills in watersheds
and coastal areas were also supported by the center's
scientists.
Since 2000, CENACID's specially trained scientists
have contributed to disaster response or prevention in
over 65 hazardous processes with over 100 field missions.
These missions benefited 11 countries in South and
Central America, the Caribbean region, and Africa.
Most of the knowledge and products available are
related to the natural processes associated in each case,
such as risk analysis, evolution of landslides, dispersion of
materials, secondary risks, etc.

Experiences of CENACID with landslides disasters
Approximately 50% of all disasters assisted by the center
are related to gravitational mass movements (Fig. 6).
This group includes accidents caused exclusively by
landslides, as well as those in which landslides are not
the threatening process. Examples are situations where
landslides trigger disasters of other type, as in the case of
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disruption of dams by mass movements, and those
disasters where landslides are the consequence of
another process, such as landslides triggered by
earthquakes.

the risk of landslides in the next rainy season following
the earthquake.
Despite the report's recommendations, it was not
possible to prevent 17 people from dying from landslides
caused by the next rainy season.

Figure 6 Comparative graphic showing the percentage of mass
movements related disasters. (TOTAL 91)
Figure 7 ‐ Region in Port‐au‐Prince (Haiti) affected by the
earthquake and mapped by CENACID as risk area for landslides.

Examples of landslides disaster response results
The mega‐disaster of Santa Catarina State, Brazil (2008)
This disaster caused by an estimated 4000 landslides
affected 42 municipalities in the state of Santa Catarina in
southern Brazil and involved more than two million
people.
The first landslides occurred on November 22, 2008,
affecting the cities of Joinville and Itapoá in the coastal
region. As the period of heavy rains continued on the
night of November 22‐23, 30 municipalities were heavily
affected with significant losses and damage. The entire
region ran out of power and water, communications
services became inoperative, and roads were disrupted.
This disaster resulted in one million people affected,
78707 homeless and 134 deaths. In the region 10,000
houses were totally destroyed.

Haiti earthquake (2010)
In 2010, during the Haiti earthquake, Brazil was the
leader of the United Nations peacekeeping force in the
country. The Government of Haiti and the force
commander requested a CENACID mission to support
overall decision‐making in the disaster. The mission also
aimed to provide an analysis of associated secondary risks,
including landslide risk analysis.
The scientists identified different types of
gravitational mass movements including translational
landslides, sensitive‐clay collapses and small flows.
The CENACID report indicated many risk areas
(Fig.7) and situations, including growing concern about
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The mega‐disaster associated with landslides ‐ Rio de
Janeiro State, Brazil (2011)
On the night of January 11‐12, 2011, the cities of Nova
Friburgo, Teresópolis and Petrópolis, in the mountainous
region of Rio de Janeiro State, were strongly affected by
the mass flows and translational landslides of this huge
disaster (Fig. 8). The number of deaths recorded was 916
and 200 people disappeared.
CENACID has estimated more than 5,000
landslides of different types that have caused complete
destruction of entire neighborhoods in urban and rural
areas.
These geological processes have caused serious
damage to infrastructure, and thousands of homes,
secondary and main roads, communication systems and
sanitation services have been damaged or destroyed
(Fig.9).
CENACID's mission of landslide‐generated disaster
specialists was sent to the disaster area immediately,
responding to a request from the state and federal
governments, providing emergency risk analysis and
important disaster management guidance.
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which reached 29.49 millimeters in 20 minutes at its
most intense period.
Damage to buildings and urban infrastructure was
noted, such as the destruction of houses, streets and parts
of the sanitation system. The largest movement reached
250m3 (Fig. 5) and destroyed houses and the street. In
addition, collapses occurred in areas of karstic terrain,
caused by hydrogeological changes related also to rapid
and intense precipitation.
The rupture of the Brumadinho dam, Brazil (2019)

Figure 8 ‐ Urban area affetcted by a serius of translational
landslides in the disaster of Rio de Janeiro, 2011 showing
deiferen levels of risk. (Photo by DRM‐RJ)

As with all CENACID missions, the "Relative Rapid
Landslide Analysis" (RRLA) methodology (Lima, 2013)
was used to urgently assess the risk associated with
landslides, resulting in over 500 risk areas quickly
analyzed in conjunction with of the Geological Service of
the State of Rio de Janeiro, indicating immediate
evacuation in approximately 120 situations.

In recent years, Brazil has been hit by many situations of
catastrophic rupture of dams with significant impact on
the environment and hundreds of loss of life.
The last important situation was the break of the
dam in the “Córrego do Feijão” iron mine, property of a
Brazilian international mining company.
The dam break in a rotational slip process generated
a gravitational flow of mass movement that destroyed the
whole valley up to a distance of eight kilometers from the
mine. This flow was responsible for the most terrible loss
of life for dam‐related disasters in the country's history,
with 262 confirmed deaths and 41 missing people.
In this disaster situation, the CENACID team
provided a quick overview of the disaster, including
immediate mapping of the disaster area.
The “flow destructive capability map" (Fig. 10) as
well as the “flow internal directions map" (Fig. 11) useful
for search and rescue groups were urgently prepared and
made available. These two are new types of useful
disaster response maps proposed by the CENACID team.

Figure 9 ‐ Church in rural area of the city of Teresópolis affected
by flow type mass movement in the State of Rio de Janeiro.

Restricted landslide disaster in Rio Branco do Sul, Paraná
State, Brazil (2018)

Figure 10 Map of destructive capability (CD) of the flow in the
affected region ‐ destructive capability increasing from grey to
red color.

A series of mass movements reached the city of Rio
Branco do Sul with 32,500 inhabitants and 814 Km2. In
this accident several small to medium size landslides
occurred in the urban area of the municipality. The 15
observed landslides were triggered by heavy rainfall,

The team's typical approach is to try to provide the
scientific support that could be most useful for each
different situation, as in this case where specific maps
were provided that assisted firefighters in the immediate
response to the disaster.
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Figure 11 Map of flow internal directions providing information
to search and rescue activities.

Also in the Brumadinho disaster, CENACID
scientists conducted a rapid assessment of key
environmental impacts and threats, including studies of
sediment and associated contaminant flow along the
Pirapó River basin.

Conclusions
In addition to being useful for landslide prevention,
the CENACID group's experience in landslide‐related
disasters has demonstrated the importance of
understanding landslide processes to facilitate disaster
response and recovery.
It also demonstrated the importance of a trained
scientific group to provide the necessary scientific
support in the disaster response.
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Abstract Reinforced concrete rigid barriers are
commonly used debris flow mitigation measures in Hong
Kong. Under the threat of climate change, the chance of
occurrence of more intense debris flow incidents
becomes imminent. Recently, an initiative to revamp the
design approach and to improve the robustness of the
risk mitigation measures has been taken forward for
addressing challenges of climate change. This calls for an
optimisation of the design approach and an enhanced
residual risk management. A series of technical
development work has been conducted with an aim to
establishing a displacement‐based approach for
assessment of stability of rigid barrier, and developing
sensors for detection of debris flow impacts on the
barriers by adopting novel Internet of Things (IoT) and
sensing technologies. With the corroboration by large‐
scale physical experiments and analytical studies, the
displacement‐based approach is shown to be effective in
optimising the design of barriers when it is compared
with the conventional design approach involving limit
equilibrium analysis. For debris impact detection, a
reliable sensor has been developed and demonstrated
capable of transmitting warning signals to designated
mobile devices for the purposes of triggering timely
emergency responses. The outcomes of the study would
bring about advances in the design and practice of debris
flow hazard mitigations.
Keywords Debris‐resisting barrier; Debris flow;
Displacement‐based approach Climate change; Early
Warning; Internet of Things

Introduction
Since 2010, Landslip Prevention and Mitigation
Programme (LPMitP) has been launched in Hong Kong
and is managed by the Geotechnical Engineering Office
(GEO) to systematically tackle landslide risk associated
with vulnerable natural hillsides with an aim to reducing
the risk to an as low as reasonably practicable level. More
than a hundred of rigid debris‐resisting barriers have
been constructed to safeguard assets and human
settlements in their downstream areas (see Fig. 1).
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Figure 1 Rigid debris‐resisting barrier constructed in Hong Kong

Under the impact of climate change, extreme
rainfall events will become more frequent and intense.
While landslides in Hong Kong are typically rain‐induced,
various studies showed that extreme rainfall could
overwhelm the current slope safety system in Hong Kong
(Ho et al. 2017). To cope with such unprecedented
challenge, the practice of slope safety management in
Hong Kong has evolved progressively. This paper
introduces one of the recent technical advancements
made by the GEO in respect of a new generation of rigid
debris‐resisting barrier system which addresses the
formidable challenge of climate change. The salient
features of this new system and the pertaining technical
development work are presented, followed by a
discussion of the overall improvement brought about.

Climate change in the context of slope safety in Hong
Kong
Hong Kong has a mountainous topography and natural
2
terrain covers 60% of its 1100 km of the total land area.
The natural terrain is typically mantled by weak saprolite
or colluvium, which are susceptible to shallow landslides
and small to medium‐scale debris flows. According to the
local landslide inventory, there would be one landslide
2
per annum in every 2 km of natural hillside on an
average. With an insufficient supply of flat land, rapid
urban development has been expanding closer to the
hillsides and the landslide problem becomes particularly
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acute. To deal with natural terrain landslide risk, various
risk mitigation measures have been constructed by the
LPMitP to protect the public. Amongst these measures,
rigid debris‐resisting barrier made by reinforced concrete
is a common option to mitigate sizeable debris flows.
In recent years, Hong Kong has been pummelled by
climate change. The hourly rainfall record at the Hong
Kong Observatory was broken several times in the past
few decades, whereas it used to take several decades to
break such record in the past. A comprehensive
meteorological research has been conducted to study the
probable climatic changes that will affect Hong Kong (EB
2015), and it indicates that extreme rainfall events will
become more frequent and intense. While landslides in
Hong Kong are typically rain‐induced, various studies
showed that extreme rainfall could result in an increased
susceptibility and frequency of landslide initiation and an
aggravation of mobility of landslide debris (Ho et al. 2017).
Scale of landslides is envisaged to escalate as a result of
the higher erosion power of more mobile debris. These
factors could stretch the capacity of the rigid barriers and
the landslide emergency system to their limit.

Facet 1 ‐ Novel design philosophy
General
Rigid barriers in Hong Kong are usually massive and take
a quarter‐size of a standard swimming pool (see Fig. 1).
Mobilisation of construction materials uphill, extensive
earthworks for site formation and construction of
substantial foundations, e.g. tie‐backs or mini‐piles in
remote hillside, which contribute to a high construction
cost, poor constructability and various environmental
concerns. Escalating the foundation requirements of rigid
barrier is not a pragmatic mean to deal with the possibly
larger scale and mobility of debris flows under the
influence of climate change. Thus, a change in the design
philosophy which could optimise the structural
requirement of rigid barriers is needed (Kwan et al. 2017;
Lam et al. 2018b; Law et al. 2019). The following technical
development work has been carried out to (1) identify the
potential areas of improvement in the current design
practice, (2) establish analytical basis of a new design
guidance, and (3) verify the robustness of the new design
solutions.
Centrifuge test

Features of new generation of rigid debris‐resisting
barrier system
In response to climate change, a holistic revamp of the
practice of slope safety management has been initiated
and a new generation of rigid debris‐resisting barrier
system has been developed. The design new barrier
system will follow a novel design philosophy for
assessment of the debris containment capability. This
helps to produce optimised design of rigid debris‐
resisting barriers and devise rational design requirements
of barriers to cope with the more intense debris flow
events as a result of climate change. On the other hand,
tailor‐made instrumentations, which utilise smart
technology to suit the specific conditions in Hong Kong,
are to be installed in the new barrier system for the
purpose of landslide detection. It can transmit warning
signals to designated mobile devices for the purposes of
triggering timely emergency responses in extreme
landslides and improve the capability of residual
landslide risk management. The new barrier system is
developed based on the following two facets of technical
development work, which will be elaborated in the
coming sections: ‐
(1) Facet 1: novel design philosophy against boulder
impacts scenarios for optimising the structural
requirement of rigid barriers; and
(2) Facet 2: deployment of smart technology for
immediate landslide detection for expediting emergency
response.
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In 2015, centrifuge modelling of debris containing
boulder inclusions impacting on model rigid barriers was
conducted, and impulsive force spikes of boulder impacts
were observed (see Fig. 2). This is in great contrast to the
more quasi‐static nature of pure debris impact without
boulder inclusions (Song et al. 2017). However, the
prevailing design philosophy treats boulder impact as a
constant pseudo‐static force using conventional limit
equilibrium principle (Kwan 2012).

Figure 2 Time history of impact force of (a) pure debris matrix
(top); and (b) debris with clastic boulders (bottom)

A review of literature was conducted and limit
equilibrium analyses is a common design criteria for rigid
barriers in many regions (ASI 2013; CAGHP 2018; MLR
2006; NILIM 2007; SWCB 2005; Vandine 1996). Limit
equilibrium analyses work well in the conventional
design of geotechnical structures, e.g. earth‐retaining
walls, which sustain primarily static loads. Application of
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conventional static design philosophy to rigid barriers to
deal with momentary boulder impact is often the primary
source of conservatism contributing to a bulky design of
rigid barrier associated with extensive tie-backs.

of Melbourne (see Fig. 3). Concrete barrier was
constructed and was impacted by iron sphere under
different impact velocities. The barrier’s translational and
rotational movements were measured using laser sensors.
Yong et al. (2019) and Lam et al. (2018a) reported the test
setup and measurement results. They found that the
measured movements matched well with the predicted
movements based on the analytical solutions.

Analytical study
In 2016, a novel displacement-based design philosophy,
borrowed from concepts in earthquake engineering
(Newmark 1965; Kramer 1996), has been proposed in view
that boulder impacts are also impulsive and transient.
Under this novel philosophy, if a limiting movement of
rigid barrier is allowed under a boulder impact scenario,
impact energy can be dissipated through work done
against the movement of the barrier. This saves the need
of providing extensive structural restraints for
maintaining the barrier in static equilibrium.
An estimate of translational and rotational
movement of the rigid barrier subject to boulder impact
would be required and that, the conventional force-based
philosophy of satisfying a minimum factor of safety
against sliding and overturning would not be required.
The geotechnical stability of the rigid barrier would be
robust by limiting the estimated barrier displacement. By
allowing energy dissipation through the movement of the
barrier, it saves the need of providing extensive structural
restraints (e.g. tie-backs or piled foundations) for
maintaining the barrier in a static equilibrium condition.
The formulations of displacement-based approach for the
prediction of barrier’s rotation and translation are given
below, and the derivation and assumptions involved are
detailed in Lam and Kwan (2016).

C .G. 

KE0 h  1  COR 
 

Mg r  1   

Figure 3 Small-scale pendulum impact tests for verification of
new design philosophy

Large-scale impact tests
The verification of displacement-based approach was
progressed towards boulder impact scenarios with a
higher impact energy and a series of flume tests were
conducted. The flume was developed by the Hong Kong
University of Science and Technology and is in total 28 m
long, 2 m wide and 1 m deep (see Fig. 4). To simulate a
realistic boulder-barrier interaction, an L-shaped
reinforced concrete model rigid barrier weighing about 5
tonnes was constructed at the deposition zone. The
model barrier was founded on a layer of compacted
granitic fill materials and was set free to slide and rotate
during the impact process.
Five impact tests involving different impact
scenarios (i.e. different number and size of boulders)
were carried out. The displacement of the barrier (both
transient and permanent) was measured using the laser
sensors installed behind the model barrier. High speed
camera was installed to capture the impact process and
to estimate the impact velocity of the boulders when
approaching the model barrier (See Fig. 5).
To verify the displacement-based approach, the
measured movement of the model barrier was compared
with that predicted using the analytical equations. The
results demonstrated that the extent of sliding and
rotational movements of barrier predicted by the
displacement-based approach is generally conservative
(see Tab. 1).

2

KE0
 1  COR 



Mg  uA tan   1   

[1]

2

[2]

where ∆C.G. is rise of the barrier’s centre of gravity due to
rotation of barrier; ∆ is translation of barrier; H is height
of barrier; KE0 is initial kinetic energy of boulder; M is
mass of barrier; g is acceleration due to gravitation; r is
distance between the axis of rotation and the point of
impact;  is Iθ/mhr (where Iθ is the mass moment of
inertia of barrier); COR is coefficient of restitution of
boulder and barrier after impact;  is ratio of mass of
barrier and boulder; u is uplift pressure of groundwater; A
is contact area of groundwater and base of barrier; and δ
is interface friction angle of barrier and ground.
Laboratory-scale impact tests
The formulae of displacement-based approach was
rigorously derived. Notwithstanding this, two series of
small-scale pendulum impact tests were carried out to
verify this approach in collaboration with the University
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Figure 4 Flume test facility for verification of new design philosophy

Figure 5 Snapshot of a flume test for verification of new design philosophy
Table 1 Results of flume tests
Test No.

Quantity and Size of
Boulders

K1

1 no. of 200 mm
boulder
10 nos. of 200 mm
boulders
10 nos. of 400 mm
boulders

K2
K3

Observed
Impact
Velocity
(m/s)
7.0

Measured
Sliding
Movement
(mm)
< 0.1

Predicted
Sliding
Movement
(mm)
0.1

7.0

< 0.5

< 0.5

8.0

2.0 ‐ 2.9

4.0 ‐ 6.3

Further study using numerical analyses
To address scale‐dependent problem of physical tests,
three‐dimensional
finite‐element
analyses
were
conducted using the commercially available computer
package LS‐DYNA. Yong et al. (2019) validated a set of
numerical inputs which are suitable for the analysis of
geotechnical stability of rigid barrier. Making use of
similar numerical approach, scaled‐up numerical analyses
were conducted. Snapshots of two analyses are shown
below.
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The rotational and translational movement of the
model barrier have been obtained from LS‐DYNA
simulation and compared with that predicted using
displacement‐based approach (see Fig. 6). More
numerical analyses are given in Yong et al. (2019) and
Lam et al. (2018a).
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Figure 7 Multiple landslides occurred in Lantau, Hong Kong in
2008
Boulder diameter = 1m
Impact velocity = 10 m/s

Design consideration
Model LS1

Model LS2
Model Movement Obtained from Predicted Movement Based on
No.
LS‐DYNA Simulation
Displacement‐based Approach
LS1

Sliding of 1.3 mm

Sliding of 1.4 mm

LS2
Rotation of 0.09
Rotation of 0.02
Figure 6 Numerical Model LS1 (Top) and LS2 (Bottom) for
verification of new design philosophy

Development of Smart Barrier System
General
Rigid barriers are capable of retaining landslide debris
with a designated volume. In case of exceptionally
massive or recurrent landslides triggered by extreme
rainfall scenarios (see Fig. 7) which exceed the designated
volume, the barriers may be overwhelmed and overflow
of debris to the downstream may occur. In addition, there
have been cases that barriers had intercepted landslide
debris in the field without being noticed for quite some
time after the landslides had occurred, due to their
inaccessibility and obstructed visibility. To facilitate
timely emergency responses to the above situations, a
Smart Barrier System has been developed to provide
alerts to the government agencies and relevant
stakeholders when landslide debris impacting onto a
barrier is detected. This system has been tailor‐made to
suit the local conditions of natural hillsides in Hong
Kong.
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The development of this Smart Barrier System needs to
overcome two key challenges: ‐
(1) The system is exposed to hot, humid and
vegetated outdoor environment in Hong Kong without
any power supply. It is therefore designed to be robust
against adverse outdoor environment, nominal power
consumption and sustainable by harvesting solar energy
alone.
(2) The wireless communication among the IoT
devices and with the cloud platform is not stable at
remote and heavily vegetated sites, especially in rainy
weathers. The communication module of the Smart
Barrier System has to be optimised for exceptional
efficiency and redundancy.
Prior to the development of Smart Barrier System, a
search of landslide detection systems which are
commercially available was conducted. These systems
can be classified according to their position of installation.
They can either be installed to monitor initiation of
landslide at source area (e.g. inclinometer, acoustic signal
detector), or to detect moving debris along debris trail or
at the location of mitigation measures (e.g. geophones,
trip wires). For those installed at the source area, soil
movement is normally monitored. While landslides in
Hong Kong normally involve brittle failure and the soil
movement at the incipient of landslides is abrupt,
detection of soil movement could not give adequate
response time. On the other hand, source areas and trails
of debris flows are located in remote hillside with no
proper access. Maintenance of instruments is practically
difficult. In view of this, landslide detection systems
installed at the deposition zone of debris and the
landslide risk mitigation measures are considered more
effective. As regard the mechanism of landslide detection,
monitoring of seismic wave (e.g. geophones) could
sometimes give false alarm. The use of acoustic detector
requires specific understanding of relationship between
acoustic wave and soil movement, which could be
cumbersome if these detectors are put in various
geological or hydrogeological conditions. Besides, the use
of
off‐the‐shelf
components
for
building
an
instrumentation system could be fraught with difficulty
in terms of high power consumption (due to limited
customisation), especially at remote and outdoor
locations in Hong Kong. As no electricity supply and
landline connection are available in those remote areas,
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the power supply by solar power panels is often not
adequate to support the off‐the‐shelf instrumentation.
Moreover, the lack of integrated hardware and software
protection in the off‐the‐shelf instrumentation could
result in costly repair and maintenance work.
With these considerations, a Smart Barrier System
has been tailor‐made and developed based on the
following criteria:
(a) Robust and reliable in outdoor environment;
(b) Low power consumption; and
(c) Low maintenance requirement.
System architecture
The Smart Barrier System was developed with a simple
system architecture targeting at timely detection of
landslides instead of sophisticated measurements of the
dynamics of landslide impacts. The components of the
system are grouped into four categories, viz. the debris
impact detection modules, the signal transmission system,
the monitoring instrumentation and the power supply
system (see Fig. 8). Real‐time landslide detection is
realised through deployment of an array of wireless
impact switches mounted on the barrier. Real‐time data
or images recorded by the monitoring instrumentation,
including tailor‐made laser depth gauges (for debris flow
thickness measurement) and digital cameras (for
capturing photographic images), can be viewed through
the mobile application to take cognisance of the field
situations. These inter‐connected IoT instruments are
linked to a cloud‐based Information Technology platform
with native mobile application, which facilitates timely
and informed emergency responses by the emergency
responders.
Signal Transmission System

debris depth gauge installed at the crest of the rigid
barrier monitors the debris depth behind the barrier. It is
programmed to make a measurement every five hours. If
the depth gauge measures a depth exceeding certain
threshold, it will trigger an alert signal. When there is an
alert signal either sent by the debris impact switch or the
debris depth sensor, the system will command the digital
camera to capture a photographic image of the barrier
retention zone, and the frequency of depth measurement
will increase. The alert, depth data and photographic
images are transmitted to desktop/mobile devices via a
4G mobile network. Officers can remote control the
digital camera to capture additional images via the
desktop/mobile application.
Besides, in order to facilitate monitoring of the
survivability of the prototype Smart Barrier System, a
special feature is incorporated in the system. The system
is configured to transmit its battery power level to the
mobile/desktop devices at regular interval. This kind of
“heartbeat” signals together with the continual feedback
from the monitoring devices (i.e. the debris depth
gauges) allow us to monitor the condition of the system
and the need for maintenance.
Implementation of Smart Barrier System
Flume test
The performance of Smart Barrier System was tested
using the flume facility as discussed in Section 4.5. Debris
impact switches were installed on the model barrier to
receive strike from debris materials (see Fig. 9). Debris
mix was designed to mimic the characteristics of local
debris flow materials. A series of flume tests were
conducted which successfully demonstrated the
capability of the system.

Cloud

Gateway
Mobile/desktop application

Debris impact switch
Debris impact detection modules

Debris depth gauge

Camera

Monitoring Instrumentations

Battery

Solar panel

Power Supply System

Figure 8 System architecture of Smart Barrier System

Alert trigger mechanism and operation
The debris impact switch is housed in a 300 mm by 450
mm box. The box is installed at the back of the barrier
wall stem. When the front face of the box is subject to a
physical hit, two wired metal plates in the impact switch,
originally set uncontacted, will be pressed together,
completing an electric circuit to give a signal of landslide
debris impact. In addition to the impact switch, the
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Figure 9 Debris flow flume test for examining the performance
of Smart Barrier System
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Trial field installation
The Smart Barrier System has been installed at a number
of rigid barriers in Hong Kong for in‐situ testing and
proof‐of‐concept purposes (see Fig. 10). As the system has
been exposed to outdoor environment subject to true
weather conditions, the durability of the system can also
be tested.
Debris impact
switch

Gateway

A landslide emergency handbook was formulated
through series of liaisons with the stakeholders in the
hospital and a concise workflow was incorporated for the
frontline staffs of the hospital and the GEO. Also, the
GEO has been planning an emergency drill with a view to
enhancing the emergency preparedness of different
stakeholders.

Overall improvement brought by the new system

Debris depth gauge

Camera

Figure 10 Trial field installation of Smart Barrier System

Case study ‐ pilot landslide emergency plan for a local
hospital
This section presents a case of practical deployment of
Smart Barrier System. In order to deal with potential
debris flows which could affect a local hospital, rigid
barrier was constructed in its uphill. In view that massive
landslide could occur and overflow the rigid barrier,
Smart Barrier System has been deployed at the barrier to
improve the emergency preparedness of the hospital (see
Fig. 11).

Using the novel design philosophy (i.e. Facet 1), in gist,
there would be a reduction of the earthwork required for
site formation, less consumption of construction
materials, and a dispensable need of structural restraints
i.e. soil nails and pile foundation. An example of such
enhancement is shown in Fig. 12. In this example,
reductions of construction cost from about HK$10M
($1.3M USD) to about HK$5M ($0.6M USD), and
construction time from about 20 months to about 12
months are envisaged. In addition to a significant
reduction in construction cost and time, the new system
brings about intangible benefits of improved
constructability and minimisation of adverse impacts to
the natural environment.

Figure 12 Comparison of design of rigid barrier based on (a) the
prevailing design philosophy (top); and (b) the new design
philosophy (bottom)

With the deployment of new Smart Barrier System (i.e.
Facet 2), swift emergency response can be provided,
which elevates the overall capability of residual landslide
risk management.
Figure 11 Practical deployment of Smart Barrier System in a local
hospital
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Summary
The new rigid debris‐resisting barrier system has been
developed by integrating two technical development
work. It is developed to address the geo‐hazard of natural
terrain landslides under the impact of climate change.
With the novel design philosophy for rigid barriers,
barriers of optimised design requirements can be
constructed to accommodate a larger magnitude of
landslide. The use of tailor‐made early warning with
smart technology could improve emergency preparedness.
All in all, the new barrier system enhances the
community’s resilience against the impacts of climate
change.
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Abstract Today is possible to have landslide inventories
and much information is available; however the analysis
of such information is not always exhaustive and may be
lost among too many data. This research seeks to
compile and analyse information from official landslide
databases in Colombia, but complemented with other
sources as technical reports and newspapers reports
about landslides or debris flows in a 31 years window,
causing at list 10 or more death persons. The results
show that the most critical year was 1994 with the Páez
debris flow triggered by an earthquake, that caused 128
death and 429 missing fallowed by 1987 Villa Tina
Landslide with more than 500 people death and more
than 2400 affected people and by 2017 Mocoa debris flow
that caused 338 deaths.
Most of the events were associated to intense rain
periods produced by La Niña episodes. The most critical
months in terms of number of events were April and
December and the most affected district was the
Antioquia Department. The single event that most
victims caused was the Villa Tina.
Keywords Landslide inventory, debris flow, damage,
fatalities.

Introduction
Landslides and debris flows periodically affect the
Andean region of Colombia, where most of the people
live. The moderate or intermediate impact landslides are
normally related to the rainy seasons and despite they
do not bring too much attention, in conjunction, they
produce important economic or environmental impacts
and in certain cases they also cause some deaths and
injuries to people, instead catastrophic landslides and
debris flows are less frequent but individually they
produce severe impacts in terms of greater number of
fatalities and injuries, significant economic or
environmental losses, interruption of normal social
activities, etc. and for those reasons they mobilize
enormous national and international resources and
attract the attention of the public opinion.
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The analysis of severe catastrophic events permits
to identify the major deficiencies but also the positive
actions in the national risk management process. In
order to evaluate the impact of extraordinary events
occurred during the last 31 years, a systematic review of
natural hazard events databases, official reports,
technical articles and newspapers reports was carried
out and the information was processed to identify
aspects as temporal and spatial variability of large
impact events and main causes and effects.
Previous works related to landslide inventories and
analysis of consequences in Colombia have been
developed by Montero et al (1985) for the Colombian
road network; The OSSO Corporation Colombia in
association to La Red and UNISDR since 1994 developed
an international database of disasters effects called
DesInventar (OSSO et al, 2019); Ojeda and Donnelly
(2006) analysed the impact of landslides in towns and
cities of Colombia; the World Bank (Banco Mundial,
2012) complied the occurrence and effects of different
type of natural hazards, including landslides from 1970
to 2011 and made an analysis of the general risk
management. The Colombian Geological Service
(Servicio Geológico Colombiano, SGC, 2017) with the
collaboration of many universities in the country,
actualized the geological and geomorphological
information and developed a landslide susceptibility and
hazard map at a scale of 1: 100.000 and they also
developed the Mass Movement Information System
(SIMMA), an open access official landslides database.
Sepúlveda and Petley (2015) present analysis of
landslides in Colombia from a regional perspective in
Latin America and Rojas (2018) made an initial
compilation and analysis of catastrophic events based on
aforementioned sources.

General characteristics of the study area
Most of the main cities in Colombia are located in the
Andean region, conformed by tree cordilleras that
extend from southwest to northeast. The cordilleras are
controlled by a complex geological fault system that has
been generated by the interaction between the
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Caribbean Plate, the Nazca Plate and the South America
Plate. The Central Cordillera is the oldest (cretaceous)
and the highest of the tree (5750 m over sea level), it is
geologically the most complex, conformed by Tertiary
continental sediments, Cretaceous volcanic sequences
and Palaeozoic schists (Ojeda and Donnelly, 2006). The
Eastern Cordillera is predominantly conformed by
Cretaceous sedimentary rocks, but also there are present
metamorphic and granitic rocks, covered by more recent
by glaciofluvial and colluvial deposits (Montero, 2003).
In the Western Cordillera appear interbedded sequences
of sedimentary and igneous rocks (Ojeda and Donnelly,
2006).
The geological faults pattern is characterized by a
predominant direction NNE that controls the tree
mountain ranges orientation. Between the Central and
the Western Cordillera is present the Cauca‐Romeral
fault complex and between Central and Eastern
Cordillera is located the Magdalena fault complex.
Within the Central Cordillera is located the Palestina
fault and in the eastern side of the Eastern Cordillera is
located the Frontal Eastern Cordillera fault. A secondary
fault pattern is also present in the central and northern
parts of the country with prevalent direction NNW. The
main secondary orientation faults are Bucaramanga‐
Santa Marta fault and Oca fault. In Fig. 1 are indicated
the main geological faults superimposed on the landslide
hazard map 1:100.000 elaborated by de Colombian
Geological Service (Servicio Geológico Colombiano,
2017).
An independent orographic peripheral system is
the Sierra Nevada de Santa Marta, located in the
Caribbean coast which reaches a height of 5775 m over
sea level (the highest elevation place in Colombia).
Precambrian igneous and metamorphic rocks appear in
this area, cover in many places by sedimentary rocks.
The region is mainly inhabited by indigenous
communities with low population density and most of
the stability problems are associated to intensive erosion
with not catastrophic events reported.

Catastrophic events classification and sources of
information
According
to
Colombian
legislation
“Natural
catastrophes are those changes in the physical
environment, identifiable in time and space, that
produce massive and indiscriminate damage to the
population and that collectively affect a community,
such as earthquakes, tsunamis, volcanic eruptions,
floods, landslides and debris flows.” (Decree No 3990 of
2007, Ministry of Social Protection). In the frame of the
cited decree, when a given event is declared by the
authorities as “catastrophic”, special attention is given in
terms of rapid flow of economic and logistic help to
attend the emergency situation.
In the context of the present article, catastrophic
events are only related to landslides and debris flows
occurred between 1987 and 2017 and in order to have a
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more simple and general way to identify those events
from the available information we consider catastrophic
events as those that caused 10 or more human fatalities.

Figure 1 Main geological faults in Colombia (locazation on the
ladslide hazard map (1:100.000) developed by the colombian
Geológical Service)

Catastrophic landslide events were consulted from
the Landslide Information System (SIMMA) that is the
official landslide database, developed and administrated
by the Colombian Geological Service. SIMMA has tree
modules: Consult module, Load and Edition Module and
Reception of Information Module. The Consulting
Module permits to consult by location (municipality or
department) and by type of landslide. The reported
information is the location (geographic coordinates), the
date of the event and the date of the report, geographic
references as rivers, roads, etc., and the effects of the
event in terms of number of death and missed people,
number of affected people and number of affected
houses. It also permits to observe the location in the
landslide hazard map at scale 1:100.000 and, when
available, shows information about details of the
landslide as description of the event, type of event
(landslide, debris flow, etc.) and sub type of event
(rotational, translational, etc.), type of material, type of
deposit, soil moisture condition, activity, volume of
displaced material, type of cover material, possible
causes, secondary effects, schematic representation,
pictures or videos. This technological platform is very
important for the systematic organization of the
information; however during the research it was
observed that not all the information is complete and
unique, for what a deep depuration is required.
A second source of information was DesInventar
(OSSO‐Colombia, La Red, UNISDR, 2019), that since
1994 compiles, from official agencies and from
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newspaper reports, the small, medium and large impacts
of natural events in nine Latin American Countries,
including Colombia. This source is important in terms of
information about the effects but the main drawback is
that geographic coordinates are not always available and
for that reason the localization of the events is only
approximated to the nearest town. A third source of
information was the Consolidated National Emergencies
Report, elaborated by the National Disaster Risk
Management Unit (UNGRD) that consolidates annual
information since 1998, however this source is mainly
oriented to register the annual economic investments in
disaster prevention and it is not exhaustive in technical
descriptions of the events. Although the tree mentioned
information repositories should have the same
information they are not integrated and in many cases
there are important discrepancies that make difficult the
analysis of information and for that reason it was
necessary to contrast with official technical reports,
technical papers, newspapers and internet reports, trying
to obtain the most reliable data.

1985 Armero debris flow as reference catastrophic
event
The most catastrophic natural event that has ever
affected Colombia is the Nevado del Ruiz debris flow
(November 13, 1985), caused by a minor eruption of El
Ruiz volcano, located in the Central Cordillera, that
melted about 10% of the glacial cap (Mojica et al, 1985)
and subsequently produced an immense debris flow that
totally cover the municipality of Armero, killing more
than 22.000 people and causing injuries to more than
5.000 people. Locally this event is better known as
Armero debris flow. According to Shuster et al (2002),
the economic loses were about $212 million (1985 US
Dollars).
Although the information about the probable
eruption of el Ruiz Volcano was available before the
event and there was also a volcano hazard map (that had
well defined possible debris flow zones) the evacuation
decisions were not taken in a timely manner, for that
reason, this major event meant an inflection point in the
Colombian risk management because, by one side,
authorities and people realized about the very strong
consequences that a natural event may produce and by
the other side, the disaster revelled the importance of
the scientific investigation in earth sciences, the
necessity of a strong organizational risk management
agency and the importance of an opportune, clear and
persuasive communication of the risk situations to the
exposed communities.

Types and temporal distribution of catastrophic
events
The total number of events (catastrophic and non‐
catastrophic) from 1987 to 2017 reported in the SIMMA
inventory is 6307 of which 4198 correspond to landslides
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(67 %), 972 correspond to flows (15%), considering in
this category debris flows, earthflows, mudflows and
debris avalanches, and 1137 correspond to rock falls (18%),
as shown in Figure 2.

Falls
18%
Flows
15%

Landslides
67%

Figure 2 Percentage of catastrophic events from 1987 to 2017,
according to the type o event.

The number of deaths plus missing persons in the
same period was 2579, giving a mean value of 83 victims
per year, which is higher than the value of 59 reported
by Ojeda and Donnely (2006) for the period 1993 to 2004.
Total number of grouped events each year, including
catastrophic and non‐catastropic, is shown in Fig. 3,
together with the associated victims (deaths plus
missing). From 1987 to 2001 the number of events is
relatively low, varying from 7 to 65, but since 2002, the
number of events tended to increase. The higher number
of events occurred from 2005 to 2015 with a pick value of
868 events in 2013. This strong increase in the number
of events may be partially associated to a better and
more systematic registration of events from 2005 and
partially to extreme rainy years during that period.
During the same time interval, there were 37
catastrophic events (according to the classification of 10
or more fatal victims), which represent only the 0,6 % of
the total events, with a mean value of 1,2 catastrophic
events per year. However, the number of deaths plus
missing people caused for those 37 events was 2432,
representing the 94% of the total. This reflects the very
high impact of catastrophic events in loss of life.
The most critical events during the evaluation
period occurred in 1987 (Villatina landslide, 500 deaths),
in 1994 (Páez debris flow triggered by an earthquake, 128
death, and 429 missing) and 2017 (Mocoa debris flow,
338 deaths).
Most of the landslides and debris flows are
associated to rain events. Colombia is located in the
Intertropical Convergence Zone and this condition
implies that very frequent and intense rains occur. There
are typically two rainy seasons: one in April‐May and the
other in October‐November, showing peak values in
June and October. Normal conditions are strongly
altered by Southern Oscilation Index (SOI), especially by
La Niña episodes (SOI greater than +7) that induce
exceptional rainfalls. The mean annual rainfall for the
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Andes is around 1500 mm but in the exterior slopes is
about 4000 mm and in the Pacific coast may reach up to
6000 mm (Rodriguez, 2006).
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Figure 5 Monthly distribution of catastrophic events from 1987
to 2017.
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Spatial distribution of catastrophic landslide events
The location of events in the Colombian map is
shown in Fig. 6 where the three main events (Villa Tina,
Páez and Mocoa) are highlighted.

Victims

Figure 3. Total number of events and victims (deaths plus
missing) from catastrophic and non‐catastrophic landslides,
debris flows and rock falls, from 1987 to 2017.

Number of catastrophic events

The distribution of number of events per year is
shown in Figure 4. During the 31 years of evaluation in 18
years one event occurred, in 8 years zero events and the
most critical year in number of catastrophic events was
2011, coincident with a very intense La Niña Event.
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Figure 4 Number of catastrophic events each year from 1987 to
2017.

The monthly distribution of catastrophic events is
shown in Figure 5. Most of the events have occurred in
April‐ May and in October‐December and therefore they
are clearly associated to the predominant bimodal rain
conditions.
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Figure 5 Spatial distribution of catastrophic events in
Colombia from 1997 to 2017.
70% of the events were presented in the Central
Cordillera, 24% in the Eastern Cordillera and only 6% in
the Western Cordillera, as shown in Figure 6. Politically
and administratively Colombia is divided in 32
departments. The department with greater number of
events was Antioquia (40%), followed by Caldas (16%),
Cauca (11%) and Nariño (8%) as is illustrated in Figure 7.
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Figure 6 Percentage distribution of catastrophic events
in the tree mountain ranges of Colombia.
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Filadelfia Landslide (Nov 22, 2001). This event of
rock fall and landslide occurred in an old abandoned
gold mine in the municipality of Filadelfia (Caldas
department) at 5:45 AM. At that moment about 26
persons that were looking for gold were buried by the
fallen material. Immediately the other miners came to
help but a second rock fall also buried them (El Tiempo,
2002). A total of 51 persons died, 32 were injured and 14
were missing (UNGRD, 2001). The old mine had been
declared as unsafe previously but many low income
people with little mining experience continued working
informally, trying to find few grams of gold. The rain
that fell the previous days detonated the instability.

Valle
5%

Antioquia
40%
Caldas
16%

Figure 7 Distribution of
Colombian departments.

catastrophic

Páez debris flow (June 6, 1994). As a consequence
of an earthquake of magnitude 6.4 (Monday 3:47 PM),
more than 3000 single and low deep translational
landslides were triggered in a very steep slopes of the
Cauca department (Ávila et al, 1996) and rapidly they fell
into the Páez and other tributary rivers and formed a
very large debris flow that swept several homes located
on the bank of the rivers. The final number of deaths
and missing is not clear but most of them were
indigenous people of the Páez community. Cardona
(1995) stated that 128 people died, 429 were missed and
207 were injured. 1664 houses were totally destroyed
and 3160 affected (by the combination effects of the
earthquake, landslides and debris flows).

events

in

Characteristics of the most impacting catastrophic
events
The list of catastrophic events is shown in Tab. 1 and a
brief description of the most critical events (those
causing more than 50 deaths) is presented below:
Villatina Landslide (September 27, 1987). This
landslide occurred in the city of Medellín (Antioquia) in
the neighbourhood of Villatina. It is one of the most
catastrophic events produced by a single and relatively
3
small landslide of about 40.000 m of residual soil (Ojeda
& Velasquez, 1996), because it caused 500 deaths,
affected a further 1300 and destroyed 120 houses (Ojeda
& Velasquez, 1996, Ojeda and Donnelly, 2006; SGC, 2019;
UNGRD, 2019). The families were of very low income
and most of the houses were informal constructions. The
event occurred at 2:40 PM on a Sunday day. It was a
translational landslide on residual soil followed by a very
fast debris flow that did not permit people to evacuate.
Even though there had been no rainfall many days
before the event, the infiltration of water in the soil from
a water‐supply pond located in the upper part of the
slope was the main cause of the landslide (Shuster et al,
2002).
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Bello debris flow (Dec 5, 2010). This event
occurred at 2:45 PM in the municipality of Bello
(Antioquia) a city very close to Medellín in a
neighbourhood known as La Gabriela. It was classified as
a complex landslide–debris flow that occurred in
sequence, after weeks of heavy rains (Aristizabal, 2010).
3
The estimated mobilized volume was 50.000 m . The
flow caused 85 deaths and 40 buried houses. As in the
case of Villatina landslide, previously described, in the
area lived poor people in precarious and informal houses,
located very close to the mountainside and
coincidentally in both events the day was Sunday and
the hour of occurrence were almost the same, when
many people were in family reunions.
Salgar debris flow (May 18, 2015). The event
occurred at 2:48 AM due to heavy rains during the two
previous days that produced a torrential flow at La
Liboria creek, in Antioquia department, causing 78
deaths, 40 injured, 30 missing, 31 houses and two bridges
destroyed and more than 1000 people affected (Servicio
Geológico Colombiano, 2019). All the affected people
lived very close to the riverbed and previous events of
lower magnitude had occurred there causing moderate
affectations.
Mocoa debris flow (Apr 1, 2017). The city of
Mocoa is the capital of the Putumayo department.
th
During the night of March 31 and in the early morning
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th

of April 1 , after prolonged and intense rain three rivers
overflowed and many landslides were generated in the
upper part of the basins, producing a very large
torrential flow that cover part of the urban area as
shown in Figure 8. According to the data reported by the
Disaster Risk Management Unit, the flow caused 332
deaths, 398 injured and 77 missing people. The number
of destroyed houses is not reported but the number of
affected houses was 1.200. This event was very impacting
in Colombia and important resources have been invested
in recovery and in detail hazard studies in the affected
area, particularly one developed by the Colombian
Geological Service at scale 1:5000 (SGC, 2018).

Figure 8 Aerial photo of Mocoa in the zone affected by
the torrential flow (El Tiempo, 2019. Picture from:
Presidencia de la República).

Conclusions
Landslide risk management is a process of
continues learning from foreign, but specially, from own
experiences in different types of events. Catastrophic
landslide and debris flows events are of particular
interest because they generate significant direct impacts
in terms of loss of life, injured, missing, loss of housing,
damage in infrastructure and important social and
economic losses. Catastrophic events attract the
attention of national and international community and
leave a special mark on the prevention and management
processes.
During the period 1987‐2017 the number of
reported catastrophic and non‐catastrophic events was
6307 and the total number of deaths was 2579. During
the same period, a total of 37 catastrophic events (with
10 or more fatal victims) occurred in Colombia, which
represents only the 0,6% of the total number of events,
however, the number of deaths plus missing as a
consequence of those catastrophic events was 2432,
corresponding to the 94% of the total, proportion that
reflects the impact of few but severe events. The mean
value of catastrophic events per year was 1,2 and the
mean value of deaths plus missing due to catastrophic
events was 83 persons per year.
Most of the events occurred in the periods April‐
May and October‐December, showing a clear association
to bimodal rain conditions. 70% of the catastrophic
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events occurred in the Central Cordillera, 24% in the
Eastern Cordillera and 6% in the Western Cordillera.
The most affected department was Antioquia with the
40% of the events, followed by Caldas, Cauca and Nariño
with 16%, 11% and 8% respectively. The five most critical
events were: 1987 Villatina Landslide (500 deaths); 1994
Páez debris flow (128 deaths and 429 missing); 2001
Filadelfia landslide (51 deaths and 14 missing); 2010 Bello
debris flow (85 deaths); 2015 Salgar debris flow (78
deaths, 30 missing) and Mocoa debris flow (337 deaths
and 77 missing).
Although the risk management institutions in
Colombia have achieved significant advances since 1985
Armero debris flow that caused more than 22.000 deaths,
catastrophic events continue to occur periodically,
affecting in most of the cases, the poorest people that,
for economic reasons, are forced to locate themselves in
highly vulnerable sectors. It is then important to recall
the very well‐known relationship between poverty and
catastrophic events and the necessity of more economic
investments, effective regulations and real controls in
the land occupation, according to the results of hazard
zonation studies, because in many cases hazard maps are
available but evacuation and relocation programs have
been very difficult to implement and is not easy to
relocate people without offering them similar housing
conditions in safer places.
Most of the described catastrophic events could
have been avoided or at least their impact could have
been reduced with the aid of efficient early warnings,
and for that reason, special focus in the risk
management process must be place on reducing risk
conditions in critical areas by minimizing exposure and
implementing efficient early warning systems.
The official landslide information system developed
by the Colombian Geological Service (SIMMA) is a very
important tool to systematically capture and keep the
relevant information of landslides in Colombia, however
it requires some additional work to complete and
depurate information. Additionally it is recommended to
have in this information system a final, unique and
official data of landslide effects, because actually there is
significant variability in the available information.
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Table 1 Number of events per year with 10 or more fatal
victims of landslides or debris flows from 1987 to 2017.

Type

Date
(dd/mm/yyyy)

1 VILLATINA

LANDSLIDE

29/09/1987

Deaths
pl us
mi s s i ng
500

2 TARAZÁ

LANDSLIDE

01/07/1988

20

3 VILLAVICEN

LANDSLIDE

04/12/1990

10

4 TURBO

FLOW

19/01/1992

35

5 DABEIBA

FLOW

24/12/1993

45

6 PÁEZ

FLOW

06/06/1994

557

7 FREDONIA

LANDSLIDE

22/07/1995

23

8 BARBOSA

LANDSLIDE

08/07/1996

11

9 TOLEDO

LANDSLIDE

30/09/1996

11

10 ANORÍ

LANDSLIDE

21/01/1998

12

11 INZÁ

FLOW

09/04/1999

15

12 FLORENCIA

FLOW

04/10/1999

18

13 ARGELIA

LANDSLIDE

14/04/1999

41

14 CONTADERO

LANDSLIDE

21/05/2000

12

15 FILADELFIA

LANDSLIDE

22/11/2001

65

16 MANIZALES

LANDSLIDE

04/12/2003

16

17 CISNEROS

LANDSLIDE

05/06/2005

15

18 BELLO

FLOW

06/10/2005

40

19 MANIZALES

Event
No

LOCATION

FLOW

18/03/2006

11

BUENAVENTU
FLOW
20
RA

12/04/2006

36

21 SUÁREZ

ROCK FALL

13/10/2007

24

22 SARDINATA

FLOW

24/06/2008

10

23 MEDELLÍN

LANDSLIDE

16/11/2008

12

24 MIRANDA

LANDSLIDE

26/11/2008

12

25 MEDELLÍN

LANDSLIDE

31/05/2008

27

26 LA CRUZ

LANDSLIDE

23/12/2010

13

27 LA GABRIELA

LANDSLIDE

05/12/2010

150

FLOW

18/05/2011

12

29 FLORIAN

LANDSLIDE

15/04/2011

11

30 LA CRUZ

LANDSLIDE

12/12/2011

15

31 MANIZALES

LANDSLIDE

13/04/2011

20

32 MANIZALES

LANDSLIDE

05/11/2011

68

33 ISNOS

FLOW

06/10/2012

15

34 SALGAR

FLOW

18/05/2015

108

35 COPACABANA LANDSLIDE

26/10/2016

16

36 MANIZALES

LANDSLIDE

18/04/2017

17

37 MOCOA

FLOW

01/04/2017

409

28

SAN VICENTE
DE CHUCURÍ

TOTAL

2432
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Abstract With the extend of 1100 km , the Most Basin is
the largest coal basin within the Czech Republic.
Numerous types of mass movements initiated by both
natural as well as human triggers occurred during last
century within an extensive anthropogenic relief of Most
basin. Several types of local mass movements are
presented in the form of four case studies. Three of them
focused on different types of human triggered slope
deformations (from large deep‐seated to shallow high‐
risk landslide) in a geologically different areas (from
steep mine slopes to old consolidated dumps). The last
case study describes large rockslide/rock avalanche of
Pleistocene/Holocene age. Massive debris accumulation
of this fossil mass movement was discovered and well
described as a result of open‐pit mining in the half of
20th century.
Keywords Landslides, Mass movements, Opet‐pit mine,
Dump, Czech Republic

Introduction
Most Basin in the northwest part of the Czech Republic
includes regions with a long tradition of brown coal
mining. At the beginning of the second half of the 20th
century, lignite mining was conducted in large open‐pit
mines. In many cases, this mining takes place in specific
geological and geomorphic settings. The deepest open‐pit
mines reach dept over 200 m and from excavated
overburden silty clays numerous internal as well as
external dumps were created. These dumps form 100 m
high (in extreme cases over 200 m) anthropogenic slopes
always with complicated stability.
Many authors (Kalvoda et al., 1990, 1994; Rybář and
Novotný, 2005; Rybář 2006; Burda 2010; Burda and
Vilímek, 2010) point out that the stability of this
anthropogenic slope is complicated by slope steepness,
geological and geomorphic settings, as well as climatic
factors.
Four different landslide case studies from the
environment of the Most Basin is presented in this paper
(Burda et al., 2011 and 2013, Burda et al., 2018a, Burda et
al., 2018b). The paper gives a brief overview of different
types mass movements occurred in this region and also
describes its morphology and triggers.
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Study site
The study area is situated along the boundary between
the Krušné hory Mountains and the Most Basin (coal
basin) at the foot of a southeasterly facing slope near the
northern margin of an open‐cast mine (Škvor 1975;
Malkovský 1985). The Krušné hory Mts. and the Most
Basin present the main geological and geomorphological
units (Balatka and Kalvoda 2006). The Krušné hory
Mountains comprise orthogneisses and various
crystalline rocks, while the Most Basin comprises various
Cenozoic sediments dominated by Miocene claystones, a
coal seam, sands, and clastic rocks.
The Most Basin (Fig. 1B), has a graben structure
(Váně 1985) and genetically belongs to the tectonic
system of the Eger Graben (Domácí 1977). The basin
sediments span the time interval from the Oligocene to
Miocene
(Fig.
3).
These
sediments
belong
stratigraphically to the Paleogene‐age Střezov Formation
and dominantly to the Neogene‐age Most Formation
(Domácí 1977; Grygar and Mach 2013, Mach et al., 2017).
In general, the crystalline basement is covered by various
heterogeneous sediments of the lower Miocene clays,
sands, and sandstones as well as denudational relict
material of the Upper Cretaceous and weathered volcanic
rocks—phonolite, basalt, and tuff. These Paleogene
sediments pass into Miocene coal sedimentation
indistinctly. The boundary between the coal seam and
the Miocene clay complex is sharp, and these sediments
comprise a group of clays and sandy‐clays with variable
carbonate occurrence. The average fill of this overlying
complex can be up to approximately 175 m thick with a
maximum thickness of 231 m (Malkovský 1985). Upper
20–40 m of the lacustrine silty clays is represented by soft
clays; deeper parts represent stiff‐fissured and stiff clays.
The Quaternary sediments predominately comprise
coarse‐grained gravels, sandy gravels, and clays with
crystalline fragments. The thickness of sediments varies
from 0.1m to 40 m, with the greatest thicknesses found to
be associated with the alluvial fans of former tributaries
flowing down from the Krušné hory Mountains. These
alluvial fans contain mainly coarse‐grained gravel, sands,
loams, and crystalline fragments.
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Figure 1 General position of the study site (A, B). A geomorphological sketch map of Albrechtice landslide case study (upper part) and
Jezeří landslide case study (lower part)(C).

Figure 2 Monitored cumulative displacements (2007 – 2019). From the chart is evident cyclical landslide progression in the 2008 – 2013
period and temporary slope stabilization after the 2013 slope collapse.

Krušné hory Mts. consist of crystalline complexes
consolidated during the Cadomian orogeny and the
mantle of Lower Paleozoic rocks weakly metamorphosed
during Variscan metamorphism. The study site is made
up of a portion of the Kateřinohorská klenba Vault
(Kalvoda et al. 1990; Vilímek 1995)—a flat anticline
structure oriented in a west‐east direction. The core of
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this vault consists of orthogenesis and metagranites,
which are adjacent to a series of crystalline shales.
Longitudinal and transverse faults are applied with the
prevailing directions of 60°, 296°, 332°, and 70o (Král
1968; Kopecký 1989), and the foliation surface is fan like
with an inclination of 50° to 70° (Marek 1983).
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Case study: Albrechtice ‐ large deep‐seated landslide
The Albrechtice dump was based on untreated and
dewatered original terrain. Quaternary sediments in the
area under the dump are formed by very well permeable
gravels of relatively large thickness. Aggregation of
quaternary soils through the hopper partially reduced the
flow of shallow groundwater and extensive wetlands
gradually formed on the feeding side of the hopper.
The Albrechtice dump was founded by the Z50
stacker from 1954 to 1961. Part of the Albrechtice dump
had to be mined again in the 1980s due to the
development of new surface mining. The original area of
the dump 176 ha was reduced to 43 ha and the dump
3
3
volume of 31.5 million m was reduced to 18.5 million m .
Since 2008, an evolution of a large complex
landslide has been monitored and several cycles of
landslide movement activity was described. The landslide
is bound to an active mine slope and for miner, mining
technology as well as for mining operations and coal
production it has a character of serious natural hazard.

moving in meters. Subsequently, there was always a
temporary restoration of limit equilibrium, which
resulted in stagnation or complete stabilization of the
landslide movements.

A brief overview of material and methods
The main deformation features were mapped
continuously form 2011 to 2014 at a scale of 1 : 5000 using
GPS.
A geodetic network of reflective prisms was placed
in the study site in 2007. This could, therefore, have been
used in the continuous monitoring of the nearby
opencast mine (Bláha et al., 2006). This monitoring is
undertaken with the Leica TCR 2003A total station and
an automatic target recognition (ATR) system (Brown et
al., 2007). The ATR system automatically monitors the
position of all the reflective prisms at an interval of one
hour. The reflective prisms are placed on 3.5m long
standing pipes cemented to a depth of 2 m.
Landslide description
The landslide initially manifested itself in the
emergence and opening of the tensile crack in June 2007.
The first acceleration phase of the landslide, the
displacement of unbearable soils by geostatic pressure of
the overhung dump, was monitored from the end of
September and October 2007.
The soft clays of the overlying strata, unloaded by
the mining process, were the source of extensive soil
deformations, leading to a initial slope failure affecting
lope from the top part of the Albrechtice dump to a
height of 195 m asl. (Fig. 5).
Landslide evolution
The development of mass movements in the area
has been showing cyclical progressivity. Until 2015, there
were 6 movement cycles, which always showed an
acceleration phase during which the landslide showed
decimetre movements (Fig. 2). This was followed by the
main movement activity during which the landslide was
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Figure 3 Stratigraphy of the Most Basin sedimentary fill (Mach
et al., 2017).

During 2011, landslides occurred also below the
horizon 190 m asl. During the fourth movement cycle
pressure folds were documented in the slope on horizons
175‐193 m asl. The extrusion was directly documented by
a point lift of up to 100 mm. Except for the first
movement cycle, which began in June 2007, the annual
periodicity was obvious for all subsequent movement
cycles; beginning of each cycle always linked to the
winter period of the year (November‐January), while the
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movement stagnation occurred always in the summer
months.

Figure 4 An aerial view on the Albrechtice landslide. I the left
site is remarkable up 10 m high head scarp. In the middle
stabilization ground works and original landslide relief (head
scarps, earthflows, tension cracks, etc.) in the lower part of the
slope (foto: Burda, June 2015).

Figure 5 An idealised geotechnical cross‐section across the
Albrechtice landslide.

The primary cause of stability problems was the
shaping of a high overburden slope with a small distance
between its crest and toe as the coal seam was gradually
exposed and the lowest overburden cuts. In the following
years, the landslide movement was always accelerated
due to climatic factors, which acted as a decisive trigger.
The evolution of the movements between 2007 and
2012 led to the development of a large complex landslide
(Dikau, 2004) with difficult terrain morphology, a series
of partial landslides, block landslides, earthflows and
mudflows (Fig. 4). These earthflows present a serious
complication for coal mining itself because their
accumulation toes cover coal seam and thus its
excavation is technologically more difficult, more
expensive and primarily more risky.
The area affected by the landslide was calculated to
be approximately 57.7 ha and the total volume of moving
3
soils was up to 5‐10 mill. m (Burda et al., 2018a). Shear
planes were bound to the upper soft clays (ca 227 – 190 m
asl.) of the Miocene claystones additionally loaded by the
consolidating masses of the Albrechtice dump, but
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reached even greater depths of stiff‐fissured claystones
under 190 m asl. (Figure 5 and 6).

Figure 6 Head scarp in stiff‐fissured clays under 190 m asl. (foto:
Burda, January 2013).

The long‐term landslide evolution subsequently led
to the collapse of the entire slope that occurred during
the 6th cycle of progression in 2013. Since the landslide
movement was extraordinary even for local conditions
(up to 20 m), it is evident that there was a significant
redistribution of the main stresses resulting in temporary
restoration of the limit equilibrium. This claim was later
confirmed by the overall trend of landslide movements in
2014 and 2018. After the end of the landslide movements
in March 2013, there were no measurable landslide
movements, this long‐term trend demonstrates the
overall stagnation of movement activity.

Case study: Jezeří ‐ active earthflow
In January 2011, the area experienced a reactivation of the
landslide, which can be related to failure of the
Quaternary sediments. This recent failure represented
one of the largest flow‐like landslides of the Czech
Republic (Klimeš et al., 2009) and occurred outside the
active portion of the ČSA mine, with the landslide
material reaching the bottom of the open‐pit coal mine
(Burda et al., 2013). Such reactivation was triggered by a
rising water table induced by rapid snowmelt during a
period of winter warming.
This landslide, its movement mechanism as well as FEM
analysis, were well‐desrcibed by Burda et al. (2011), Burda
et al. (2013) and Vanneschi et al. (2018).
Historical and geological background
The January 2011 landslide (Fig. 7) represents the
reactivation of a large complex slope deformation that
has been recorded previously (Špůrek 1974; Rybář 1997).
The original 1950s slope deformation occurred as a result
of surface subsidence due to the collapse of galleries in
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older (active in 1940 ‐ 1977) underground mine (Špůrek
1974). This deformed the entire mass of overlying rocks
and, at least in part, contributed to the development of
deep‐seated fault planes. These subsidence induced fault
planes enable water from the permanent and intermittent
aquifers to infiltrate more easily into the underlying
claystones and to thereby become a significant
mechanical discontinuity surface.

A geodetic network of reflective prisms was placed
in the vicinity of the landslide in 2005. This could,
therefore, have been used in the continuous monitoring
of the nearby opencast mine (Bláha et al., 2006). This
monitoring is undertaken with the Leica TCR 2003A total
station and an automatic target recognition (ATR) system
(Brown et al., 2007). The ATR system automatically
monitors the position of all the reflective prisms at an
interval of one hour. The reflective prisms are placed on
3.5m long standing pipes cemented to a depth of 2 m.
Landslide description
Landslide morphology

Figure 7 An aerial overview of the landslide complex situated at
the edge of the open‐pit mine (foto: Burda, January 2011).

The recent headscarp and eastern extension of the
reactivated landslide follow the headscarp of the earlier
slope deformation from 1952. This slope deformation
originally formed as a result of mining for brown coal in
the Most Basin. The deep mining began at the beginning
of the 20th century. It first created depressions in the
overlying sedimentary layers which finally resulted in a
catastrophic collapse during a landslide event that began
in 1952 (Rybář 1997). This landslide led to the destruction
and subsequent abandonment of the village of Eisenberg
between 1952–1954. Thereafter, mining continued in the
form of open‐cast exploitation which further reduced the
stability of the adjacent slopes.
A brief overview of material and methods
Immediately after the main movement activity in January
2011, the main deformation features were mapped at a
scale of 1 : 5000 using GPS. In addition, aerial
stereoscopic orthophotographs (November 2010 and
March 2011) and aerial photographs (February 2011) were
analysed.
The inner structure of the landslide and its vicinity
was studied using the 2‐D electrical resistivity
tomography (ERT) which is particularly suitable for
geomorphological studies as it gives insight into the
subsurface (Schrott and Sass, 2006). Three profiles were
measured using the Wenner–Schlumberger array in July
2010, April 2011, and October 2011. The ARES (Automatic
Resistivity System) system (by GF Instruments Brno) was
used for these profiles.
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The landslide can be described as a complex landslide
(Dikau, 2004) as it was characterised by a change in
motion mechanics from sliding to flowing (Figs. 1 and 7).
The body of the reactivated landslide consists of a rotated
block with a length of ca. 150m and a width of ca. 120m
together with a long frontal accumulation lobe that has
flowed over the scarps of older earthflows.
The headscarp is located at an elevation of ca. 295 m a.s.l.
It has a typical amphitheatral shape with a width of 102 m
and a height of up to 13 m. In the outcrop of the
headscarp it is possible to see the soil, bouldery gneiss
proluvium, weathered claystones, and interbedded
overlying sands.
The main scarp continues to the northeast in the form of
a significant tension crack that runs for 200 m. This
probably defines the unstable part of the reactivated
landslide. On the western side a smooth shear plane is
o
exposed with an inclination of up to 30 . On the eastern
side a minor scarp with a height of 5–7 m defines the
limit of the reactivated landslide body.
The landslide body has shifted horizontally, as
determined from orthophotographic analysis. The upper
part of rotated block, below the headscarp, has shifted by
12–14 m, while the middle part, including the road and
artificial water channel, has shifted by 23–25m. The area
of older headscarps in the lower part has shifted up to
26.4 m. At elevations of 250–265 m a.s.l., the frontal part
of the landslide body was thrust over the upper
overburden bench which meant that the material lost its
cohesion and was subsequently deposited upon the
eroded overburden benches and older earthflows (Fig.1).
This accumulation lobe has a length of ca. 150 m and the
characteristics of an earthflow on both the western and
eastern sides where the material was fully saturated and
without cohesion.
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1

relatively fast (m h ), with the point destroyed shortly
after reactivation of the landslide.

Figure 8 The ERT profiles taken across the landslide. STH:
structural test hole; IB: inclinometer borehole; OW: observation
well; vSA: verified shallow aquifer; aSA: assumed shallow
aquifer (Burda et al., 2013).

Internal structure of the landslide
A detailed map of the mine area affected by the
landsliding is shown in Fig. 1, while Fig. 8 shows the 2D
Electrical Resistivity Tomography (ERT) profiles
(including boreholes, inclinometers, and piezometer
data).
As observed from the inclinometers shown in Fig. 8,
the failure surface of the reactivated landslide (profile A
A) canbe approximately located at the interface between
the Quaternary sediments and the Miocene claystone (at
a depth of about 10–15 m). In addition, evidence of the old
deeper landslide (dated back to 1952), described as a
deepseated rotational failure (Burda et al., 2013), is
present on inclinometers located along profile B‐B′,
which is relatively close to the position of the reactivated
shallow landslide. This suggests that the presence of two
different failure mechanisms within the study area
cannot be excluded.
Landslide evolution
Main movement activity
The main movement occurred in January 2011, but the
movement velocity started to increase during December
2010 (Fig. 9). Between 9 and 14 January 2011, the daily rate
of movement increased steadily to 20mmday 1. On 15
January at 8:01 p.m., reflective prism No. 178 was
measured for the last time, with a total accumulative
displacement of 777 mm. The ATR system, assuming that
it had not been completely destroyed, would be able to
find the reflective prism if it was within 5.5 m of its
previous position (Bláha et al., 2006). It is thought,
therefore, that the final movements were sudden and
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Figure 9 A cumulative three‐dimensional displacement and
snow melting (at NV station) versus time diagram showing the
development of the landslide in the two years prior to January
2011. It is clear that there are two cycles of acceleration: the first
in March 2010 and the second in December 2010 (a).
Temperature development during October 2010 to April 2011 (b)
(modified after: Burda et al., 2013).

Long term evolution
However, landslide evolution is well described since 1990
when monitoring based on precise levelling was found
(Burda et al., 2011). Significant movements have been
recorded at all four measuring sites (N1 – N4). The mean
rate of movements at N1 and N2 was linear from 1993–
1
1
2010 (6.4 mm yr and 9.4 mm yr , respectively). However,
at N3 and N4 the mean rate of movements accelerated
1
1
significantly after 2008 (from 19.5 mm yr to 31.5 mm yr
1
1
and from 21 mm yr to 55.5 mm yr , respectively).
Landslide triggers
In 2010–2011 the peak snow cover at all stations was
recorded in the second half of December, whereas in
recent years it has normally occurred in the second half
of January or in February (Fig. 9). The rapid cooling in
late November and early December was followed by
considerable warming that began on 7 January. From 7 to
0
16 January, the temperature did not drop below O C. The
o
average daily temperature reached 7 C on the 14th and
o
6 C on the 15th. The maximum temperature recorded
o
during this period was 10.7 C on the 16th. It lead to rapid
melting of the record snow cover with an estimated snow
water equivalent of ca. 200mm (Čekal et al., 2011) and an
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immediate rise in the water table . The total precipitation
measured at Jezeří was 7 mm (13–15 January).
The final movement acceleration occurred at the
beginning of December 2010 when a separate warming
event on 11 December led to partial melting of snow and
subsequent rising of water table. On 11 December the
o
average temperature was 2.8 C and the daily maximum
o
was 4.9 C, while there was also 7 mm of rainfall (Fig. 9).
The subsequent saturation of the material led to the
mobilisation of the older earthflow masses.

Case study: Slatinice ‐ large deep‐seated landslide in
dump
In 1983 there was a large landslide affected an active
internal dump Slatinice (placed approx. 3 km south of the
town of Most). The landslide affected 80% of the total
3
dump volume and with a 59.5 million m it was by then
the largest recent landslide within the Most basin. The
landslide had a major impact (attenuation) on coal
mining throughout the whole mining area, and we are
still struggling with its consequences. In these days,
strategic engineering networks are being built in this
high‐risk area.

Figure 10 Actual (2018) DEM of the Slatinice dump study site
with marked cross‐sections and inclinometers.

A brief overview of material and methods

Historical and geological background
The Slatinice open‐pit mine was established in 1958 as
part of the openings in the Bylany‐Slatinice area. At the
end of the sixties and early seventies, open‐pit mine
started coal seam excavations in the southern side of the
volcanic Ressl hill. Until 1971, the uncovered foot part of
o
Ressl Hill (3 – 20 ) was an open pit and thus was exposed
to precipitations and erosion.
Dumping of the Slatinice inner dump in the place of this
undrained and inclined basement started in 1972. The
dump was formed from a 240 m a.s.l., westward to 235 to
230 m a.s.l. across the exposed basement of the open‐pit
mine. Thus the exposed area of the inclined basement
was divided axially in the north‐west/south‐east direction.
The disadvantage was that the dump formed a dam on a
very inclined basement and prevented both surface
runoff as well as groundwater runoff. This had a
deteriorating effect on the stability of the dump. The
operation of the Slatinice Dump, placed on a completely
non‐drained inclined basement of former open‐pit mine
Slatinice, has been associated with a number of stability
problems since 1970s (Orlt, 1998).
The rapid development of coal‐mining led to an overall
increase in soils deposited in the dump at the turn of the
1980s. This situation led to a excssive overburdening of
the dump and culminated in a large landslide in May
1983.

-29-

The situation in Slatinice dump area was mapped by
aerial photogrammetry and geodetical survey.
In Slatinice dump the regular inclinometric monitoring is
used since 2014. Thy system of 26 inclinometric boreholes
are periodically measured on Slatinice dump body in
present. Boreholes No. I7A, I11 and I15A are situated in
the area formerly affected by landslide event in 1983 (Fig
10). They are the best example, that former landslide, now
over‐dumped, is still influencing the whole dump body
stability.
Landslide description
The soil material in upper parts in scarp area could be
initiated to move by minor rotational or translational
movements, however the majority of soil mass was
transported in linear direction, mostly parallel to the bed
of the dump body. Thus, it can be described as a
translational landslide of affecting vast complex area of
the Slatinice dump.
The digital elevation model has been generated, based on
the earlier maps of situation before and after the event of
1983. The DEMs show rapid terrain development of
Slatinice dump before the landslide (Fig 11 and 12), when
height of the dumps slope reached over 75 m.
Based on situation model after the landslide (Fig 13), the
terrain level vertical change map was created (Fig 14),
which shows the impact of landslide movement on dump
body elevation.
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Figure 11 DEM of the Slatinice dump before the landslide –
situation in 1982.

Figure 13 DEM of the Slatinice dump shortly after the landslide
– situation in 09/1983.

Figure 12 DEM of the Slatinice dump before the landslide –
situation in 03/1983.

Figure 14 Vertical changes in dump topography induced by 1983
landslide activity.
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Inclinometric monitoring
Inclinometer No. I7A is situated almost on the axe of
cross‐section A. The largest deformations were detected
in last 15 months of monitoring regularly at a depth of
54,0 meters below ground level (227,8 m a.s.l.) where the
most significant horizontal displacement reached 36 mm
in total. The average rate of displacement growth was 2,4
mm per month. The height level of a detected potential
slip surface corresponds with the base of layer
representing low cohesive materials in geotechnical
model (Fig. 16). The zone marked as “landslide” in the
model corss‐sections was verified during last years by the
grid of static penetration probes. It should represent the
zone of material disturbed and degraded by landslide
movement in 1983. The potential slip surface at 227,8 m
a.s.l. is situated approximately on contact between the
landslide and its slippery zone.
The similar situation was detected by the inclinometer
borehole I15A situated on the lower level of the present
dump further from the cross‐section A axis. The potential
slip zone was observed in two zones simultaneously, with
peaks at level 47,0 below ground level (220,2 m a.s.l.) and
55,0 below ground level (215,2 m a.s.l.) (Fig 15b). The total
horizontal displacement at a depth of 55,0 meters, which
is more significant, reached the rate of deformation
growth 1,2 mm per month in average. The horizontal
deformations in both mentioned levels represent the
initiating slip displacements in the zone with lowered
cohesion materials. Both depth levels are situated inside
the layer of landslide zone in cross‐ssection A (Fig 16),
which reaches over 30 m in thickness in this location.
Inclinometer borehole No. I11 is situated on the line of
cross‐section B at 283,28 m a.s.l. The most significant slip
displacement was examined at a depth 52,0 meters,
height level 231,3 m a.s.l. (Fig 15) Total horizontal
displacement reached value 17,3 mm in last 15 months
with average rate of displacement growth 1,2 mm per
month. In case of inclinometer I11 the zone of failure is
narrow, sharply limited and it is obviously related to the
top layer of the zone of landslide materials in
geotechnical model.

Figure 15 Total horizontal displacements measured in
inclinometers I7A (a), I15A (b), and I11 (c) situated in the area of
former landslide from year 1983

Case study: Large runout fossil landslide
The deposits of a large runout landslide11 cover up to
2
778,000 m on the south‐east facing slopes of the Krušné
Hory Mts. in the north‐west part of the Czech Republic
(Fig. 17). Many fossil slope deformations on the toe of the
geomorphological expressive structural slopes of the
Krušné Hory Mts. have already been described (Zmítko
1983; Špůrek 1974; Váně 1960), but the deformation under
Mt. Jezeř (706 m a.s.l.; near the Jezeří landslide described
above) is quite exceptional due to its morphometric
characteristics.

Figure 16 Cross-sections across the Slatinice dump area with position of inclinometric boreholes I7a, I11 and I15a and 1983.
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The uplift of the Krušné hory Mts. in the Miocene–
Pleistocene along the Krušnohorský Fault expressed by
the monoclonal folding of basin sediments near the edge
of the mountains (Malkovský 1977). Also, as a result of
uplift, the foothills are characterized by numerous slope
failures from the Miocene, Pleistocene, and late Holocene
(Zmítko 1983; Kalvoda 1995).
The piedmont area, including the Most Basin, has a
graben structure (Váně 1985) and genetically belongs to
the tectonic system of the Eger Graben (Domácí 1977).
The basin sediments span the time interval from the
Oligocene to Miocene. These sediments belong
stratigraphically to the Paleogene‐age Střezov Formation
and dominantly to the Neogene‐age Most Formation
(Domácí 1977; Grygar and Mach 2013).
A brief overview of material and methods

Figure 17 A detailed 3‐D view of the study site seen from south‐
DEM based on digitizing of military topographic maps of the
Czech Republic from 1952 (Burda et al., 2018)

Historical and geological background
The landslide was first described at the end of the
1950s; Váně (1960) mapped massive gneiss blocks
deposited 1 km away from the mountain foothills. These
blocks formed a morphologically significant hill named
Šibeniční hůrka (285.9 m a.s.l.) and was previously
considered as an in situ gneiss outcrop. During the
mining was proved these are accumulation and
additional studies of Špůrek (1974), Marek (1979), Rybář
(1981), Zmítko (1983), and Růžičková et al. (1987)
described this accumulation as a Pleistocene product of
repeated rocksliding with a total volume of
3
approximately 20mil. m and an accumulation runout
distance of up to 1 km from the foothills.
The described landslide is situated in the foothills
below the Mt. Jezeř (706 m) and Mt. Jánský vrch (737 m).
Both south‐east‐facing mountains are characterized by
having slopes with a gradient of more than 30° (rarely
o
more than 40 ).
The landslide deposits line the south‐east foothills of
the Krušné hory Mts. and run out into the Most Basin,
which is a Neogene syn‐rift basin between the České
středohoří Mts. and Doupovské hory Mts. in the east and
massif of the Krušné hory Mts. in the north‐west (Fig. 17).
The Krušné hory Mts. and the Most Basin present the
main geological and geomorphological units (Balatka and
Kalvoda 2006).
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Military topographic maps of the Czech Republic
from 1952 were geo‐referenced, digitized, and used to
reconstruct the original landscape from a pre‐mining age.
The crucial aspect of this research consisted of an
analysis of 216 boreholes drilled between 1941 and 2008.
During a detailed review of the borehole profiles,
attention was paid to a proper assessment of the
Quaternary base and description and analysis of the
character and texture of the Quaternary deposits.
geological model, including the original 1950s surface,
was compiled and analysed in a GIS. This analysis
enabled a better estimation of the landslide area and
volume.
The surface hardness measuring is a method of
dating the relative age of rocks (Goudie 2006). Stone
blocks and rock walls in situ were tested for compressive
strength using a Schmidt hammer type N, which works
with an impact energy of 2.207 Nm. The device measures
the rebound value (R) on a scale of 10–100 R. The
methodology according to Engel (2007) was used in this
study and mean R values were used for an approximate
age estimation, compared to an age‐calibration curves
from the Krkonoše Mts. (Czech Republic) described by
Engel (2007) and Černá and Engel (2011).
Landslide description
Landslide morphology
Geomorphological sketch map presents the main features
both in the accumulation zone as well as in the scarp area
(Fig. 18). The accumulation part is 1180 m long, 1200 wide
with relative relief of approximately 110 m. The total
3
volume was set between 25.4 million m and 27.4 million
3
2
m . The deposits covered an area of 778,000 m , but the
total contoured area, including the scarp area, is 939,000
2
m with a maximum length of 1650 m.
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Figure 18 Top: geomorphological sketch map of the landslide
with marked positions of cross‐sections. Legend: 1—scarp area
with expressive margins; 2—scarp area without expressive
margins according to Rybář 1981; 3—rock outcrops, small ridges
and rock groups; 4—gullies with occasional streams; 5—the
main deposit area (contour interval 1 m); 6—fluvial sediments;
7—expressive accumulation toes with hummocky surface; 8—
proluvial cone; 9—shallow colluvial depression; 10—boreholes
mentioned in the text; 11—buildings and houses; 12a—stream
with natural channel, b—dam, c—artificial stream channel.
Bottom: geological description of ER 168 and DN 2 borehole
profiles (Burda et al., 2018)

Internal structure of the landslide
The maximum thickness of the accumulated material is
72.1 m. The head scarp area can be divided into two parts.
The western part under Mt. Jezeř (706 m a.s.l.) has a
morphologically expressive facetted character (fault
slope), with gneiss outcrops and rock walls on the surface.
These rock outcrops in situ are concentrated at an
elevation of 400 to 450 m a.s.l. up to the peak of Mt. Jezeř
(Fig. 18) and this part of the slope is also the steepest—
above 400 m a.sl., the steepness rises from 20 to 25° to
over 30° and in places over 40°.
Morphologically less expressive eastern head scarp
area has an amphitheatrical shape which surrounds an
expressive erosion gully in the middle. The gully is 550 m
long, 50–120 m wide, and in the upper part splits in two
particular scarp areas, which are morphologically more
distinct than the rest of the eastern scarp area. This large
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gully is predisposed tectonically (Rybář 1981) and is filled
by fluvial sediments at the bottom. The upper edge of
this source area reaches up to 730m a.s.l. Some rock
outcrops are located around the central gully, but in
general, rock walls and rock outcrops are less common
comparing to the western source area.
The whole landslide accumulation can be divided in
three main parts: western and central part—both directly
below the western scarp area of Mt. Jezeř and the eastern
part extends up to the valley of Vesnický brook. The
central and eastern accumulation parts are separated
from each other by a shallow broad valley.
The surface of the western accumulation part is
indistinct without expressive accumulation forms. The
maximum Quaternary thickness reaches 38.5 m in the flat
valley of Vesnický brook (Fig. 18). This landslide
accumulation also diverted the flow of Vesnický brook
and resulted in a small meander. The deposits have a
character of angular boulder gneiss debris (fragments of
size 100–300 mm up to 20%) with a several‐meter‐thick
layer of loamy sand in the Quaternary basement. Sandy
layers represent the material of the original alluvial fan,
which was later buried due to the mass movement
deposits. Recently, streamerosion cut across these
deposits and formed a new flat valley with steep slopes
and was filled with alluvial sediments (Fig. 18).
The central part of the landslide accumulation was
almost completely excavated due to the mining in the
1970s and 1980s. The central part was clearly demarcated
by 10–15° sharp and approximately 10 m high linear side
walls from the west and by a broad depression from the
east. The accumulation has a runout character with an
irregular hummocky surface and two expressive
elevations. These elevations were formed by one or more
large blocks of solid coarsegrained gneiss up to thousands
3
of m (Špůrek 1974; Rybář 1981). Both elevations
represented the most recent runout phases and were
characterized by a 15–30° step south‐east‐facing slope
with small dry depressions on top. The maximum length
of the runout from the mountain foothills to the older
indistinct accumulation toe at approximately 252 m a.s.l.,
reaches 1180 m. The max. thickness of the landslide
deposits reaches up to 72.1 m. The area with Quaternary
sediments’ thickness exceeding 40 m is linked to a
depression, which is evident in the pre‐Quaternary
basement—in the Tertiary sediments and partly in the
crystalline fundament (Fig. 18).
The character of landslide deposits was described well in
borehole DN 2 from 1958 (Quaternary sediments
thickness of 36.6 m). In the upper 7.5 m, the material has
the character of gneiss colluvium with a rich loam
admixture and an increasing number of larger weathered
gneiss fragments. Kaolinized and weathered soft gneiss
with angular fragments or blocks of solid gneiss follow in
the next 29.5 m and pass into a 0.6‐m‐thick layer of dark
gray clay, solid gneiss fragments, and soft weathered
gneiss debris, which are kneaded together. A similar
character of landslide deposits was described in
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numerous other boreholes in this part of the landslide.
The matrix facies consist of unsorted and strongly
weathered gneiss debris, often colonized and with a rich
loam admixture texturally interspersed with angular
gneiss fragments to 30 mm (up to 30%). The block facies
include large solid or slightly weathered blocks of coarse‐
grained gneiss or migmatite from 20 cm to boulders in
size of meters. The contact of the Quaternary landslide
material and the Tertiary layers comprises of dark gray
clay, with numerous buried and kneaded fragments of
solid gneiss up to 5 cm. A similar geological profile,
including solid gneiss blocks, was found in many
boreholes within the central accumulation.
The eastern landslide accumulation was excavated almost
completely in the past up to the crystalline rocks of the
Krušné hory Mts. This fan‐shaped accumulation was up
to 630 m long with a surface inclination of 10–15° in
forehead part and 5–10° at the crown. The character of
landslide deposits is slightly different from the landslide
accumulation in the central part, which is evident from
geological borehole ER 168. Large blocks of weathered
gneiss are missing; accumulation has the character of
slightly gray or brown sandy loam with relatively small
angular fragments (up to 50 cm) of gneiss debris or
migmatite (proportionally 10–20%). Like in DN2 borehole,
the contact of Quaternary landslide material and lower
Tertiary layers comprises a dark gray clay, with numerous
buried fragments of solid gneiss kneaded due to mass
movements. A similar geological profile, including a layer
with kneaded clays and gneiss debris, was described in
several others boreholes.
Schmidt hammer testing
Rock hardness measurements were performed on 72
sampling sites suitable for the Schmidt hammer test. For
comparison, 12 sampling sites were chosen outside the
landslide area. Differences of R values from all three
sampling sites were statistically significant with p < 0.05.
The result of t test showed statistically very significant
difference (p = 0.0008) between both samples from scrap
area and outside the landslide area. R values from the
accumulation zone and the scarp area showed significant
difference too (p = 0.0073). Statistically less significant
difference was found within the data from accumulation
area and outside the landslide area (p = 0.0329).
The compressive strength R values for the head scarp are
in the range of 43.5 to 69.9, with a mean value of 57.8 and
mean standard deviation of 4.0 (Fig. 18). In the
accumulation zone, R values are in the range of 44.5 to
68.7, the mean value is 53.9, and the mean standard
deviation is 4.2. These values represent rocks with
different levels of strength/weathering (modified after
Selby 1980), from very high strength rocks (> 65) to rocks
with lower strength (< 50). The rocks of the head scarp
area have significantly higher R values than the deposits
in the accumulation. From the eight highest values, with
an R value of over 65, only two were situated on boulders
in the accumulation zone and over 70% of the sampling
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sites in the landslide accumulation zone are in the lower
half of the dataset (Fig. 18). Rock outcrops in the western
head scarp area are characterized by higher R values
(43.5–69.9; avg. 59.2), compared to the eastern part of the
head scarp area (47.0–65.1; avg. 54.8). In the western part,
the slopes are steep (more than 30° and up to 90° on the
exposed rock walls) with a higher inclination than the
eastern part of the scrap area; rock outcrops are also
larger and more common here. Sampling sites with
different R values are distributed in both the western and
eastern scarp areas. High strength rocks (R value > 60)
are placed in the upper site of the western part, while the
middle of the slope is characterized by R values of
between 50 and 60, and two sampling sites with medium
and low strength are situated lower on the slope. This
elevation dependence is not conclusive in the eastern
part; on the contrary, the rock strength is distributed
irregularly throughout slope with a slight decreasing
trend in rock strength towards the east.
The terrain of the original landslide accumulation was
more modified due to open‐cast mining; these
excavations removed the southern rim of the landslide
accumulation and also its surface layers. However, older
debris material, including large gneiss blocks and
boulders, were exposed due to these excavations. Five
sampling sites were tested on a large blocky
accumulation (crown at 262–267 m a.s.l.) under the
former nameless elevation (304 m a.s.l.), and the R values
span from 49.6 to 55.4. Another 24 smaller exposed
gneiss blocks or boulders were tested in the rest of the
accumulation zone, whereby the R values varied from
44.9 to 66.0. Different R values represent different
landslide events placed rather randomly within the
accumulation. The lowest R values (< 50) were detected
rather closer to the mountain foot, and a cluster of the
most similar R values (mean standard deviation 1.5)
concentrated to one place is the exposed blocky
accumulation mentioned above. The highest R values (>
60) were found on medium‐size boulders, one of which is
located on the current surface near the blocky
accumulation and two are close to the mountain foot.
Present landslide interpretation
Based on the existing knowledge, we conclude that the
slope deformation (or its western part) is a rockslide‐rock
avalanche, whereby the presence of water was crucial and
allowed the transport of the material up to 1200 m. The
water could be injected into the mobilized matrix from
stiff, fissured, water‐saturated Miocene sediments at the
foot of the mountains or earlier due to snow or
permafrost melting. If we consider the approximate age
determined based on the Schmidt hammer testing, the
largest movements probably occurred at the end of the
Pleistocene. During this age, the large Lake Komořany
formed in the Most Basin immediately below the slopes
of the Mt. Jezeř and Mt. Jánský vrch (Jankovská 1987). Its
2
maximum surface area is estimated to be 52–57 km , at a
length of 13 km and a width of 9.5 km (Schlesinger 1871;
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Zapletal 1954). Sediments of this lake were found at 230 m
a.s.l. (Jankovská 1983), whereas the rock avalanche
sediments were at a higher gradient (Fig. 18); we
conclude that the accumulation did not reach the lake.
The groundwater level in the area of the lake was near
the surface and because the average annual temperature
ofMost Basin was 4 °C in the Younger Dryas (Jankovská
1987), regelation processes were also intensive (to a depth
of up to several tens of meters; Marek 1983). In
themountains, the average annual temperature was 0° C,
slopes were without tree vegetation, and only covered by
tundra vegetation (Jankovská 1987). According to the
expected scenario, a rockslide‐rock avalanche could occur
as a result of warming at the end of the stadial, as a result
of rising temperatures melting the snow cover and
permafrost. Rising groundwater levels and filling of the
tectonic cracks by melting water could also be one of the
possible triggering factors.
Three main landslide events were identified based
on extensive Schmidt hammer sampling. For these events,
similar R values were found on the sampling objects
placed both in the head scarp area and the accumulation
zone. These documented events can be understood as
rapid landslide periods with various different extents. The
approximate age of these events was estimated using the
regression equation assembled by Engel (2007). Due to
the inaccuracy of the Schmidt hammer method and the
variability of measured values (Viles et al. 2011; Goudie
2006), we hypothesized that a single event can have
results ranging from hundreds to several thousand years.
Following this approach, it was found that the tested rock
outcrops, blocks, and boulders are from a recent age up
to approximately 15,200 yBP. Three main events were
identified—evidence was found both in the scarp area
and accumulation area. Because most of the
accumulation was removed, it is possible that the blocks,
older than those we found during the fieldwork, were
also excavated and so it cannot be excluded that the
maximum age of the oldest slope deformations may be
higher.

Figure 19 Rough age determination of analysed rock faces by
age‐calibration by Engel (2007) showing the postulated events
and late glacial climatic trends as recorded in the NGRIP
Greenland ice core (Rasmussen et al. 2006)
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Individual events are always represented by clusters of
points (11–20), which oscillate around major climate
fluctuations at the end of the Pleistocene and Holocene
(Rasmussen et al. 2006). Both events 1 and 2 could be
associated with warming in the Bølling oscillation
between the Oldest Dryas and Older Dryas stadials, and
with warming in Younger Dryas (11,700 yBC) at the end of
the last glacial period. Per our assumptions, event 3 is of a
Holocene age, possibly associated with climate
fluctuation in Atlantic (8200 yBC). Especially for events 2
and 3 (see Fig. 19), we hypothesize that they may be
several mass movement events (a possible example could
be event 2.1, which could be associated with the end of
the Intra‐Allerød Cold Period (ICAP)) acquired in a short
interval (in hundreds of years), which cannot be further
specified by timeline correlations based on Schmidt
hammer testing. Of course, all of the events have a
considerable time span; however, they are related to
climatic fluctuations, because we assume that ideal
climatic conditions occurred during these periods for the
emergence of such extensive slope deformations.

Summary
Mining activities are accompanied by the necessity of
continuous geotechnical exploration, when full
knowledge of the deposit does not end until it is
extracted. Therefore, it is not always possible to provide a
uniform physical interpretation of the area before it is
uncovered, even when a detailed geomechanical survey is
available. Despite the development of mining technology
allowed the open‐pit mining even in the most
complicated areas of the Most basin, what has not
changed in principle is the riskiness of mining activities
manifested in a wide range of accidents up to emergency
conditions, caused by landslides of smaller and larger
scale.
Each opening of the bearing and its gradual
excavation over a period of several decades is a huge
intervention in the equilibrium stress state of the basin
filling and often also of the underlying rocks. As a result,
the massif is damaged by loading cycles, weakening the
original state of stress.
In addition to stratification or layering, irregular
textures and predisposed areas often occur, which are a
frequent cause of slope instability. Mass movements of
various forms, and on a much larger scale than today,
occurred at the turn of Pleistocene and Holocene. Their
origin was due to denudation of low‐strength sediments
and extreme climatic and morphological conditions in
the period of glacial and post‐glaical climate. In the
marginal parts of the Most basin, a number of fossil
landslides are encountered or can be expected.
Compared to landslides on overburden cuts, which
directly endanger the safety of mining machines, large‐
scale complex slope failures where sliding and run‐off are
applied mainly result in the loss of coal substance. This is
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a very unfavorable accompanying phenomenon of large
mass movements caused by progressive failure of the
massif. Additional efforts to extract the remaining coal
substance are not always adequate to the effort. It is
typical for mining practice that variants of possible
alternative solution of stability problems are very limited
and from this point of view it is desirable to realize the
scope of overburden work in due time and scope.
A small example of the present states of art
mentioned in the paper only outlines a wide range of
knowledge of generations of mining experts. Even from
today's perspective, geomechanical expertise cannot be
qualified as fully manageable. However, considerable
progress has been made with new possibilities for
modeling the behavior of the massif in changing force
fields, which should always be confronted with the real
behavior of the massif through powerful control systems.
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Abstract Kerala state is located in peninsular part of
India. It is the third densely populated state. 47% of its
land area is surrounded by Western Ghats. Western
Ghats is one of the oldest mountain range which is
frequently affected by landslides, especially during
monsoon seasons. About 8% of area in Western Ghats of
Kerala state is classified as vulnerable zones for landslides.
The past landslide events indicate that, the heavy rainfall,
thick soil cover and steep slopes are the major causal
factors for landslides. An unprecedented very heavy
rainfall during south west monsoon in the year 2018
resulted in floods and landslides across the Kerala state.
According to Geological Survey of India (GSI) more than
67 major landslides and hundreds of minor landslides
were reported. More than 400 people lost their lives due
to floods and landslides. The extreme events resulted in
severe infrastructural and environmental damages,
collapse of many buildings and uprooting several trees
and poles which caused complete shutdown of transport
and communication for several days. The present study
provides an overview of different types of landslides
occurred in various locations across the Kerala state. The
preliminary investigation was carried out on landslides
that caused severe damages and fatalities. The
investigation comprises of preliminary survey, collection
of soil samples at landslide locations and laboratory
investigations on index properties of soil. Based on the
field observations and laboratory investigations on
landslide materials, the landslides were classified
according to updated Varnes classification of landslide
type based on Hungr et al. 2014. The study provides the
landslide dimensions and geotechnical characterization
of subsoil materials involved in landslides. The overview
of landslides and data of preliminary field and laboratory
investigations reported in the present study provides
necessary inputs for detailed investigations to assess the
failure mechanism of reported landslides.

vulnerable zones for landslides.The location of Kerala
state is shown in fig. 1. According to district level
landslide hazard zonation map of Tamil Nadu and
Kerala,the Nilgiris district in Tamil Nadu and several
locations in Idukki, Wayanad, Kozhikode and
Malappuram districts of Kerala are very high to severe
landslide hazard zones (BMPTC). The topography of
Kerala is divided into three distinct regions namely
highlands, midlands and lowlands with four major
geological formations such as crystalline and sedimentary
rocks of Archean and Tertiary age, Laterite capping on
crystalline and sedimentary rocks and recent sediments
(Oommen et. al. 2018).The normal rainfall for Kerala state
during south west monsoon (June – August) is 1649 mm.
During the 2018 monsoon season, the rainfall increased to
2344 mm, 42.17 % excess than the normal rainfall
(Oommen et. al. 2018). A cumulative rainfall of 771 mm
st
th
from 1 August to 20 August (140% more than the
expected normal), led to numerous landslides across the
state (PDNA, 2018). The major types of landslides are
debris slide, earth slide, debris flow and mudflow type.
The landslides caused extensive damage to houses, roads,
railways, bridges, power supplies, communications
networks and other infrastructure that affected the lives
and livelihoods of many people in the state. According to
state government, the estimated loss was about USD 3
billion (PDNA 2018).
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Kerala 2018 Landslides – An overview

Investigations, Failure Mechanism

Between June 1 and August 18, 2018, Kerala experienced
the worst ever floods in its history since 1924 (PDNA,
2018). During this period, the state received cumulative
rainfall that was 42% in excess of the normal average
rainfall.

Introduction
Landslides are major hydro geological hazards in India.
Himalayas and Western Ghats are among the frequently
affected locations due to landslides in India. About 8% of
area in Western Ghats of Kerala state is classified as
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The present study provides an overview of various types
of landslides that occurred across the Kerala state in the
year 2018. The preliminary investigation was carried out
on landslides that caused severe damages and fatalities
which includes Nenmara landslide in Palakkad district,
Upputhodu landslide in Idukki district and Peringavu
and Kaithakunda landslides in Malappuram district.
Based on the results of the preliminary investigation the
reported landslides were characterized.
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Fig. 1. Location map of Kerala

st

th

The heaviest spell of rain occurred between 1 to 20
August, in which the state received 771 mm of rain
(PDNA, 2018). The torrential rains triggered several
landslides and forced the release of excess water from 37
dams across the state which aggravates the impact of
flood and landslide. 341 landslides were reported from 10
districts. Idukki was the worst affected district due to
landslide that ravaged by 143 landslides (PDNA, 2018).
Geological survey of India (GSI) carried out a preliminary
assessment of 58 important landslides occurred in
Kozhikode, Idukki, Wayanad, Kannur, Malappuram and
Palakkad districts (Praveen et. al. 2018; Sulal and
Archnana 2018; Sachin and Vishnu 2018). According to
latest reports of the state government, 1,259 out of 1,664
villages spread across its 14 districts were affected.
Kozhikode, Idukki, Wayanad, Kannur, Malappuram and
Palakkad were worst affected in terms of damages and
fatalities. The devastating floods and landslides affected
5.4 million people, displaced 1.4 million people, and led
to death of 433peopleacross the Kerala state (PDNA,
2018).
Preliminary investigation and landslide
Characterization
Authors carried out a post disaster site visit and
identified few landslides that caused more damages and
fatalities for detailed investigation. The landslides
identified are Nenmara landslide in Palakkad district,
Upputhodu landslide in Idukki district, Peringavu and
Kaithakunda landslides in Malappuram district.The
preliminary investigation was carried out to characterize
the landslide. The investigation consists of preliminary
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survey, sample collection and laboratory testing. The
landslides and its damages are shown in fig. 2. Based on
the preliminary investigation, the landslides were
classified based on revised Varnes landslide classification
proposed by Hungret.al. (2014).The Nenmara landslide
was classified as debris flow type landslide, Peringavu and
Kaithakonda landslides were classified as earth slide and
Upputhodu landslide was classified as mud flow type
landslide.
The Nenmara debris flow type landslide occurred on
th
the early morning of 16 August 2018. The view of
landslide is shown in fig.2a. The landslide located at
latitude and longitude of 10.58 and 76.61. Eight people
were killed due to the landslide including a new born
baby. The bodies were recovered from the debris. The
landslide damaged three houses located at the toe of the
landslide. The overall runout distance was observed as
200 m and average width of the landslide was observed as
60.00 m. Landslide occurred due to heavy rainfall. Daily
rainfall recorded at nearby rain gauge station on the day
of landslide occurrence was 220 mm.Upputhodu mud
th
flow type landslide occurred in the evening of 17 August
2018 at the location of 9.89 latitude and 76.97 longitude.
The view of landslide is shown in fig. 3b. Four people
were killed due to landslide. Two houses were completely
washed away and one house was partially damaged. Few
acers of agriculture land were completely washed away.
The overall runout distance of landslide was observed as
about 500 m and average width of the landslide is about
50.00 m. Landslide occurred due to heavy rainfall in the
Upputhodu area. The daily rainfall observed from the
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nearby raingauge station on the day of landslide
occurrence was about 190 mm.The heavy rainfall in
Nenmara and Upputhodu regions leads to infiltration of
rainwater into the soil that developed the pore water
pressure and seepage pressure along the failure surface
was the causing factors for debris and mud flow type
landslides in respective locations. The detailed
investigation considering landslide simulation and
rainfall infiltration modelling will be useful to understand
the failure mechanism and failure process.
Authors currently investigating the Kaithakonda
and Peringavu earth slide type landslides. The view of
Kaithakonda and Peringavu landslides are shown in figs.
3c and 3d. The Kaithakonda landslide occurred in the
th
midnight of 15 August 2018. The slide killed 3 people and
damaged a house located at the toe. The subsoil consists
of highly weathered silty sand followed by sandy silt. The
rotational failure occurred due to heavy rainfall and
reduction in shear strength of sandy silt layer. The daily
rainfall on the day of landslide occurrence observed from
the nearby rain gauge station was 221 mm. Peringavu
th
earth slide type landslide occurred on the 15 August 2018.
The view of landslide and damaged buildings are shown
in fig. 3d. The landslide killed eight people and
completely damaged a two‐story residential building. The
heavy rainfall of 221 mm on the day of landslide
occurrence allows the rainwater to infiltrate into the
highly weathered sandy silt layer and reduced the shear
strength of the soil caused a rotational type slope failure.
A numerical modelling consists of stability analysis
considering the effect of rainfall infiltration in addition to
the field and laboratory tests being conducted to
understand the failure mechanism. Various remedial
measures are to be modeled numerically in order to
identify the suitable site‐specific remedial measure for
Kaithakonda and Peringavu rotational earth slide type
landslides.

(a)

(b)
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Conclusions
The study presents an overview of various types of
landslides occurred at Kerala in the year 2018. The study
st
revealed that, accumulative rainfall of 771 mm from 1
th
August to 20 August (140% more than the expected
normal in just 20 days) was the major causal factor for
landslides across the Kerala State.The major types of
landslides are debris slide, earth slide, debris flow and
mudflow type. From the study it was observed that,
among 14 districts in the Kerala state, Kozhikode, Idukki,
Wayanad, Kannur, Malappuram and Palakkad districts
were most affected in terms damages and fatalities. After
the post disaster site visit, authors identified four
landslides including Nenmara debris flow type landslide,
Upputhodu mudflow type landslide, Kaithakonda and
Peringavurotational earth slide type landslides for
detailed investigation. The preliminary investigations
survey
and
landslide
including
preliminary
characterization provides the necessary data such as
landslide type (according to Hungr et. al.2014), landslide
dimensions, earth materials involved and probable casual
factors will be useful for planning of detailed
investigations. From the study it is suggested that, a
comprehensive study consist of field investigation,
laboratory testing and numerical modelling (landslide
simulation and rainfall infiltration modelling and
modelling of remedial measure) will be useful in order to
identify the landslide triggering factors, understanding
the failure mechanism and selection of suitable site‐
specific remedial measures

(c)
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Abstract:Landslide processes in Moscow have been
studied more than a hundred years. One of the landslide
hazard areas is the Vorobyovy Gory – nature reserve
within Moscow located on the right cut bank of the
Moskva River. The study area is located in the central
part of the Vorobyovy Gory covering the area from the
Moscow viewpoint to the Moscow metro bridge. The
slope has a typical landslide landscape. The geological
strata are represented by deposits of the Carboniferous,
Jurassic, Cretaceous and Quaternary systems. Deep large
and long‐time active landslides were formed at the right
side of the valley of the Moskva River in pre‐Holocene
time. Currently, several zones of the "Vorobyovy Gory"
landslide are active. The total volume of the landslides
reaches eight million cubic meters.The article is devoted
to the description of landslide development based on new
data (2015 – 2019).
Based on the newly obtained data, the following
conclusions can be drawn. Firstly, the territory involved
in landslide processes on the Vorobyovy Gory is
characterized by much larger values, both in area and in
depth, than it was previously assumed. In the head part,
where the displacement zone is located at depths of 80‐
100 m, the deformations, confined to the lower part of the
Jurassic deposits, have a block character. Secondly, we
can speak of a combined mechanism for the development
of a large‐scale landslide massif "Vorobyovy Gory", which
includes plastic flow with the formation of a ridge
compression, collapse with tipping, block displacement
and other types of deformations. Also it is possible to
distinguish both primary and secondary displacements.
The development of deep landslide deformations
was confined to the level of the paleo‐valley, which was
lower than the current Moskva River level.
Keywords:Landslide processes, degree of reconsolidation,
landslide development, combined mechanism, plastic
flow, ridge compression, collapse with tipping, block
displacement, primary and secondary displacements.

Introduction
Landslide processes have been studied for more than a
hundred and fifty years at the territory of Moscow
(Pavlov, 1890, Nikitin, 1897, Danshin, 1937, Korchebokov,
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1938, Churinov, 1957, Kuntzel, 1965, Paretskaya, 1975,
Barykina et al, 2017, 2019). At present, more than 200
landslide sites are known on the territory of the city,
including 16 sites where large‐scale slope deformations
develop. One of the largest landslide areas covers the
high slope of the starboard side of the Moskva River in
the Vorobyovy Gory area (Vorobyovy Gory is the name of
own hills in the South‐West of Moscow).
Slope deformations on the Vorobyovy Gory have
been documented since the beginning of the 19th century.
In the middle of the XIX centurythe presence of
landslides in the Vorobyovy Gory region was reflected at
the Map of the Moscow Province (Schubert, 1860).
Because of landslide hazard, in the middle of the
twentieth century, the high‐rise building, which later
became the main building of the Moscow Lomonosov
State University, was moved from the edge of the slope.
According to the results of previous works it was
considered that landslide deformations are confined to
the upper, watered part of Oxford clays, which are
regional waterproofing (Danshin, 1937, Churinov, 1957,
Kuntzel, 1965, Paretskaya, 1975). The base of
displacement was considered to be the modern Moskva
River bed.

Engineering geological setting
The characteristic of research area
The city of Moscow is located on a naturally complex
territory, which is characterized by a long history of
development and a variety of landscapes. The valley
complex of the river occupies the most part of the city
(river floodplain and its three terraces); the south‐
western part (where the research area is located) lies
within the Teplostan upland; the eastern part is the
marginal part of the Mescher lowland ‐ a flat, weakly
dissected swampy plain with low, absolute marks. Thus,
the valley of Moskva riveris the main geomorphological
object of the territory, occupying a significant part and
crossing the city diagonally from the north‐east to south‐
west (Fig. 1).
The relief of Moscow inherited preglacial features and
was formed because of Quaternary period glaciations, as
well as erosion. In the right‐sided bends, the Moskva
River cuts into the valley side, forming steep landslide
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Quaternary

slopes, one of which ("Vorobyovy Gory") is the study
territory. The study territory is located in the central part
of Vorobyovy Gory.

-44-

Deformation zone
according to new
data

Aptian stage
Tithonian stage
Kimmeri‐
dgian
stage

Rocks of the Middle Pennsylvanian of Carboniferous,
Bathonian‐Tithonian Jurassic, Berriassian‐Aptian stages
of the Lower Cretaceous, and Quaternary formations
represented
by
morainic
and
aquatic‐glacial
accumulations take part in the near‐surface structure of
the watershed part of the Vorobyovy Gory (Shkolin, 2015,
Barykina et al, 2017, 2019).
At the base of studied section, on the eroded surface
of organogenic detrital limestones of the Myachkovskian
age (the Moscovian stage of the Middle Pennsylvanian)
(Fig. 2), whose roof was exposed at depths of 110‐113 m,
lies thin bed seam (up to 2 m) of the deposits of the
Callovian stage of the Middle Jurassic, presented by dark
brown carbon‐bearing clays and gray‐brown clays with
oolites and large pebbles of limestone.
The roof of Carboniferous deposits forms a
complexly organized pre‐Jurassic paleorelief. It should be
emphasized that the area of the Vorobyovy Gory from the

Existing concepts
of the deformation
zone

Oxfordian stage

Geological setting

The current level of
the Moskva River

Upper Jurassic

Vorobyovy Gory are located on the right side of the
valley of the Moskva River and represent a steep,
sometimes forested slope (up to 70 m high) with a
peculiar ridge‐landslide relief, stretching along the river.
The main scarp is well expressed in relief ‐ its height
varies from 12 to 30 m, and steepness from 25° to 40°.
Erosion forms, such as ruts, gullies, ravines, etc., are
developed within the slope also. The lower part of the
slope adjoining the Moskva River embankment is
significantly technologically altered by anti‐landslide
measures.

Yarmolinskayastrata

Figure 1 Hypsometric map of Moscow area. Circle ‐ research
area

Hauterivian‐
Barremian stages

Lower Cretaceous

Deformation zone
of upper blocks

J2 bt‐cl

Figure 2 Summary geological column (by A.A. Shkolin,
modified).The blue dotted line shows the current level of the
Moscow River. The red dotted line shows the previously existing
notions about the landslide deformation zone (the basis is the
bottom of modern alluvium). The red solid line shows the
deformation zone according to the new data.
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observation deck to the metro bridge is located within
the "Main pre‐Jurassic paleovalley". The relative depth of
its downcutting, based on the difference in marks of the
base of the Jurassic formations (in comparison with the
adjacent territories), reaches 40‐45 m.
Five suites represent the section of the Oxfordian
stage, the deposits of which overlap the callovian
formations, successively from the bottom to the top (Fig.
2): podosinkovskaya suite (J3pd) composed of gray clays
with fauna of belemnites and ammonites, up to 1‐2 m
thick; ratkovskaya suite (J3rt), represented by gray clays
and oolitic sands with phosphorites and ammonites, up
to 1 m thick; podmoskovnayasuite (J3pm), composed of a
pack of dark gray and black, dense, micaceous, fissile
shaleclays up to 6.5 m thick; kolomenskaya suite (J3kl)
composed of brownish‐gray and light gray clay, heavily
silty, up to 6.0 m and makarievskaya suite with a capacity
of up to 6.5 m. Depth of the roof of oxford clays within a
high, not involved in landslide deformations, of a
watershed surface is more than 90‐95 m.
The yermolinskaya strata including four low‐thickness
suites, which lies higher in the section, overlays the
Jurassic deposits and, in terms of age, covers the upper
part of the Oxford Stage and the bottoms of
Kimmeridgian Stage. The yermolinskaya strata is
composed of black, dense, layered clays. Above the
geological section, overlapping the Upper Jurassic clays,
there is a pack of sands accumulating from the Tithonian
to the Aptian age. The deposits of the Tithonian stage are
represented by greenish‐gray and green quartz‐
glauconite sands (Fig. 2) with numerous phosphorites,
which are characterized by the presence of numerous
remains of the fauna of belemnites and ammonites. Dark‐
gray clayey aleurites occur at the base of the Tithonian
section. The Berriasian stage of the Lower Cretaceous is
presented by gray‐green, green fine‐grained sands
deposits. Overlapping their pack of hauterivian deposits
is composed of green fine‐grained glauconite sands.
Above the section, a thin interlayering of fine and
medium‐grained sands (Fig. 2), light and to various
degrees of ferruginous, reddish brown with interlayers of
lilac‐gray and beige clayey aleurites and lilac and dark
gray clays represents deposits of the Barremian stage.
Deposits of the Aptian stage, which crowns the thickness
of the Lower Cretaceous deposits, are presented by
brownish‐red fine‐grained sands, with a thickness of
about 15.0 m, a sandy silt‐clay packet of fine‐ and
medium‐grained micaceous sands. The total thickness of
the sandy layer reaches (in areas with undisturbed
bedding) 69‐71 m. The roof of the Lower Cretaceous
sands lies within a high, not involved in landslide
deformations, of a watershed surface at depths of 19‐20 m.
The thickness of Quaternary sediments is composed
of two horizons of moraine loam (Fig. 2) with crushed
stone and gravel, separated by fluvioglacial medium‐ and
fine‐grained sands formed in the interglacial epoch
(Mindel‐Riss). The lower horizon of loams has a
thickness of up to 7 m, and the thickness of the upper
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horizon (the Moscow stage of glaciation) is up to 5‐6 m.
The Moskva River has a depth of about 5‐7 m at the
site adjacent to Vorobyovy Gory. The thickness of alluvial
deposits in the channel part of the valley ranges from 7 m
to 10 m.
Most researchers (V.V. Kyuntzel, M.N. Paretskaya,
etc.), who studied the landslides of the Vorobyovy Gory,
consider the clay deposits of the Oxfordian Stage as the
main deforming horizon of landslide massifs (Kuntzel,
1965, Paretskaya, 1975). In this regard, within the slope,
overlapping Oxfordian formations, sandy‐clayey Upper
Jurassic deposits of the Tithonian Stage, Lower
Cretaceous mainly sandy sediments and Quaternary
glacial, fluvioglacial formations are in landslide
occurrence.

ResultsconductedresearchandDiscussion
A detailed study of the cores of wells located on the
surface of the watershed "plateau" near the slope edge
revealed several planes of landslide sliding: in the
intervals of absolute marks of 81.3 m and 82.5 m. The
intervals are confined to the clays underlying the Oxford
sediments. It should be noted that earlier it was believed
that the territory of the high surface of the separating
"plateau" is located in the part of the massif undisturbed
by landslide deformations and uncover the root
occurrence of rocks.
The obtained data uniquely indicate the presence in
natural (not involved in the technogenic activity)
occurrence, within the depth of 80‐100 m, of explicit
zones of landslide deformations (in the form of slip
planes). This allows us to state that the deep zone of
displacements extends beyond the previously accepted
boundary of landslide processes, which was revealed
visually by the wide development of cracks, ruptures, etc.
on the slope of the Vorobyovy Gory. Based on the above
information, the conclusion about the necessity to
transfer the boundaries of landslide processes in the
study area deep into the watershed "plateau” was done. In
this case, all previously described landslide bodies should
be considered as secondary, developing within a very
large landslide massif, the rupture zone which is located
within the modern watershed plateau. Perhaps the
surface occurrence of these deep deformations are now
retouched by anthropogenic re‐planning of the territory
during its development.

The mechanism of formation of a landslide massif
The development of landslide in the area of the
Vorobyovy Gory is probably related to the location of this
region within the deep pre‐Jurassic paleovalley of the
Moskva River, where the upper part of the Carboniferous
deposits (limestones, marls) was eroded and was the
accumulation of a thick series of clays during the Jurassic
time. Such areas are characterized by a significant, both
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horizontal and vertical, variability of the geological
section, active water exchange between aquifers, which in
turn leads to an intensification of the development of
geological processes. The data obtained during drilling
confirmed the uneven boundary of the roof of
Carboniferous deposits. Drilling operations have revealed
a difference in the marks of the roof of the Carboniferous
deposits, reaching 4‐5 m. The surface of Carboniferous
formations buried beneath the overlying sediments is
eroded and has a complex character, and is probably one
of the factors of the development of landslide processes
in the Vorobyovy Gory region (Barykina et al, 2017, 2019).
Based on newly obtained data, it is possible to clarify
the mechanism of landslide processes of the study
territory, which is based on the features of the motion of
individual elements of the landslide. In our case, we can
talk about the simultaneous action of several mechanisms
of deformation of soils in different parts of the slope.
The formation of the head part of the landslide massif
occurred because of the displacement of large blocks
composed of Mesozoic‐Cenozoic deposits. This is
confirmed by the presence of a series of slip planes
encountered during drilling in the thickness of Jurassic
clays. The thickness of such landslide blocks in the study
territory, based on the drilling data, reaches 80‐100 m. It
should be noted that the identified slip zones are in a
section at absolute elevations substantially below the
current level of the river, indicating that the basis for
landslide displacements was a lower erosion level,
indicating the duration (in geological time) of the
development of landslide deformations in the study area.
Thus, the head of the modern large‐scale landslide massif
"Vorobyovy Gory" is a fragment of the relict landslide
(according to the terminology proposed by (International,
1993)).
Three levels of landslide blocks, the surfaces of which
rise above the edge of the river on 15‐16 m, 29‐33 m and
47‐49 m respectively, form the main part of the modern
large‐scale landslide massif «Vorobyovy Gory». The
nature of landslide displacement is reflected in the
peculiarities of the variability of the structure of the
geological section within each of the blocks.
Within the lower block, a normal stratigraphic
sequence is established only for the lower part of the
open geological section (depth 40 m and below). In this
depth interval, near the riverbed part of the valley, there
are clays of the Oxfordian stage (ratkovskaya,
podmoskovnaya and kolomenskaya suites). Nevertheless,
a certain reduction (up to 0.5‐1.0 m) of thickness (as
compared to the structure of undisturbed areas) was
established for these deposits and an increase in the
altitude of the boundaries by approximately 2 m as well.
The clay of the yermolinskaya strata the tops of the
Oxfordian stage ‐ the bottom of Kimmeridgian stage)
have a thickness of 12.3 m, which is more than twice
higher than their thickness in undisturbed occurrence
within the limits of the high watershed areas. Above the
clays of the yermolinskaya strata, a zone of landslide
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folded rock was revealed, represented by separate
fragments (pieces) of black clays of the yermolinskaya
strata, up to several centimeters in diameter, located in a
matrix formed by greyish‐green sands of berriasian. The
thickness of the folded zone is up to 1 m. The zone of
landslide folded is overlaying by the displaced deposits
having a reverse (!) in sequence of occurrence. At the
base of the stratum, a horizon of fine‐grained silty sands
of the Berriasian age with a thickness of up to 2.5 m was
found, above which lie Tithonian glauconite fine‐grained
sands (up to 1 m thick). They are covered with dark gray
clayey siltstones with a thickness of less than 1 m, lying in
an undisturbed state at the base of Tithonian formations.
The total thickness of the pack, characterized by the
reverse occurrence, is up to 5 m. Above, a zone of
interlayering (0.6‐0.9 m) of sand and silts of the
Tithonian age and of the yermolin clay was discovered.
The upper part of the section of the lower block is formed
by alluvial formations (thickness up to 7 m), at the base
of which there are floodplain clays.
The geological structure of landslide blocks of the
middle part of the slope is not the same then the
structure of the blocks in the lower part of the landslide
massif. The section of the second landslide block is
characterized by a certain elevation (relatively to the
position within the unbroken sections of watershed
plateau) of the boundaries of all the suites by 2‐3 m. In
the lower part of the landslide block, the thickness of the
clays of the Oxfordian stage does not change. Above the
section, for the clays of the yermolinskaya strata (the tops
of the Oxfordian stage‐the bottoms of Kimmeridgian
stage), the aleurite‐sand formations of the Tithonian‐
Berriasian stages, a reduction of each of the suites on 1‐2
m is typical. A deluvial cover of redeposited Lower
Cretaceous sands forms the upper part of the section of
the second landslide block.
The geological structure of landslide blocks of the
upper tier differs from the structure of the blocks in the
middle and lower parts of the landslide massif
"Vorobyovy Gory". In contrast to the structure of the
middle tier of landslide blocks, where relative elevation of
stratigraphic boundaries is observed, the opposite picture
is observed for the upper part of the landslide massif. All
stratigraphic boundaries within the upper block are
reduced by approximately 1.5‐2 m. However, for landslide
blocks of the upper tier, as well as the structure of the
middle tier of landslide blocks, the thickness of all the
suites is reduced by 1‐2 m, increasing in the upper part of
the Lower Cretaceous formations up to 4 m.
Thereby, based on the peculiarities of the variability of
the geological structure of landslide blocks, the
mechanism of displacement of the modern large‐scale
landslide massif "Vorobyovy Gory" can be characterized
as following. At the initial stage, because of moistening
the upper part of the oxford clay, their transition to a
plastic state occurred, which led to extrusion of clays in
the direction of lowering the relief. At the same time,
with the landslide movements in the lower part of the
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slope and the adjacent part of the river bed, aridge
compression was formed, as evidenced by an increase in
the thickness of the clay of the yermolinskaya strata (the
upper Oxfordian stage ‐ the bottom Kimmeridgian stage)
by more than twice. In some stages of landslide
displacement, because of a change in the orientation of
the overlying sediments, a landslide block collapsed,
accompanied by tipping (by toppling mechanism),
disintegration and the subsequent formation of a
landslide body in the form of a sand‐clay avalanche. As
the result of deformations in the lower part of the slope, a
regressive development of landslide displacements with
the separation of blocks has occurred in its upper part.
The landslide blocks that were broken during the
displacement tested tipping to the side of the slope, as
evidenced by the somewhat elevated (relatively
undisturbed massif) position of the stratigraphic
boundaries in the middle of the slope and their reduced
position in the upper part of the slope.
Separately, it should be noted that the development of
the modern large‐scale landslide massif "Vorobyovy
Gory" occurred within the relict landslide massif
(Barykina et al, 2017, 2019).
The third type of deformations developed on the
slope can be attributed to relatively shallow landslides,
which only capture the upper part of the geological
section. With the development of these displacements,
the deformation zone does not leave the Lower
Cretaceous sandy‐argillaceous deposits. The zone of
shear deformations is located at depths of up to 20 m.
This is confirmed by the drilling data, which showed, in
particular, the doubling (in relation to unbiased parts) of
the Apt sand deposits.

Study of the reconsolidation of clay soils
For the Mesozoic ‐ Cenozoic clays of study area, degrees
of reconsolidation from 2 to 12.6 were obtained, and a
sharp increase of this indicator in a small range of depths
is noted.
This effect can be largely due to the influence of the
cover glaciation of this territory, in the epoch of which
some of the rock strata could be in a frozen state and
therefore have a much lower compressibility; therefore,
the role of long‐term consolidation could be significantly
reduced.
As a result, the ratio between the degree of
reconsolidation, on the one hand, and the maximum
geostatic pressure tested by the soils in the past, and, on
the other hand, with indicators of their physical and
physical‐mechanical properties, reflects not only the scale
of denudation and maximum geostatic pressure, but also
the impact (both stress and temperature) of the ice cover.
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Morphological features of the microstructure of the
Jurassic clays
The difference in composition, conditions of
accumulation and post‐sedimentation transformation of
clayey material leads to a large variety of microstructures
of clayey rocks, which in turn determines significant
variations in the properties of these rocks. In order to
identify these features, the microstructure of the three
samples considered above was studied: podmoskovnaya,
kolomenskay suite sand yermolinskaya strata. The X‐ray
phase analysis of the samples showed that the
podmoskovnaya
and
yermolinskaya strata
are
characterized by a high content of smectite (42% and
58%, respectively), while the kolomenskaya suite
contains 7% smectite and 37% zeolite. Samples taken
from the podmoskovnaya suite and yermolinskay astrata
contain 10 and 7% quartz, respectively, and 8 and 13%
calcite. Whereas the kolomenskaya suite sample contains
22% quartz and 14% calcite. It should be noted that the
pyrite content in the sample of the podmoskovnaya suite
is high, up to 7%, and almost two times lower in the
samples of the yermolinskaya strata and kolomenskaya
suite (4% each).
The main features of yermolinskaya strata clays
microstructure are oriented microstructure, composed of
elongated carbonate clay aggregates with rare microbial
skeletons (Fig. 3).
The main features of kolonenskaya suite clays
microstructure are weakly oriented microstructure,
composed of more isometric clay‐dusty aggregates with
rare sand grains of quartz and plagioclases(Fig. 3).
The main features of podmoskovnaya suite clays
microstructure are undirected microstructure, composed
of isometric aggregates of clay minerals with the
inclusion of numerous residues of microfauna
skeletons(Fig. 3).

Conclusions
Thus, based on the newly obtained data, the following
conclusions can be drawn. Firstly, the territory involved in
landslide processes on the Vorobyovy Gory is characterized
by much larger values, both in area and in depth, than it was
previously assumed, which is confirmed by the drilling data.
The revealed, deepest zones of landslide deformations
are not modern as their displacement basis is located
essentially below the modern level of erosion cut. Probably,
deep zones of landslide deformations are the relict ones
formed in the epoch of formation of the pre-glacial valley of
the Moskva River.
The current observed landslide displacements are
confined to either gypsometrically located oxford clays or
quaternary sediments. They are secondary landslides within
the boundaries of an ancient landslide massif.
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Figure 3 SEM images of Jurassic clay microstructure

1. Yermolinskaya strata: a. Increase x500. b. Increase x10000
2. Kolomenskaya suite: a. Increase x500. b. Increase x10000
3. Podmoskovnaya suite: a. Increase x500. b. Increase x10000

In the head part, where the displacement zone is located
at depths of 80-100 m, the deformations, confined to the lower
part of the Jurassic deposits, have a block character. Secondly,
one can speak of a combined mechanism for the development
of a large-scale landslide massif "Vorobyovy Gory"
(according to the terminology proposed by (International,
1993)), which includes plastic flow with the formation of a
ridge compression, collapse with tipping, block displacement
and other types of deformations. As a part of a landslide
massif, it is possible to distinguish both primary and
secondary displacements.

References
Barykina O.S., Zerkal O.V., Samarin E.N., Gvozdeva I.P. (2017) On the
development of landslide processes on Vorobyovy Gory
(Moscow). Engineering‐geological problems of the present and
methods for their solution: Proc.conf. Geomarketing. Moscow. pp.
111‐117 (in Russian)
Barykina O.S., Zerkal O.V., Samarin E.N., Gvozdeva I.P. (2019) The
History of Slope Evolution ‐ Primary Cause of its Modern

-48-

Instability (by Example of the "Vorobyovy Gory" Landslide,
Moscow). Natural Hazards and Risk Research in Russia:
Innovation and Discovery in Russian Science and Engineering. ‐
Springer Publ. pp. 345‐361 (ISBN 978‐3‐319‐91832‐7)
Churinov M.V. (1957) Description of landslides of the right bank of
the Moskva River on the site of the Lenin Mountains and the
possibility of building development of this territory. Questions of
hydrogeology and engineering geology: Proc. VSEGINGEO. ‐
Gosgeoltekhizdat. Moscow. 15. pp. 62‐78 (in Russian)
Danshin B.M. (1937) The geological structure of the Leninskie Hills in
connection with some issues of the stratigraphy of deposits of
the Cretaceous system and landslide phenomena along the
banks of the Moskva River. News of the Moscow Geological Trust.
4. pp.3‐23 (in Russian)
Danshin B.M. (1947) Geological aspects and mineral deposits of
Moscow and its outskirts. Bull. of Moscow Soc. of Naturalists.
307 (in Russian)
Geological Atlas of Moscow, 2009
Golodkovskaya G.A., Lebedeva N.I. (1984) Engineering‐geological
zoning of the territory of Moscow. Inzhenernayageologiya
[Engineering geology]. (3). pp. 87‐102 (in Russian)

Proceedings of 2019 IPL Symposium, UNESCO, Paris

Gulakyan K.A., Kuntzel V.V. (1970) Classification of landslides by the
mechanism of their development. Proc. VSEGINGEO. 29. pp. 58‐
64 (in Russian)
International Geotechnical Society’s UNESCO Working Party on
World Landslide Inventory (WP/WLI) (1993) A multi‐lingual
landslide glossary. Bitech Publ. Vancouver. 59
Korcheobokov NA, Romanov AV, Yakovlev S.Y. (1938) Landslides of
the LeninskieGory. Geology in the reconstruction of Moscow.
Academy of Sciences of the USSR. Moscow‐Leningrad. pp. 377‐
390 (in Russian)
Kuntzel V.V. (1965) On the age of deep landslides in Moscow and
the Moscow region, associated with Jurassic clay deposits. Bull.
Bull. of Moscow Soc. of Naturalists. Subdiv. geol., XL (8), pp. 93‐
100 (in Russian)
Moscow. Geology and the city (1997). Eds. Medvedev O.P., Osipov
V.I. Moscow textbooks and Kartolitographia. Moscow. 399 p. (in
Russian)
Nikitin S.N. (1897) Les environs de Moscou. Guide des excursions du
VII CongresGeologique International. St‐Petersbourg. pp. 1‐16
Olferiev A.G. (2012) Jurassic stratigraphic subdivisions of Moscow
basin. Bull. of Moscow Soc. of Naturalists. Subdiv. geol., 87(4). pp.
32‐55 (in Russian)
Paretskaya M.N. (1975) Dependence of the morphology of
landslides extrusion of the Moscow suburbs on the strength of
Jurassic clays. Proc. VSEGINGEO. 81. pp. 94‐97 (in Russian)
Pavlov A.P. (1890) New data on the geology of the VorobyovyHills.
Bulletin of Natural Science. (7). pp. 301‐304 (in Russian)
Pavlov A.P. (1910) A note on the formation of landslides in clayey
and clayey‐sandy rocks. Bull. of Moscow Soc. of Naturalists. 4. pp.
29‐30 (in Russian)
Pavlov A.V. (1911) Memorandum to the Moscow City Council on the
structure of the area along the pressure tank line ‐ Yacht Club ‐
Moscow River and the reasons for the slope of the uphill slope
between the pressure tank and the eastern edge of the village
Vorobyov. City printing house. Moscow (in Russian)
Shkolin A.A., MalenkinaS.Y. (2015) Comparison of the types of
sections of the Upper Jurassic (Volga level) ‐a lower chalk of the
southeast of the Moscow region. Jurassic system of Russia:
problems of stratigraphy and paleogeography: Proc. VI Russian
Workshop. ALEF. Makhachkala. pp. 304‐308 (in Russian)
Unified regional stratigraphic scheme of the Jurassic sediments of
the East European Platform. Explanatory letter. (2012). V.V.Mitta,
A.S.Alexeev, S.M.Shik, eds. GINRAS ‐ FGUPVNIGNI. Moscow
(in Russian)
Zerkal O., Barykina O., Samarin E., Gvozdeva I. (2017) The influence
of paleo‐landslide activity on the modern slope stability. Proc. of
2017 IPL Symposium, UNESCO‐ICL, Paris. pp. 89‐92

-49-

-50-

Proceedings of 2019 IPL Symposium, UNESCO, Paris

Landslide Risk Assessment, Mapping and Management
Valentina Svalova
Sergeev Institute of Environmental Geoscience RAS, Ulansky per., 13, Moscow 101000 Russia, v‐svalova@mail.ru

Abstract The problem of geological and landslide risk
management is seen as series of events leading to risk
reduction, including Risk analysis, Risk assessment, Risk
mapping, Vulnerability evaluation, Concept of acceptable
risk, Monitoring organization, Engineering‐technical
methods,
Insurance and others. Methodology for
landslide risk assessment and mapping at urban areas is
elaborated. The construction of landslide risk map in the
territory of Moscow is suggested.On the basis of
preliminary expert estimates, the areas of high landslide
risk are in the vicinity of Moscow River and Yauza River,
as well as in the areas of contrasting relief along
riverbeds of paleorivers in the city center. These areas
may be considered as “hot spots” on the risk map.
Keywords landslide,
management

risk,

risk

assessment,

risk

Introduction
The problem of landslide risk management is seen as
series of events leading to landslides risk reduction.
Natural risk is a relatively new and not fully explored
concept. There are many definitions of natural risk. And
often a scientific study or a scientific approach to the
problem begins with a presentation of the author's
position and the choice of the definition of natural risk
for the problem. This individualistic approach is difficult
to avoid. Spores are carried out so far. For example, if
there is a risk without material damage to people or not.
If one of the main systematic approaches to hazards
research is their classification so now also the concept of
Risk Management can be considered as new step of
science development and new basement for systematic
hazards investigations.
Development of the Risk concept demands the
promotion of the methods for Risk Assessment and
calculation. It makes the theory of Risk the scientific
discipline with good mathematical background. It is
necessary to elaborate common approaches to the risk
calculation for different types of natural hazards. The
methods of seismic risk assessment as the most promoted
ones must be spread to landslides, karst, suffusion,
flooding, pollution and other types of natural hazards
and risks and also to complex and multi‐risk.
Arising from everyday life, gambling, finance, business
and building the Risk concept became the subject for
scientific research and basement for systematic
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investigations of natural and man‐made hazards and
disasters.
In common sense Risk is the potential possibility to
gain or lose something (life, health, property, money,
environment etc.) Risk situation can arise at meeting
with uncertainty resulting from action or inaction. Risk
is a consequence of unpredictable outcome.
In Risk‐Analysis science Risk is considered as a
measure of the probability of damage to life, health,
property, money or the environment. Risk is defined as
the probability of the natural hazard event multiplied by
the damage from possible consequences.
Risk analysis is the use of available information for
hazard identification and vulnerability evaluation.
Vulnerability is the degree of loss of a given element or
set of elements exposed to the occurrence of a natural or
man‐made hazard. It is expressed on a scale of 0 (no loss)
to 1 (total loss).
Risk assessment is considered as the process of making
decision on whether existing risk is acceptable or non‐
acceptable and implies the risk analysis and risk
evaluation processes.
Sometimes Risk Assessment is considered as Risk
calculation on the base of selected parameters and
establishment of ranking risk criteria.
Acceptable risk is defined by the level of human and
property loss that can be tolerated by an individual or
community. The probability of acceptable risk is very
small. The concept of acceptable risk arises from the
understanding that absolute safety is an unachievable
purpose
Risk management is considered as the complete process
of Risk assessment and Risk reduction.
Risk reduction implies some methods and measures, as
legislative,
organizing,
economic,
engineering,
information and others.
Sometimes in narrow sense Risk Management is
considered as measures for Risk Reduction.
And in this sense the problem of Landslide Risk
Management is seen as a series of events leading to
landslides risk reduction and avoiding. It includes
landslides monitoring, landslide forecast, engineering
works, slopes strengthen, insurance and others.
Summarizing systematic approach to natural hazards
research on the base of the Risk concept it is possible to
present the next steps and scheme to establish criteria for
ranking risk posed by different types of natural or man‐
made hazards and disasters, to quantify the impact that
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hazardous event or process have on population,
structures and to enhance strategies for risk reduction
and avoiding.
Risk Management
1. Hazard Identification;
2. Vulnerability evaluation;
3. Risk analysis;
4. Concept of acceptable risk;
5. Risk assessment;
6. Risk mapping;
7. Measures for risk reduction:
1) legislative;
2) organizational and administrative;
3) economic, including insurance;
4) engineering and technical;
5) modeling;
6) monitoring.
7) information.
According to the most common definition the Risk is the
probability of the natural hazard event multiplied by the
possible damage:
R = PxD,
where R ‐ risk, P ‐ probability, D ‐ damage.
For multi‐risk assessment it is possible to use sum of risks
of different hazards:
R=

Ri

For Risk Maps construction it is necessary to use the
Natural Hazards maps and maps of possible damage.
These maps can be of local, regional, federal (sub global)
and global levels.
Landslide is a major geological hazard, which poses
serious threat to human population and various other
infrastructures like highways, rail routes and civil
structures like dams, buildings and others.
Landslides occur very often during other major natural
disasters such as earthquakes, floods and volcanoes.
The word 'landslide' represents only a type of movement
that is slide. However it is generally used as a term to
cover all the types of land movements including falls,
creep, spreads, flows and other complex movements.
A correct term to represent all these movements may be
'mass movement' or 'mass wastage'. However the term
'landslide' has been accepted and is being used
commonly around the world as a synonym of 'mass
wastage'.
Some main aspects of landslides risk management are
considered.

Landslides risk assessment and mapping
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Geological risk mapping is an important step towards
solving the problem of natural risk management [1, 8, 19‐
25]. Due to the complexity and diversity of the problem
the combination of probabilistic and deterministic
approaches and expert estimates arises.
The probability of landslide process depends on the
stability of the landslide slope, trigger mechanisms
(precipitation, earthquakes), technological factors. The
first step is studying the physical and mechanical sliding
process at different conditions. Nevertheless,
the
landslide process mechanics is still not fully understood.
Landslide prediction is not always possible. Even
statistical frequency of landslides activation for a
particular area varies very widely.
As an example to be considered the approach to the
construction of the landslide risk map in the territory of
Moscow.
Landslide processes in Moscow are well investigated [2‐7,
9‐18]. Landslides cover about 3% of the city, where there
are 15 deep and a lot of small landslides , and the
landslide hazard is mapped. Last years in Moscow there
is a significant activation of landslide processes. To assess
the landslide hazard the height of the slope, the
landslide body volume, mass velocity, rock properties,
topography of the surrounding area, the range of possible
promotion landslide masses, hydrogeological conditions
and trigger mechanisms have to be taken into account.
Selection of taxons (special areas) varying degrees of
landslide hazard in the city is completely solvable task.
And gradation is possible as in the three degrees of
danger (high, medium, low) as in five ones (very high,
high, medium, low, not dangerous), depending on the
detail of the task.
The most expensive land and buildings in Moscow are
located in the city center, where are also the oldest
historic buildings,
the most vulnerable to natural
hazards, and the most expensive new ground and
underground construction, subway lines, complex traffic,
and technical communications of high density. There is
an increased density of population. We can assume that
the closer to the center of Moscow, the greater the
potential damage from possible landslide process.
Hazardous industrial production brought to Moscow's
periphery. But the protected zone of Moscow on the
Vorobiovy Hills and in Kolomenskoye also have high
cultural value, and the potential damage there is highly
evaluated. So a first approximation map of landslide risk
in Moscow may be an overlay of landslide hazard maps
and population density, building density, land prices,
density of roads and infrastructure maps. Areas with the
highest degree of landslide hazard and the highest
damage are the areas of the highest landslide risk in the
territory of Moscow.
The methodology for risk evaluation and mapping is
suggested.
For the automated analysis of the factual material and the
risk maps construction it is needed
to find the
intersection of the landslide hazard map and integrated
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map of possible damage t.e. for each i ‐ th fragment Ri
of risk map to find the product of probability Pi of
landslide event to the amount of different j ‐ th possible
damages from landslides, that could be damage to land,
to buildings, to transport, to communications, to people
and others:
Ri=Pi

j D ij

Maps of landslide hazard is necessary calibrated from 0
to 1, to reflect the probability of landslide events (0 P 1).
Thus, gradation, for example, is possible on a scale of (0;
0,25; 0,5; 0,75; 1), where 0 corresponds to no danger of
landslides, 0.25 ‐ low, 0.5 ‐ average 0.75 ‐ high and 1 ‐ a
very high probability of the landslide process. This
assessment is an expert in nature. In principle it is
possible to construct the landslide hazard maps as the
intersection of maps of factual material, such as map of
relief contrast, rock strength, slope stability, speed of
motion of the surface, the density of rainfall, seismicity,
etc. Of course, this will require additional research and
evaluation.
For a comprehensive assessment of the damage in each
region it is suggested to calibrate the possible damage of
each option on a three‐point system (0, 1, 2), where 0
means no damage, 1 ‐ middle, 2 ‐ high damage. The
parameters here are, for example, 1) cost of land, 2) cost
of housing, 3) density of buildings, 4) population density,
5) density of roads and communications. The higher the
value (the value of land, housing, etc.), the greater the
damage in case of a hazardous event.
Then, the possible damage to 5 parameters for each
element varies from 0 to 10.
The risk also in each element ranges from 0 to 10. This is
the risk in relative terms (high‐low), on 10‐point scale.

Fig. 1. Andronievskaya embankment with Svjato‐Andronikov
monastery.

Fig. 2. Cracks near Svjato‐Andronikov monastery

D i = j D ij, j = 1‐5, D ij = (0, 1, 2), 0 D i 10,
0 R i 10.
After defeating the map of the area into squares and
calculating the risk for each square, you can get a map of
the area at risk on 10‐point scale.
On the basis of preliminary expert estimates, it will be
the areas in the vicinity of Moscow River and Yauza River,
as well as in the areas of contrasting relief along riverbeds
of paleorivers in the city center.
The places of high landslide risk are Andronievskaya
embankment (Figs. 1, 2), Nikolo‐Yamskaya embankment
(Fig. 3), Kotelnicheskaya embankment (Fig. 4),
Samotechnaya Street (Fig. 5 ) in the center of Moscow.
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Fig. 3. Nikolo‐Yamskaya embankment
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Fig. 4. Kotelnicheskaya embankment
Fig. 7. Vorobiovy Mountains with building of Presidium RAS
(Russian Academy of Sciences), Andreevsky monastery and new
living houses.

Fig. 5. Samotechnaya Street.

The places of highest landslide risk are Vorobiovy
Mountains (Hills) (Figs. 6,7) and Kremlin Hill. (Figs. 8, 9).
They are shown as white circles in the map of geological
danger in Moscow. (Fig. 10).

Fig. 8. Kremlin embankment.

Fig. 9. Center of Moscow with Kremlin hill and Moscow river.
Fig. 6. Vorobiovy Mountains with Moscow State University, ski‐
jumps and metro‐bridge.
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Fig. 10. Map of geological danger in Moscow. Landslides, karst,
underflooding. (Osipov V.I., Kutepon V.M., Mironov O.K.) [3].
Landslides are near rivers in semi‐dark (red and pink).
1 ‐ very high danger, 2 – high, 3 ‐ middle, 4 – low, 5 – no. White
circles – risk “hot spots”. Kremlin hill (center) and Vorobiovy
Mountaims (south‐west).
These areas may be considered as "hot spots" on the risk map.
And even thought in some of these areas, the population
density is not so high, the other components (cost of land, the
historical importance of the object, the density of underground
utilities and others) give a great contribution to the high risk
assessment.
These areas must be at measures for risk management and
reduction at the first line. It means monitoring organization,
slope strengthen, ban of extra buildings and activity.
As additional fact it is interesting to use night cosmic photo of
Moscow that reflect the density of communications and
possible damage. (Fig. 11).

Fig. 11. Cosmic photo of Moscow at night.
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Abstract Wild‐fires are considered as one among very
common natural disasters that are causing a significant
loss of lives and properties globally. Due to global
warming and climate change, loss due to the wild‐fire
induced natural disasters are increasing annually. While
wild‐fires directly trigger property loss and death by
burning vegetation and trees, buildings, and other
infrastructures, another secondary but very common
disaster triggered by the wild‐fire is post‐fire debris flows.
The number of post‐fire rainfall induced debris flows
have significantly been increased in recent years. One
among such disastrous events is Montecito Debris Flow
event of 2018 in Santa Barbara County of California. Soil
test results on the soil and ash deposit collected from the
Montecito debris flow area suggests that the residual
friction angle of the ash deposit is one‐third of that of the
parent soil. This along with the increase in seepage
velocity due to the loss of vegetation cover has been
attributed to be the major triggering factors for the
Montecito debris flow event. This paper includes the
details of the field situation and shear test results that
lead to the authors’ conclusion pertinent to the debris
flow trigger.
Keywords post‐fire debris flow, residual friction angle,
ash deposit

Introduction
Uncontrollable, unplanned blazes in areas of ignitable
vegetation are known as wildfires. Wildfires also called
brush fires, desert fires, vegetation fires, wildland fires,
hill fires, grass fires, peat fires, etc. These fires often start
unobserved, fueled by vegetation and spread by wind,
they can quickly engulf hundreds of acres of land within a
few hours igniting trees, homes, agricultural resources
and almost anything else that they come in contact with.
Verisk’s 2017 Wildfire Risk Analysis found that 4.5 million
homes in the United States were at high or extreme risk
of wildfire. Among these, more than 2 million are in
California (more than double the second riskiest state of
Texas). Over the past decade, damages in excess of $5.1
billion from wildfires have been reported. Until July 3,
2019, over 20,000 wildfires burning over 1.12 million acres
have been reported in the United States (National
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Interagency Fire Center, 2019). About 8.8 million acres
were burnt in 2018 from over nearly 58,100 wildfires
(National Interagency Fire Center, 2019). In 2017, nearly
71,500 wildfires were responsible for burning about 10
million acres, exceeding the 10‐year average for the
country (National Interagency Fire Center, 2019).
The Thomas Fire started on December 4, 2017. It
burned approximately 300,000 acres of vegetation in the
Santa Barbara and Ventura Counties, California,
destroyed over 1000 buildings, 2 fatalities and caused
damages exceeding $2.2B. Declared contained on January
12, 2018, the Thomas Fire was the largest wildfire in
California’s history. While the fire was ongoing, the
affected area saw a series of heavy rainfall events, which
triggered debris flow events in the city of Montecito in
Santa Barbara County, CA at 11:30 am GMT on January
9th, 2018. These debris flow events resulted in 21 fatalities
(plus another 2 missing individuals, who were presumed
dead) and injuries to over 160 people. The debris flow
events are also estimated to have caused at least $177
million in property damage, approximately $7 million in
emergency responses (RND, Inc. 2018), and $43 million
for the clean‐up (Noozhawk, 2018). Over 60 residential
buildings were completely damaged with an additional
450 residential buildings having partial damage. Partial
damage was observed in 20 commercial buildings while 8
commercial buildings were completely damaged. In
addition to the damages to the buildings, 10 to 12 feet of
debris accumulated on major highways, including US 101,
and local streets. The debris flow events also resulted in
the loss of utilities including water, power and gas.
Mudslides and debris mass blocked or washed away
bridges and culverts. Figure 1 shows the debris carried in
the flows.
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Field Investigation
The field conditions after the Montecito debris flows
were investigated through on‐site visits and high
resolution images released for public use by Google as a
response to the federally declared emergency. Aerial
views of the debris flow area before and after the wildfire
and debris flow events are shown in Figure 2. The figure
illustrates the complete loss of vegetative cover following
the wildfire. Additionally, the wildfire was responsible for
leaving thick deposits of ash on the ground surface and
changing the properties of the top soil due to the high
heat. As a result of the ash deposits, a reduction of the
permeability of the soil corresponding to a substantial
increase in the run‐off can be expected. The exposure to
the high heat from the wildfire caused a brittle and
cracked surface prone to localized seepage. The high
resolution imagery also indicated that the debris flow
events resulted in a widening of the creek from 2 to 3 m
to 20 to 40 m in width. Furthermore, evidence of loose
debris mass with the potential to flow along the channel
bed could also be found from the images. Two drainage
basins in the area were completely filled by the debris
(consisting of tree branches, roots, boulders, etc.) The
debris, then, overflowed into the community, onto local
roads and highways and about 100 m into the Pacific
Ocean. Despite the large amount of debris involved in
January 9th event, a significant amount of loose debris
was still present along the creek channel with the
potential to flow in the event of an intense rainfall in the
future.

Laboratory Soil Testing
During the field investigations, several soil samples were
collected from the bank of the creek. Any large boulders
or coarse gravels were excluded from the laboratory
investigations presented in this study. Results from sieves
analyses (ASTM D 6913/6913M, 2017) and Atterberg limit
tests (ASTM D4318, 2017) indicated that the materials
classified as SP‐SM (poorly graded sand with silt and
gravel) and SW‐SM (well graded sand with silt and
gravel) per the USCS classification system.

The residual shear strength of the soils was
also determined for two conditions – (a) for the soil
matrix and (b) ash deposit on the soil matrix with
ash to represent the condition of the soil following
the Thomas wildfire. The residual shear strength
measurements were conducted at normal stresses of
100, 200, 400 and 800 kPa using a GDS ring shear
apparatus. The results, as shown in Figure 3,
indicate that the residual shear strength of the ash in
soil matrix reduced to less than one third of the
original strength of the soil. This indicates that once
a slope fails from the hill and the debris mass runs
over the ash deposit, the debris mass can easily
increase its velocity and momentum to move down

Figure 1 Debris found in the Montecito debris mass.
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the slope and travel large distances very quickly
due to the extreme low residual shear strength of
the ash deposit on soil matrix.

Figure 3 Residual shear strength failure envelopes for
original soil and ash deposit in soil matrix.

Discussion
The Thomas wildfire, which affected the region at the
same time, also contributed to the occurrence of the
debris flow. As a result of the wildfire, there was a
significant loss of the vegetation cover in the watershed.
The extreme heat from the wildfire left the ground brittle
with cracks that would allow localized seepage to occur.
Furthermore, the vegetation cover was replaced by
deposits of ash from the wildfire. The ash not only
contributed to a reduction in the permeability of the top
soil resulting in an increase in the run‐off, but also
provided a slippery surface for the moving debris mass
quickly for a large run out distance, specifically due to a
very low residual shear strength of the ash deposit on the
soil matrix, which was less than one third of the residual
shear strength of the original soil in the area. Finally,
large quantities of debris were available along the creek
channel to cause extensive damage to the area. All of
these factors combined with the high rainfall intensity‐
duration in the January 8th to January 10th storm led to
the triggering of the debris flows in the city of Montecito,
CA.

Conclusion

Figure 2 Google Earth imagery of the creek and
watershed before (left) the Thomas Wildfire and after
(right) the wildfire and Montecito debris flow events.
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The Thomas Wildfire that affected Southern California in
December 2017 to January 2018 resulted in several
fatalities and significant damage in the affected region.
Furthermore, the wildfire left the city of Montecito in
Santa Barbara County prone to a devastating debris flow
following a high intensity rainfall in January 2018. Several
causative factors contributed to the occurrence of this
disaster. Specifically, the wildfire resulted in the
replacement of the vegetative cover of the region with
ash that resulted in a reduction in the permeability of the
top soil and an increase in the run‐off from rainwater.
Residual shear strength measurements conducted in this
study also showed that the strength of the ash deposit on
the soil matrix was less than one third of the residual
shear strength of original soil in the area. Therefore, the
debris flow would be capable of moving at very high
velocities. While the total monthly rainfall in the region
was significantly lower than the rainfall in the previous

B. Tiwari, B. Ajmera, R. Bernett – Impact of low shearing resistance of ash deposit on post‐fire rainfall induced debris flow

years, the storm that triggered the debris flows was very
intense having a rainfall intensity‐duration significantly
higher than the lower bound suggested by historical data
for debris flows triggered in burn areas. The results from
this study indicate that the debris flows occurring in
Montecito after the Thomas Wildfire are a complex
phenomenon.
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Abstract
The University of Alberta, as an ICL WCoE, continues a dynamic research program focused
on landslide monitoring technologies and slow‐moving landslide in heavily
overconsolidated clays and (soft) shales in western Canada. This presentation will provide
an overview of our new research area of the Assiniboine River Valley and an update on the
research conducted at in the Thompson River Valley (the Ripley Landslide).
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Abstract
The assessment and mapping of landslide susceptibility is crucial for the management and
risk mitigation of such catastrophic geohazard in landslide‐prone areas. In this presentation,
a novel hybrid model based on machine learning algorithm has been developed and applied
for landslide susceptibility prediction in Zigui basin, TGR, China. A database of landslide
distribution in Zigui basin was first established using GIS based on remote sensing images,
unmanned aerial vehicles (UAV) and field investigations. Next, self‐organizing map (SOM)
algorithm was used to produce a preliminary susceptibility map with four classified
susceptibility zones, and two step cluster algorithm was applied to reduces the randomness
of selecting the non‐landslides in previous studies. Furthermore, random forest (RF)
algorithm was adopted to obtain a trained SOM‐RF model through labeled data set, with
which the landslide susceptibility mapping in the study area was finally performed. The
results show that most areas with high or very high susceptibility are located within the
hydro‐fluctuation belt of TGR. It’s also found that the proposed SOM‐RF model combined
with TSC performs better prediction capacity than that of traditional RF model.
Additionally, high robustness and low deviation of the proposed model are also verified.
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Abstract
The continuous warming of the global climate has led to the continuous thawing of
permafrost in permafrost regions at high latitudes, and the landslides and secondary
disasters caused by permafrost degradation have gradually increased. The arbor plants are
sensitive to the growth environment, such as soil moisture and temperature and so on. The
distribution of tree species is determined by aerial photography and on‐site investigation.
The tree is drilled to determine the age of the tree. At the same time, combined with
regional geomorphology analysis and high‐density electrical detection on site, the landslides
caused by permafrost degradation is judged, such as its age, mechanism, and sliding process
and so on. It provides methods and basis for the identification of regional landslide
distribution and the prevention of secondary disasters.
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Abstract
Remote sensing is an importance source for regional landslide mapping. In particular,
advanced image processing approaches may increase the mapping efficiency and even make
automatic landslide mapping feasible. This presentation renders some of our experiences in
recent years on rapid mapping of landslides from diverse image processing approaches and
remote sensing platforms. Notably, our attempts were made to rapidly generate landslide
inventory from multi‐sensor datasets. Landslides triggered by both rainfall, earthquake and
typhoon around the world are respectively presented. We think with the increasing
applications of remote sensing, this topic deserves further particular attention in the near
future.
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Abstract
The City of Omiš, is situated in the middle part of the Croatian Adriatic coast, at the mouth
of the Cetina River in the toe of high limestone cliffs of the Omiška Dinara Mountain. The
mouth of the Cetina River was first permanently inhabited in ancient times, more than 2000
years ago, while the development of now‐days City of Omiš started in 12 and 13 century.
Several constructions and building, such as fortresses and churches in Omiš belong to the
cultural and historical Croatian heritage. The old center of the City of Omiš, was threatened
by numerous rockfall occurrences in the past that caused significant damages at residential
structures and infrastructure. During the last decades several designs for rockfall protection
structures were conducted, followed by installation of protection structures was conducted
from 2016 to 2018. During the final design performing the detailed field investigation was
carried out using field and remote sensing methods to determine rockfall sources as well as
threatened zones of the city. The 2D and 3D numerical modelling and rockfall simulations
were performed to determine adequate rockfall protection structures and their locations at
the slope. Installed stabilization and protection structures (protection wire fences, wire
meshes reinforced by steel ropes and rockbolts, and rockfall barriers) as the first stage of
mitigation measures, significantly reduced the rockfall hazard in the City of Omiš. In this
paper we will describe the methods of field and remote sensing investigation of the slopes,
modelling and simulation of rockfall propagation, as well as selection of protection
measures and their positions at the slope above the City of Omiš.
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Abstract
Sliding and erosion processes are active in the Vinodol Valley (area of 64.57 km2) since
historical time. Although these processes contribute to landscape evolution, and as well they
continuously cause economic losses, systematic scientific investigations of their types,
characteristics and spatial arrangement in relation to geomorphological conditions of the
Vinodol Valley so far was lacking. For the study area, the bare‐earth Digital Terrain Model
(DTM) was created with a 1 m resolution from the elevation data acquired by airborne laser
scanning using the LiDAR (Light Detection and Ranging) technology, in March 2012. Nine
types of topographic datasets were derived from the high‐resolution LiDAR DTM for the
visual interpretation of topography of the Vinodol Valley. LiDAR derivatives were visually
interpreted singularly and in combinations, in a large scale. Identification and mapping of
landslide phenomena was performed according to specific criteria that were established
exclusively for each landslide type. Landslides are classified according to the updated Varnes
classification of landslide types. In total, ten types of landslides were identified, and a detail
geomorphological historical landslide inventory was created. For 633 landslide phenomena,
an accurate landslide contour could be precisely delineated, due to the visible topography of
landslide features recognized on LiDAR derivatives. The most abundant landslide
phenomena in the Vinodol Valley are debris slides. The spatial arrangement of landslides is
distinctively irregular, whereas most of the identified debris slides are situated in numerous
gullies of different types.
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Abstract
This presentation describes the history of scientific research and landslide disaster risk
reduction efforts in a small peasant community in the Rampac Grande of the Peruvian
Andes. The community was hit by a catastrophic landslide in 2009, which challenged local
knowledge about landslide occurrences. The DRR project performed during 2016 ‐ 2017
illustrates the shift from refusing outside intervention to acceptance of the proposed
landslide risk reduction measures and active community participation in their application
and maintenance. Emphasis was placed on the role played by community representative
participation during formulation of the expected outcomes of the DRR, which leads to
hazard reduction through the preparation of hazard maps and landslide movement
monitoring. The short‐term success was documented by the construction of water tanks in
the year following termination of the project. Despite of that, definition of long‐term exit
strategy, involving the minimum input from the outside actors, still needs to be done in
order to permanently reduce the community vulnerability to the landslide risk.
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Abstract:
Tbilisi is a capital of Georgia, occupies 504.2 sq. km, population – 1.1 mln. At present, under
the conditions of increased demand on constructions, the territory of Tbilisi city is being
developed under the most complex geological conditions, which is frequently accompanied
by widespread occurrence and activation of hazardous geological processes, such as
landslides, debris/mudflow, rockfalls, riverbank erosion. Catastrophic geological events are
triggered by earthquakes, extreme hydro‐meteorological events, probably on the
background of global climate change, large‐scale human impacts on the environment. Last
period several geological disaster occurred in Tbilisi.
Since 2016 Department of Geology of National Environmental Agency under the Ministry of
Environment Protection and Agriculture of Georgia started governmental program named:
“Processing of Geological Hazard (Landslide, Debris/mudflow, rockfall, rock avalanche et.
al) zoning map and monitoring of Tbilisi city”. Such type and scale map never was done for
the capital. Project activities are processing historical material; Field Geological Survey;
Inventory mapping of all type of geological hazards; Preparation of geological hazard
database; preparation hazards triggering factor maps; Preparation geological hazard zoning
map and report using modern methodologies. Bellow it is presented above mentioned
activities conducted by Department of Geology.
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Abstract
India has experienced extreme weather conditions during the last two years, 2018 and 2019,
leading to large scale multi hazard events. These events have led to cascaded landslide
events leading to loss of human life and large scale infrastructure damage. Climate change
is contributing to increase in extreme weather conditions leading to an increase in
frequency of landslides, and its unpredictability. This demands design, development and
deployment of early warning systems for enhancing disaster resilience of the community.
This work proposes systems, solutions and programs for multiscale landslide early warning
to provide adaptive, and integrated community resilience for enhancing preparedness,
response, and mitigation. A participatory approach based integrative solution has been
devised and prototyped during 2019 monsoon season in Kerala, India. Enhanced community
awareness, engagement, and context aware risk communication using Internet of Things
(IoT)and social media based approaches have been utilized. A case study of Munnar, Kerala,
India will be detailed in this work which will provide insights from the experience and
perspective of enhancing disaster resilience in a rural population.
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Abstract
On 28 September 2018, an earthquake followed by tsunami and liquefaction in Central
Sulawesi caused severe damage and resulted in a death toll of more than 2000 people. The
epicenter was northeast of Palu City, at a relatively shallow depth of 10 kilometers. The
earthquake was followed by a series of tsunami waves as high as 6 m. The earthquake caused
liquefaction and earth flows, which affected a large 380 hectare area in Sigi District and Palu
City. Sulawesi Island has several geologic structures, one of which is the Palu Koro Fault
with 240 km long north to south, crossing Palu City to Bone Bay. The Palu Koro Fault is an
active sinistral fault which moves north 25‐30 mm/year. As a result, earthquakes often occur
in the area. The 28 September 2018 earthquake was also caused by the Palu Koro Fault.
Other notable phenomena caused by the 28 Sept 2018 earthquake were tsunami,
liquefaction and earth flows. The liquefaction that occurred in several areas was then
followed by earth flows. The liquefaction was caused by earthquake induced shaking in a
soil layer dominated by saturated fluvial and alluvial sediments. The liquefaction hazard
map published by the Geological Agency (2012) had already identified that Palu City had a
high to very high liquefaction potential.
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Abstract
A landslide‐induced debris flow occurred in Cycloop Mountains of Papua Island on 16
March 2019. The debris flow was caused by heavy rain, which led to landslides in several
locations, forming a natural dam in the river. The large water discharge prompted by
excessive rainfall and the landslide materials caused the dam to collapse. The steep slope of
Cycloop Mountains resulted in rapid flow of river water, bringing various sizes of flashflood
materials and threatening the settlements in the surrounding areas. In response to this
hazard, the Center for Disaster Mitigation and Technological Innovation Universitas Gadjah
Mada conducted an intensive study to reduce the sediment‐related disaster risk. The result
will give a general overview on the geological condition, the potential and mechanism of
sediment‐related disasters, and recommendations on mitigation efforts to reduce the risk.
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Abstract
Landslide dominate natural disasters in West Java. landslide induction rainfall index in
alarm units per month. The index determines the correction factor to determine the spread
of potential landslides. Each constituent element of landslide potential in West Java is
related to one another. The pattern of distribution of landslide‐inducing rainfall greatly
influences how the spread of potential landslides. Most of the patterns on the spread of
landslide potential are formed almost the same as the distribution of the induced rainfall.
Distribution of landslide potential induced by rainfall shows the frequency of potential
landslides to occur in one month. This potential for landslides is caused by the frequency of
climatological rainfall that exceeds the threshold index.
Keywords: potential, prone, landslides, overlays, indices
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Abstract
Based on a research agreement with the Metropolitan City of Rome, we performed a
preliminary large‐scale assessment of landslide susceptibility and related exposure to risk of
some relevant assets (i.e., main roads and public buildings) for the whole territory. Due to
the extent of the study area (more than 5,000 km2) we partitioned the territory in sub‐
zones, homogeneous in terms of lithological and geomorphological features. We performed
distinct analyses with the logistic regression technique, after having grouped the landslides
in 4 macro‐classes: slow moving landslides, rapid flows, shallow landslides and
rockfall/topples. Due to the possible incompleteness of the official inventories on which the
analyses relied, to train the susceptibility functions we performed a hot‐spot analysis of
landslide points: we selected stable points only in the cold spots. Furthermore we
established a criterion to qualitatively assign a reliability level of the results in different
areas. For the assessment of exposure to risk two main steps were crucial: the selection of a
probability threshold to identify areas prone to first‐time failures and the empirical
simulation of run‐out for rapid flows and rockfall/topples. The so obtained detachment and
spreading areas were overlaid with exposed elements for the preliminary assessment of
exposure to risk.
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Abstract
Since 2008 the Department of Earth Sciences of the University of Florence (DST‐UNIFI) has been
entitled as a World Centre of Excellence (WCoE) on Landslide Risk Reduction by the Global
Promotion Committee of International Programme on Landslides of UN‐ISDR with a project entitled
“Advanced technologies for landslides” (ATLAS).
The objective of the ATLAS project is to develop new methodologies and advanced technologies for
landslide risk reduction. DST‐UNIFI carries out research and development (R&D) for the prevention
and management of landslides, in order to support policies and actions of risk reduction. In
particular, the project focuses on the three main activities such as: 1) innovative technologies
(Ground‐based SAR interferometry, UAV, Laser Scanner) for landslide monitoring and early warning;
2) EO (Earth Observation) data and technology to detect, map, monitor and forecast ground
deformations and 3) regional landslide forecasting models.
Concerning the first activity the DST‐UNIFI performs monitoring activities of unstable slopes in
order to estimate the deformational evolution of the landslide events (in space and time) and to
implement the most suitable operational early warning systems (EWS) according to different critical
situations. The activities of point 2 focus on the development of the satellite surveillance system
exploiting the satellite data for the identification, mapping, monitoring and analysis of risk scenarios
associated with landslides from local to regional scale. The last activity focus on the optimization of
the regional early warning system for landslide risk by means of meteorological nowcasting and real‐
time forecasting of slope movements that are characterized by rapid and very fast kinematic
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Abstract
A methodology to couple rainfall thresholds and susceptibility maps for dynamic landslide
hazard assessment at regional scale is presented. Both inputs are combined in a purposely‐
built hazard matrix to get a spatially and temporally variable definition of landslide hazard.
The hazard matrix combines three susceptibility classes (S1, low susceptibility; S2 medium
susceptibility; S3 high susceptibility) and three rainfall rate classes (R1, R2, R3), defining five
hazard classes, from H0 (null hazard) to H4 (high hazard). The employ of the proposed
procedure in a regional warning system brings two main advantages: (i) it is possible to
better hypothesize when and where landslide are expected and with which hazard degree,
thus fostering a more effective hazard and risk management (e.g., setting priorities of
intervention); (ii) the spatial resolution of the regional scale warning system is markedly
refined because from time to time the areas where landslides are expected represent only a
fraction of the alert zone.
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Abstract
Rainfall is the most common cause of landslides. Every year, meteorological events trigger
superficial and deep landslides on the slopes, which produce many damage and victims.
The knowledge of the hydraulic processes in unsaturated soils is significant, not just for a
better overall understanding of the mechanisms that control landslide triggering, but also
for risk mitigation policy.
Although the literature is full of simulation models, the complexity of phenomena would
impose a more detailed analysis by a well‐equipped flume, with the aim of seeing rainfall
infiltration processes into the granular soils, the distribution of the water content and pore
pressure both in saturated and unsaturated layers and the effects in terms of slope stability.
For that purpose a physical scale model at the University of Calabria was designed and
built, very useful for carrying out complex tests to analyze the response of loose soils or
debris in terms of stability. Two channels compose it; the first one is adopted for analysing
the triggering mechanisms, the second one for the propagation phases. Both channels are
equipped with suitable sensors for monitoring the main physical variables, i.e.: spray nozzle
systems, to apply a rainfall intensity; minitensiometers and TDR for measuring respectively
suction values and water content; miniaturized pressure transducers for pore water
pressures; laser displacement sensors.
All this is discussed here, in addition to the first results obtained from transient infiltration
tests performed on pyroclastic soils sampled around Sarno area (Southern Italy ‐ near the
volcano Vesuvio) which was affected by mud flows events on 5 May 1998.
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Abstract
EO4GEO project will define a long‐term and sustainable strategy to fill the gap between
supply of and demand for space/geospatial education and training taking into account the
current and expected technological and non‐technological developments in the
space/geospatial and related sectors (e.g. ICT). The strategy will be implemented by the
implementation of training modules directly usable in the context of Copernicus and other
relevant programs; conducting a series of training actions for a selected set of scenarios in
the three sub‐sectors :1)integrated applications, 2) smart cities and 3) climate change to test
and validate the approach. ISPRA will contribute significantly to the implementation of the
real case studies through the landslide risk scenario concerning three different exposed
categories: Linear infrastructure and transportation network; Cultural Heritage and Urban
Area. The target of the IPL proposal is to define a standard methodology to use EO data and
services (possibly open and free) to carry out landslide risk assessment, monitoring and
mitigation. The landslide risk scenarios will be selected taking into account data availability
and different typologies of phenomena (e.g. slow and very slow landslide, superficial and
deep) as well as different vulnerability categories. Stakeholder, final user and landslide
expert community (public and private) will be involved during the scenarios
implementation. The proposal and the implementation of the project within the IPL
framework could assure and guarantee one of the most important feedback among landslide
worldwide expert.
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Abstract
GEG (Geotechnical Engineering Group) is part of the Department of Civil Engineering at the
University of Salerno. It is a leading research group in Europe working on a number of boundary
value problems involving natural geomaterials. Since a long time, special attention has been devoted
to landslides triggered by extreme natural events, such as rainfall and earthquakes, which often
produce serious human and economic consequences. Regarding this topic, GEG acquired a relevant
expertise on: quantitative landslide risk assessment; landslide susceptibility and hazard zoning at
different scales; numerical methods for modelling landslides; laboratory soil testing; local and
regional early warning systems for the mitigation of the risk to life related to weather‐induced
landslides. Monitoring is another field of expertise, including the analysis, the interpretation and the
assimilation within advanced geotechnical models of displacement measurements deriving from the
processing of innovative spaceborne sensor images. Thus, GEG has been proposing novel scientific
contributions in a number of topics such as: landslides, monitoring, modelling and early‐warning.
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Abstract
Both Italy and Serbia suffer from widespread slow‐moving landslides that, although not
threatening human lives, recurrently cause damage to several densely populated urban areas
as well as to numerous road sites with high traffic frequency and strategic importance.
Accordingly, the need for easy‐to‐use tools that, at affordable costs, are capable of
supporting decision makers in prioritizing risk mitigation measures turns out to be
necessary. The project is aimed at developing and testing appropriate procedures for the use
of innovative multi‐temporal multi‐sensor monitoring techniques jointly with multi‐source
field data for the landslide hazard, vulnerability and risk assessment in (slow‐moving)
landslide‐affected areas. The proposed procedures will be double‐tested in different geo‐
environmental contexts taking advantage of previous/ongoing studies carried out by the
Project members in selected areas in both Italy and Serbia.
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Abstract
A coupled non‐hydrostatic atmosphere‐ocean‐land general circulation model called Multi‐
Scale Simulator for the Geo‐environment (MSSG) allows seamless transition from global to
local areas in simulations of weather and climate. The developers of this cutting‐edge
computer‐simulation platform, MSSG, at the Japan Agency for Marine‐Earth Science and
Technology (JAMSTEC) join the project to help develop a system for 24 hours‐in‐advance
prediction of heavy rainfalls in mountains of Sri Lanka, taking into account of precise
topographic effects on the cumulonimbus clouds development over upwind slopes for the
better prediction of rainfalls in mountains. The landslide‐prone areas in Sri Lanka are in
general draped thick with weathered gneiss. Two pilot study sites are selected as
representatives of two major types of rain‐induced rapid and long‐travelling landslides
(RRLLs hereafter). One is Aranayaka landslide area in Kegalle District, 70 km east of
Colombo, where a fluidized landslide mass flowed over a 2 km distance killing 125 people.
The other is Athwelthota landslide area in Kalutara District, 62 km southeast of Colombo.
Though the landslide of this type in not surprisingly large, they can occur all at once, and
eventually cause extensive losses of human lives and properties as a whole. Careful field
investigations at the two pilot sites, monitoring creeping movements of unstable debris
masses still perched atop the exposed bare slopes, material testing and analyses including
computer simulation are conducted to develop a model for the initiation and the motion of
RRLL for predicting groundwater pressure build‐up, and for identifying locations of RRLLs
and their moving areas. The above‐mentioned individual technologies are integrated as a
practical RRLL early warning system. The performance of the developed RRLL early warning
system will be examined at some additional testing site(s), and finally effective guidelines
for the use of the system will be developed.
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Abstract
In September 2018, a Mw6.6 earthquake occurred in Southern Hokkaido, Japan, just one day
after a typhoon passed that area. More than 5000 landslides have been triggered, and caused
severe damage on the houses, roads, farmland, rivers, and so on. Excepting one deep‐seated
landslide, most of the landslides are shallow landslides occurred in Tephra deposits. Field
investigations were conducted on some typical landslides just one week after the
earthquake, and a monitoring system was established in May 2019 to observe the rainfall
water infiltration in the tephra deposit, in order to understand the moisture content and
groundwater variation in whole season.
In this presentation, the field investigation results, in‐situ soil mechanical test results, and
up‐to‐date monitoring results will be presented to discuss the initiation mechanism and
motion mechanism of the landslides. The effect of sliding zone thickness will be discussed,
and a concept of “Soil weathering” and its controlling significance on landslide will be
proposed.
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Abstract
Study of large‐scale bedrock slope failures in Central Asia and in the south‐eastern part of
the Tibetan Plateau, in the Jinsha and Minjiang river basins, show that most of them have
similar dual structure of the deposits with intensively fragmented interior and coarse blocky
outer zone (carapace) and evidence of flow‐like motion. In the Tibetan river basins with very
deep and narrow valleys most of large‐scare rock slope failures form natural dams just at the
feet of the collapsed slopes. Many of Central Asian cases are characterized by longer runout.
Nevertheless, we can easily find features from both regions that can be considered as
analogues, either in the shape of the deposits (e.g. similar spreading of debris along and
across river valleys), or in the internal structure (e.g. presence of blocks of the alluvium in
rock avalanche debris), or in their role in river valleys evolution (e.g. short‐term or long‐
term river blocking). Similar case studies from both regions will be demonstrated. It should
be pointed out that vast majority of large‐scale rock slope failures, despite mechanism of
their initiation and runout distance, finally converted into rock avalanches and should be
classified just as this type of flow‐like landslides.
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Abstract
The main objective of this project is development of an interdisciplinary methodological
approach for risk assessment of landslides and mass flows, which will include landslide
origin (source areas) modelling, assessment of deposition volume, determination of
rheological characteristics of the material, and modeling of the runout distance and the
zone of deposition. The existing landslide susceptibility map will be upgraded for the wider
catchment of Potoška planina and Stože landslides in a detailed scale which will be directly
applicable in spatial planning, planning of prevention measures, and mitigation measures.
Developed hydrogeological models for both study cases will enable spatially distributed and
transient modelling of processes of the hydrological cycle. At the same time integration into
slope stability model will significantly improve the accuracy of landslide prediction models.
The results of modeling the rheological characteristics of the sampled soils will enable the
prediction of the landslide source area, its spreading and possible mobilization into debris
flow and 3D visualisation of potential landslide areas at different scales. These objectives will
be achieved through extensive fieldwork in order to capture the data needed to improve the
reliability of the modeling results.

-307-

Jernej Jež et al. ‐ Studying landslide movements from source areas to zone of deposition using a deterministic approach (IPL‐226)

-308-

Proceedings of 2019 IPL Symposium on Landslides, Paris, France

-309-

Jernej Jež et al. ‐ Studying landslide movements from source areas to zone of deposition using a deterministic approach (IPL‐226)

-310-

Proceedings of 2019 IPL Symposium on Landslides, Paris, France

-311-

Jernej Jež et al. ‐ Studying landslide movements from source areas to zone of deposition using a deterministic approach (IPL‐226)

-312-

Proceedings of 2019 IPL Symposium on Landslides, Paris, France

-313-

Jernej Jež et al. ‐ Studying landslide movements from source areas to zone of deposition using a deterministic approach (IPL‐226)

-314-

Proceedings of 2019 IPL Symposium on Landslides, Paris, France

-315-

Jernej Jež et al. ‐ Studying landslide movements from source areas to zone of deposition using a deterministic approach (IPL‐226)

-316-

Proceedings of 2019 IPL Symposium on Landslides, Paris, France

-317-

Jernej Jež et al. ‐ Studying landslide movements from source areas to zone of deposition using a deterministic approach (IPL‐226)

-318-

Proceedings of 2019 IPL Symposium on Landslides, Paris, France

-319-

Jernej Jež et al. ‐ Studying landslide movements from source areas to zone of deposition using a deterministic approach (IPL‐226)

-320-

Proceedings of 2019 IPL Symposium on Landslides, Paris, France

Abstract
The project is running mostly according to plan. The geological and geomorphological
investigations (mapping and GIS analyses) are still taking place, with the aim of creation of a
detailed engineering‐geological map in GIS environment. We have gained additional several
detailed information about the boreholes in the wider area of Ajdovščina town, including
the hydrogeological data of the sediments. We have also performed measurements of
physico‐chemical parameters in the boreholes. These parameters show very different
behavior in all measured boreholes, depending on their depth and location in the landslide.
A detailed georeferenced 3D model of Stogovce landslide was also constructed in August
2018 by measuring the landslide with UAV (DJI Phantom 4).
Results have been published in two papers in Landslides Journal and several other peer‐
reviewed journals and conference proceedings. Besides the publications, some other
activities were performed in 2018, among which we have promoted the Adriatic‐Balkan
network (ICL‐ABN) network activities in the Vipava Valley with joint field work with
students of University of Ljubljana + University of Zagreb, Faculty of Mining, Geology and
Petroleum Engineering to Stogovce, Slano blato and Podboršt landslides, in June 2018.
Several investigations are recently taking place, with aim to be published in peer‐reviewed
journals.
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Abstract
The upper Mahaweli watersheds are degrading, causing reduced crop yields, intensive
erosion, landslides, downstream sedimentation and low river base flows. Soil erosion has
observed in both natural and agricultural landscapes in different lithologies and soils under
different types of land uses and vegetation covers. Appropriate land protective interventions
were also experienced more than 200 years back and such interventions are promoting the
facts of sustainability or loss of ground stability. Most of interventions usually meets societal
acceptance or rejection in living terrain. The population in Mahaweli Basin amounts to more
than 2.8 million, 15% of the total population of the country. The study shows that, among
the many observations studied, native species, reservations, and social adoptability have
statistically significant positive impact on soil conservation decisions. Similarly, erosion
potential based on physical factors and type of soil in hill country shows a statistically
insignificant impact on soil conservation decisions. This indicates that socio‐economic
factors act as determinants of soil conservation rather focuses only on physical factors. Thus,
paper discusses the important societal adoptability indicators on soil conservations
strategies which require more scientifically improved approach.
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Abstract
The comparison of soil module E50 of residual soil slope failures in two different rainfall
precipitation zones is an experimental study to determine relationships between shear
strength characteristics of soils which could be easily discussed on scenarios of the first‐time
occurrence failures and repetitive failures in residual soil formation. Therefore, more than
40 samples were selected along with the UDS samples for the determination of initial
moisture content, initial void ration, dry density, shear strength parameters and secant
modulus of E50. Comparing the results using a Poisson’s ratio and shear strength of same
soils yields a slight interrelationship and no significant observations on safety and the
location of the critical slip surface.
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Abstract
Landslide related disaster has become more and more important as the global warming effect
increases. Given its unique geographical location and natural environment, Taiwan often
experiences natural disasters, resulting in casualties and loss of property. Therefore, disasters,
especially disaster prevention and mitigation, are a major concern of the Taiwanese society.
Government authorities have closely paid attention to disaster prevention and control, allocating
massive human and financial resources to disaster prevention and relief. Education has been
recognized as the most effective way of reducing the loss due to disasters. This Training Course
for Slope Land Disaster Reduction was established in 2013, and has been held for five times since
then. Starting from 2019, the selected course participants will come from at least 7 countries
around the world. With the aim to reduce the loss from slope land disasters, the course consists
of in class lecturing, field exploration and observation, and cultural experiencing.
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Abstract
Ukraine has been a member of the "Landslides and Cultural & Natural Heritage"
(LACUNHEN) thematic Network of the ICL since 2012. The purpose of the LACUNHEN ‐
International Consortium on Landslides is to create a platform for scientists and
practitioners who are ready to contribute to safeguarding relevant endangered Natural and
Cultural Heritage sites. Within this view, landslides and more generally slope instabilities
are an important factor endangering cultural heritage sites and its degradation, etc. More
than 90% of the territory of Ukraine has complex ground conditions and about 120 000 sq.
km of the Ukrainian territory are located in the zone with seismicity of natural origin with a
magnitude varying from 6 to 9. Therefore, unpredictable changes of natural geological and
man‐made factors governing ground conditions may lead to dangerous deformation
processes in the Ukraine heritage sites. That is why the new project “Ukraine cultural
heritage objects within landslide hazardous sites” will devote certification of Ukraine
cultural heritage objects within landslide hazardous sites: experimental and analytical
research. We will be creating method of certification and assessment of technical state of
the religious objects on hazardous landslide sites. The method includes: visual and
vibrodynamic examination of the objects; recommendations for the repair and restoration.
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Landslides as hazard for Moscow cultural heritage
Fomenko I.K. (1), Kropotkin M.P. (2), Gorobtsov D.N. (1), Nikulina M.E. (1)
1) Russian State Geological Prospecting University n. a. Sergo Ordzhonikidzе (RSGPU), Moscow, Miklouho-Maklay's street,
23, e-mail: ifolga@gmail.com
2) National Research Moscow State University of Civil Engineering (NRU MGSU) 26, Yaroslavskoye Shosse, Moscow, Russia

Abstract Blocked landslides are widespread in
Moscow. The displacement of such landslides connects
with Upper Jurassic clays. As a rule, these landslides have
huge web depth. This depends on the possibility of huge
damage. The last one obstructs stabilizing measures.
Landslides have regressive (inside slope) development
and durable (tens and hundreds of years) periods of slow
deformations (1-30 centimeter per year). Such
deformations give place to short periods of activation
with displacements of some meters and more.
In Moscow activation of such landslides threatens to
cultural heritage, site which also a part of UNESCO.
Landslide slope on Vorobievy Mountains where are
Troicy Zhivonachalnoj temple, Andreevskij monastery,
Muchenicy Tatiany temple under MSU is considered in
depth.

Deep blocked slopes detects in Moscow river valley on 12
sites (Shukino, Serebryanyj forest, Horoshevo-1, FiliKuntcevo, Nizhnie Mnevniki, Horoshevo-2, Poklonnaya
Mountain,
Vorobievy
Mountains,
Kolomenskoe,
Moskvorechie, Chagino, Kapotnya) and in Shodnia river
valley on 3 sites (Shodnia, Tushino, Kurkino) (fig.1).

Keywords
Landslides, slope stability, hazard, cultural heritage.

Introduction
Blocked landslides are widespread in Moscow. The
displacement of such landslides connects with Upper
Jurassic clays. Firstly, Pavlov A.V (1869-1947) near the
Vorobievy Mountains explored them in 1908. It
connected with the slope deformation close to east edge
of Vorobievka village. The Viewing point situates there
nowadays. Landslide occurred opposite pressure pond
according to the M.V. Churinov data. This landslide
carried the part of the slope along 250 m and destroyed
the substructure of yacht club. Engineering investigations
were carried in 1920 at the Vorobievy Mountains. It
connected with International Red Stadium design and
construction (1920-1925). The investigations in 1930
include deep drilling for design «hydro accumulating»
power station, highway stream crossing, embankments
and descents. Since 1960 and later on B.M. Danshin, M.V.
Churinov, I.S. Rogozin, F.V. Kotlov, V.V. Kuntzel, K.A.
Gulakjan, E.P. Emelianova, M.N. Paretzkaja, G.P. Postoev,
S.D. Pigarina studied other landslides of Moscow: Fili,
Kolomentskoe, Choroshevo and others. These specialists
had different point of views about the landslides age,
there activation factors, slump basis. This was due to lack
of knowledge about landslide slopes and complete
methods of stability assessment.
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Figure 1. The areas of deep blocked landslides development in
Moscow [9]

Slopes with deep landslides has specific relief: high
abrupt slope (over landslide ledge) – in upper part;
terrace with hilly and chine relief – in the middle and
lower part. The spread of sliding area is various (from 0,5
to 3,0-3,5 km). The width (the length along landslide
direction) is about 100-380 m. Planform is frontal, rarely
it is circus. The volume of separate sliding blocks are
about some hundred thousand m3. The volume of sliding
body single circus is 5-7 mln. m3. Landslides
characterizes by regressive (inside slope) growth and
durable (tens and hundreds of years) periods of slow
deformations which changes by periods of its activation
with offset value about some meters and more [12].
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The main reason of landslides origin was washout of
the Moscow river high bank. Since 1770 6 floods with
amplitude of water about 7,5 – 8,8 m were found on
Moscow river. This means that water table treatment
happened every 20-30 years. Since 1937 the river
controlled by hydraulic structure. However, spring water
level rise in 1955-1960 on Moscow river was 2-2,5 m. This
caused the retreat of slope crest at a speed of 0,3-0,5
m/year.
More than half a century (in 1965), V.V. Kuntzel Has
published a paper “About the age of deep landslides in
Moscow and near Moscow areas connected with Jurassic
clayey deposits [7]. Conclusions from this article are
widely used in fields of the development history and
structure of sliding slopes in Moscow. The article has two
main points:
‒ vast majority of “ancient” landslides (huge sliding
blocks) viewed on slopes have been taking shape along
last 2000-3000 years;
‒ the duration of completely sliding cycle is 300-350 years
(calculated on the Vorobievy Mountains example).

Figure 2. Hilly and depression relief at the base of slope in the
Kolomenskoe near the Useknoveniya Glavy Ioanna Predtechi
church. The relief is a result of the original sliding stages split

Moscow landslides activity assessment
Further, the illustration of slopes history
development in Moscow with blocked landslides is given.
Due to bank caving with the adequate height (more then
17-25 m above river level in low level) and upper Jurassic
clayey deposits at the basement, the primary shear
landslides forms with displacement surface close to
circular cylindrical shape. Progressive erosion of sliding
bodies front parts causes the slow “after main”
displacement with the descent of their top parts. It
induces changes in tense conditions of the virgin rock
mass neighbouring part. If the top part of throwing back
surface is in some position, so tense changes will be
enough to break the balance of neighboring slope part.
The last one also unplugs because of shear and
detruncating along the surface close to circular
cylindrical shape at descending part. This zone develops
along shear surface of original block at the other part.
Then the process is going to be cycle and develop in the
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way of “plateau”. Sliding displacements also occur in
detached blocks (in their front part, which is close to
slump basis).
The main number of blocks and maximum length
(along displacement direction) of sliding massive occurs
on the highest slopes. Horizontal displacements of sliding
massive are relatively low. The sub rotary displacements
prevail with concomitant erosion as body end as upper
part of “top” blocks. Changes in tense condition lead to
stability disturbance of other blocks. They occur because
of discharging horizontal tension. The last one happens
thru low horizontal displacements and descent of top
parts the previous blocks. It decreases vertical tensions
on displacement surface.
The influence of low horizontal displacements on
tense in massive may be illustrated by following example.
Maximum value of riser the ditch bottom with the depth
about 15-20 m in the generalized soil conditions is not
higher than 20 cm. That means that it is 1-1,3% from
width of excavated soils.
Usually soils is excavated fully from the trench. It
may be raised (move upward) on 20 cm to complete the
same result. This lead to full tension discharge (obviously,
the transfer of lateral tension should be excluded).
Therefore, the summary horizontal displacement about 1
- 3 m is enough to form 5 huge sliding blocks.
That way occur the conditions to renew creep flow
in sliding massif. The slope becomes to be in limiting
state while reaching the critical value. The catalyst of the
main displacement with occurrence of new blocks were
extremal floods on rivers. The last one lead to the growth
of pore pressure in the displacement zone (especially on
the top landslide submerged area).
Rapid flood recession leaveы behind the pore
pressure dissipation in clayey soils. It also lead to sharp
growth of hydraulic grades in sliding tongue massif. It
increased the hydrodynamic pressure.
The tiny sub block forms when the influence of near
slope crest discharge. This happens because minor
displacement of sliding body tongue part could not reach
deeply in the massif behind slope edge.
Maybe because of this the real displacement surface
is going in massif near the slope edge, not in the depth.
In the result of bed deeping in Moscow river
watercourse the additional nugatory technogenic
influence on the stability occurs. In 1980 and 1981,
washing the river watercourse was made. It may lead to
the effect occurrence, which is similar to streambed
erosion.
The massif displacement speed on sliding areas in
Moscow are less than in 1960-1970 years. On some areas
(Karamishevskaya embankment, Serebryanyj pine forest,
Vorobievy Mountains and others) for the last 10-15 years,
new surface manifestation occurs (in the form of tension
joint). This could imply that the process is going to the
other stage.
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Data of regime observations for surface points and
inclination supervisions also show notable differences in
deformations:
− the displacement of sliding blocks is observed
along the existing displacement zone on Kolomensky
area of Chertanovsky manifold and on Choroshevo-1.
Instrumental observations for deep landslide growth
on the stage of main displacement (Choroshevo-1 area)
shows that the duration of first 2 stages (destruction of
base rocks and displacement speed increasing) lasts for 8
months. Maximum displacement speeds are 35 mm/day.
Since 1985 until 2005 frame, which is near the
landslide top, has went down on 476 mm and moved out
of position to the river on 580 mm. The frame on the
quay wall growth up to 226 mm and moved out of
position to the river on 2032 mm [3]. It was observed near
Chertanovsky manifold in Kolomensky area.
Distortion and changing the massif form prevails on
Vorobievy Mountains.

Holy Trinity temple in Choroshevo
White Stone Holy Trinity temple stands on the high
bank of the Moscow River for more than four centuries. It
is one of the jewels of Russian architecture of XVI century
(fig. 3).
It was constructed between 1596 and 1597 years and
was finished when Boris Fedorovich Godunov has
mounted the throne.
Piskarevski chronicler wrote about the temple erection:
«In days of pious king and grand prince Fedor Ivanovich
of all Russia… the stone temple in the village Choroshevo
under the petition of boyar Boris Fedorovich Godunov»
[10].

Figure 3. Holy Trinity temple in Choroshevo

The first mention about the sliding processes near
the Holy Trinity temple in Choroshevo occurs since 18
century. In 1771 “landing slip near the Moscow river
happened”.
In 1877, a new threat of landing slip near the temple
perturbed parishioners.
Choroshevo “undergo to inevitable and imminent
danger of collapse and fall into the river” (according to
“extra” internal memorandum of Moscow, district clerk
from October 18, 1877). A special and imminent danger
threatens the church and the house occupied by the

-371-

parish board. Several cracks formed at the beginning of
October in the coastal to the Moscow river area. The
highest fracture situated on the mountain, which now
has a length of more than 100 fathoms. This fracture
begins in the middle of the church fence (near the fence,
behind the house of the volost board), and then across
the yard and garden of the merchant Egorova (two links
of the fence already collapsed). Behind the garden of
Egorova, the upper crack, descending downhill, will
connect with another mountain crevice. The last one
starts in the same place against the church, goes straight
along the entire mountain in the space of half a mile and
ends at the end of the rural buildings, where the bank of
the river begins. The huge mass of earth, outlined by the
upper crevice, connects with another crack. It quickly
began to settle down and disappear without a trace, as if
filling up an invisible underground void. More than 5
fathoms is from the Church to the edge of the collapse.
The water keys began punching in Choroshevo closer to
Konyushennaya Sloboda, between the right and left sides
of the buildings. It was not happen before. If no measures
takes, the destruction of buildings in the left side of the
village Choroshevo will accelerate [1].
The church community returned to the issue of
reinforcement the bank of the Moscow River that
threatens to collapse. It happens in the year of the 300th
anniversary of the Romanov dynasty, in a petition dated
February 1913.
Holy Trinity temple (our historical holy) situates at
the high bank (about 30 fathoms) of the Moscow River.
This bank gradually creeping. It will cause inevitable
falling to the church. In this case, the church situated
more than 20-30 fathoms from the bank will be standing
at the 3-5 fathoms from the abrupt coastal cliff.
Thirty years ago, there was a landslide near the
coast and it cracked the church wall. Just one minor
landslide and the church will inevitably fall. The
parishioners and the rector of the church organize
measures to eliminate the inevitable church falling. These
measures include tree plantations, fences formation and
do not bring good results because all of them were
showered and destroyed during spring floods. Our parish,
for their poverty, could not organize more capital
measures. That’s why with the fear and a broken heart,
every spring, we are awaiting the destruction of the dear
shrines” [2].
A.V. Pavlov, the professor of Russian University of
Transport was the consulter. He told about the great
threat to the temple. For this reason, it is necessary to
force the bank or to luff the temple to the safe place [15].
Regular observations took place since 1975 and lasts
until now. Until 2006 some minor mudslides occurred.
They were 1-2 m along brow slope in length. High
accuracy observations lasts since 1977 until 1984. They
were taken place in 300 m down the river from Holy
Trinity church. The highest average of frame
displacement (86-91 mm) were near the river and
decreased deep into the slope. They were 45-46 mm close
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to the top of the slope. Noticeable signs of deep
deformations were not noticed [8, 9].
The main landslide displacement occuries in 2006. The
length of wall disruption was 300 m, the height was 0,51,0 m, which then increased to 3 m. Wall disruption
situated in 5 m from one of the cottages and 15 m from
the church. It threatens to their safety (fig. 4-5).

alignment. At the end of 2007, the displacement speeds
decreased to 2 mm in a month. However in January 7,
2008 after opening the traffic along the bridge the speeds
increased by four, reached 2 mm in a week [14]. Therefore,
the main reason of sliding process activation are
tecnogenic loads.

Quantity slope stability assessment

Figure. 4. Wall disruption of sliding sub block and the widest
part of slipping down the under rim part at the territory of Holy
Trinity temple (12.10.06), sliding area Choroshevo-1

There are many stability assessment methods at
present. The preferred method of calculations depends
from the type of sliding process and mechanism of sliding
masses possible displacement. [4].
The class of limit equilibrium method (Spenser) and
finite elements method (FEM) were used along the
estimates. These methods applies for heterogeneous
slopes.
Engineering and geological models were created for
stability estimation. The results of the performed study of
engineering and geological conditions of the investigated
territory were the base for model construction. They
allowed establishing boundaries between engineering
and geological elements that differs in their physical and
mechanical characteristics. The model of Coulomb-Mohr
soil destruction was the main along calculations. [5].
The results of slope stability assessment with the
definition of stability factor (Sf) are on the fig. 6 (Spenser
method).
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Figure 5 Sliding fracture of lower sliding blocks opposite the
temple
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In October 2006 observation network occurred. It
include soils deformation frames and stamps (over than
50 signals). Lately there occurred bore halls
(inclinometric, tensor, metric, and others) which were
used for observations. There were also clinometers
organized on load-carrying structure of cottages and
church. Observations on soil frames conducted at a
frequency of twice a week, and then every two weeks
(since May 2007) [13].
Instrumental observations shows that planned
displacement of sliding terrace was more than dissenting
block. The frame situated at the base of the slope
displaced on 84 mm. The displacement was on the
central trunk. Other frames situated on dissenting block
displaced on 57-68 mm. [6]. The fracture which separates
block from delyapsiya unfold on 0,7-1,1 m in a year [14].
Activation of sliding process Matches with the
construction of Zhivopisnyj Bridge, with driving of piles
for temporary support in southwest area of Choroshevo
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Figure 6 Geomechanical scheme with the results of slope
stability estimation

In the result of sliding slope stability modeling by
FEM the similar results received (fig. 7).
3D stability assessment realized for evaluation of the
extent development the sliding process (by the limit
equilibrium method (Spenser) (fig. 8).

Figure 7. The estimation result by FEM method (Fs – 0.91).
Black lines are the sliding surfaces estimated by Spenser
method
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were on the first stage. Second stage characterizes by
long duration of sliding process.

Figure 8. 3D slope stability assessment (by the limit equilibrium
method (Spenser)

Estimated results about the landslide width (308 m) are
well coordinate with the field data along engineering and
geological investigations (300 m).

Conclusion
The analysis of data allows making a conclusion that
there are two possible variants of sliding deformations.
According to the first variant the secondary landslide
forms on the slope (Fs-1.005). Such scenario was proved
along the geophysical investigations (fig. 9).

Figure 9. Deep seismogeological profile. 1 – the roof of the
Cretaceous (?) deposits, 2 – the roof of the Volgian sediments; 3
– the roof of the Oxford clays; 4 – the roof of the Callovian clays;
5 - existing surface displacement; 6 – potential surface
displacement

According to seismological profile, the block of
secondary landslide forms on the sliding slope.
In concordance with the second variant, a new
sliding block forms on the slope (Fs -1.04). Its sliding
surface arranged to Upper Jurassic clays of Oxford stage.
This variant was proved along inclinometric observations
(fig.10).
Therefore, along the activation of sliding process there
may be both variants when the process develops
systematically. The secondary landslide formed on the
first stage. Its activation on the second stage induced the
new block formation with to Upper Jurassic clays of
Oxford stage sliding surface. Maximum deformations
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Figure 10. Geophysical profile and the results of inclinometric
observations at the territory of Choroshevo-1. A – Amplitude of
microseismic oscillation [16]

Correct ideas about the mechanism of landslide
processes allow to predict them effectively and avoiding
erroneous decisions on landslide protection.
This article prepared in the framework of the project IPL238 «Landslides Threatening Russian Cultural Heritage
Sites».
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