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6. Technical note and case studies (minimum 4 pages): Technical note and case studies on
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countries and urbanizing areas of the developed countries from around the world. No
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eligible for this category. The introduction of the official promoters is published in all
issues throughout the year.
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Foreword by Nicola Casagli

The International Consortium on Landslides (ICL) is an international non-governmental and
non-profit scientific organization, established in 2002 as a result of several international ini-
tiatives by specialists in the field of landslides. The principal objectives are to (i) promote
landslide research; (ii) integrate geosciences and technology; (iii) combine and coordinate
international expertise; and (iv) promote a global, multidisciplinary programme on landslides,
the International Programme on Landslides (IPL). ICL has now more than 80 members from
34 countries worldwide.

In 2020, ICL has proposed the Kyoto 2020 commitment for global promotion of under-
standing and reducing landslide disaster risk, as a commitment to the Sendai Landslide
Partnerships 2015–2025.

The KLC2020 supports the implementation, follow-up, and review of the Sendai Frame-
work, the 2030 UN Agenda for Sustainable Development, the New Urban Agenda, and the
Paris Climate Agreement as it addresses the adverse effects of climate change.

The KLC2020 has been signed by about 90 institutions among governmental and inter-
national organizations, ICL supporting organizations, full members, associate members, and
supporters from 23 countries in three continents. All KLC2020 partners are organizations who
strongly contribute to understand and reduce landslide disaster risk and who will share their
expertise and knowledge to build a common platform for sharing ideas, good practices, and
policies with key actors and stakeholders concerned with landslide risk at the global level.

The International Consortium on Landslides organizes every three year the World Land-
slide Forums. They are major events for discussion open to scientists, engineers, practitioners,
and policy makers who are involved in landslide disaster risk reduction for presenting their
latest progress.

The 5th World Landslide Forum (WLF5) (https://wlf5.iplhq.org) was organized on
November 2–6, 2021, in Kyoto, Japan, in a hybrid mode. WLF5 was initially planned to be
organized on November 2–6, 2020. Due to the COVID-19 pandemic, WLF5 was postponed
by one year to November 2021. WLF5 has been successfully organized since 525 participants
from 46 countries attended, despite the COVID-19 pandemic.

The 6th World Landslide Forum (WLF6) (http://wlf6.org) will be organized from
November 14 to 17, 2023, in Florence, Italy. WLF6 is focused on landslide science for
sustainable development, as a contribution to the Kyoto 2020 Commitment for global pro-
motion of understanding and reducing landslide disaster risk.

The aim of the Forum is to achieve a fruitful cooperation among landslide researchers to
define shared priority actions for landslide risk reduction on a global scale. The Forum will
deal with the main aspects related to landslide analysis, landslide monitoring and early
warning, landslide modelling, landslide hazard and risk assessment, mitigation techniques,
landslide triggering mechanism, and climate change.

In line with the 2030 Agenda and the Sustainable Development Goals, the Forum will be a
sustainable event. The Forum is hosted in Florence City Center, with everything at walking
distance and no printed material. The Forum programme and proceedings will be distributed to
the participants in electronic format.
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The ICL Journal, Landslides, (https://www.springer.com/journal/10346) has reached in
2020 an impact factor of 6.578, thanks to the extensive contribution of the landslide com-
munity in promoting research at global level through significant publications in the journal and
thanks to Editor-in Chief, Kyoji Sassa, and Assistant Editor-in-Chief, Željko Arbanas, with the
support from the associate editors and screening editors.

In order to promote the KLC2020, ICL has proposed an Open Access Book Series “Pro-
gress in Landslide Research and Technology (P-LRT)”. The series is conceived for the
publication of recent progress in landslide research and technology for practical applications
and for the benefit of the society, contributing to the Kyoto Landslide Commitment 2020,
which is expected to continue up to 2030 and even beyond to globally promote the under-
standing and reduction of landslide disaster risk, as well as to address the UN Sustainable
Development Goals. P-LRT was launched during the high-level panel discussion “Review of
KLC2020 and the way forward” during the 5th World Landslide Forum in Kyoto, Japan, on
November 3, 2021.

All the above-mentioned achievements and activities reflect the steady and significant
increase in importance and visibility of the consortium within the global community of
landslide researchers, practitioners, and stakeholders, and this thanks to the dedication and
hard work of the officers and members of the ICL that contribute to the consortium activities
initiatives and outputs of the ICL and IPL.

ICL partner members and potential new ones are invited to continue this effort, to further
promote the ICL-IPL activities, and to contribute to the Landslides journal and the ICL Open
Access Book Series P-LRT. The final aim is to pursue the KCL2020 priority actions and to
have strong cooperation among landslide researchers to define a common platform for land-
slide risk reduction on a global scale.

Nicola Casagli
President of the International Consortium on Landslides

UNESCO Chair on Prevention and Sustainable
Management of Geo-hydrological Hazards

University of Florence
Florence, Italy

Video link: https://us06web.zoom.us/rec/play/__HdjSVdclIjHujalsUkm7-
QI9ezxJNmV2WyMNi39FHE0GK5nyo4FgIXbkB76Bf6R2l6mLTO8eP7v1D8.

MwH1tc9EIBuFrvhK?autoplay=true&startTime=1649823637000
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Foreword by John Ludden

It is my great pleasure to contribute to the 5th World Landslide Forum as President of the
International Union of Geological Sciences (IUGS). This conference and publication on
“Progress in landslide research and technology” is timely given the climate change drivers that
are affecting our planet and notwithstanding the ever-present risk of earthquakes and poor
building conditions.

I am pleased to see the creation of the ICL Open Access Book Series “Progress in
Landslide Research and Technology” for the Kyoto Landslide Commitment 2020 was adopted
by the high-level panel discussion “Review of KLC2020 and the way forward” following the
opening session of the 5th World Landslide Forum.

The IUGS role is to provide underpinning geological standards for geological correlation
and nomenclature across the globe. These are increasingly important in a world stressed by the
extremes of climate change. Some of the current drivers for geoscience are as follows:

• Diversification of energy supplies and decarbonization
• Reducing global emissions
• Understanding geological risk rather than hazard
• Global population change
• Open and big data and information sciences
• Tougher environmental regulations
• Greater public scrutiny.

All of these are linked in some way to landslide research and the risks proposed by landslides.
The energy and climate linked drivers are of course linked to rainfall, drought, and
flooding, all conditions that prepare landslides, which might then be triggered by tectonic
events.

The need for geoscience is we know it is changing and we need to ask ourselves if we are
prepared for change. Are we sure that we are preparing our students for work, communicating
with the public on key issues, living up to governments expectations, and promoting global
science and education?
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I include this slide which was taken from my presentation. It is taken from the global
earthquake model @GEM https://www.globalquakemodel.org/ as it neatly defines the fun-
damental research that is still needed on geology and geophysics to understand the processes
that shape the Earth, but also how populations are affected by earthquakes and are potentially
exposed to geological risk. This underpins the need for integrated research in the geosciences,
engineering, and socioeconomic sciences in future. The work of the WLF on landslides and
their identification, management, and ultimately mitigation is essential.

John Ludden
Professor of Lyell Centre

President of the International Union
of Geological Sciences,
Heriot-Watt University

Edinburgh, UK
Video link: https://us06web.zoom.us/rec/play/
tAY4VmeWk-ekqexGybZ2SQu-9j9H_-kQ7jC-

N3NqiJhtGQiGzk0uHtJyKx9BO
AqbtehWKsSHZKhhjW8B.uJkwU2PAA7LJa4ak?

autoplay=true&startTime=1646279698000

Date of 
great quake

GEM

Plate motion

Plate motion

Quakes from Bilham (2006) & GEM Historical Catalog
Population from Landscan(2004)

Imagery by Volkan Sevilgen
Courtesy Ross Stein 

•   Understanding the dynamic Earth
•   Creating a safe and healthy planet
•   Driving sustainable growth
•   Reducing global inequalities

Why Geoscience Matters
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Foreword by Kathy Whaler

Landslides are an ever-present hazard in many parts of the globe, resulting in enormous losses
of life, infrastructure, and livelihoods. Their causes are both natural, such as earthquakes, and
anthropogenic, including deforestation and construction. Landslides may be part of a
multi-hazard or cascading hazard event. Additionally, the impact of naturally occurring
landslides can be exacerbated by anthropogenic activity. The incidence of and exposure to
landslides are increasing with climate change and population growth. Hence, a variety of
methods are required to understand, forecast, mitigate, and communicate the risk associated
with landslides, involving scientists and social scientists from many different disciplines. The
International Union of Geodesy and Geophysics (IUGG) has eight associations specializing in
particular branches of geodesy and geophysics. Five of them, addressing the sciences of
seismology, volcanology, hydrology, the cryosphere, and the atmosphere, are concerned with
processes that may result in landslides, and geodesy, a sixth association, investigates changes
in the shape of the Earth and its associated gravitational field such as can result from land-
slides. In addition, IUGG has a number of cross-cutting commissions, including one on
geophysical risk and sustainability. Thus, IUGG is highly interested in branches of science that
can be responsible for landslides. However, landslides tend to be understudied in comparison
with the underlying geophysical processes that may cause them. Hence, initiatives such as the
Kyoto Landslides Commitment 2020 are extremely important, and IUGG is pleased to be a
supporter.

As I write this (mid-April 2022), over 100 people are reported to have lost their lives after a
tropical storm caused flooding and landslides in the Philippines, with scores of people missing
and over 100,000 people affected, and heavy rain has triggered mudslides which have trapped
people beneath buildings and washed away dozens of homes in South Africa, with at least
13,000 homes affected and a death toll approaching 400. The toll from these disasters is
expected to rise over the coming days. Their devastating consequences demonstrate the
pressing need to tackle the issue of landslides.

I am confident that this Open Access Book Series will advance the science and under-
standing of landslides and provide a valuable resource for specialists concerned with
addressing the risk that they pose. The scope of this first volume is vast, covering many
aspects of landslide science, engineering, hazard and resilience, inventories, standards, and
establishing and monitoring best practice, natural hazard observatories and observations,
experimental modelling, and early warning systems. It contains original and review articles,
technical notes, and teaching and training tools. It is particularly welcome that it is accessible
without charge to all researchers and practitioners, especially as the impacts of landslides are
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widely felt in the world’s less developed nations. I congratulate the KLC2020 team for
bringing this ambitious project to completion and look forward to seeing the other volumes in
the series.

Kathy Whaler
Professor of Geophysics
University of Edinburgh

Edinburgh, UK

IUGG President
Prevention and Sustainable Management

of Geo-hydrological Hazards
Florence, Italy

Video link: https://us06web.zoom.us/rec/play/
N37E4kxkCxdK6WAW0EKz1KxYorsvl

ODG0gDy84512lvTV3M1pglhqqJ_jmhegKzwiX4r_
7MgpZt88W9Q.hTSNArH9gDXxIDKp?autoplay=

true&startTime=1652058810000
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Greetings by Mami Mizutori for Opening
Session of the 5th World Landslide Forum

Thank you for this opportunity to speak to you at the opening session of the 5th World
Landslide Forum.

At the outset allow me to say that it is unfortunate that there is still not a greater public
understanding and awareness of landslide risk and the way it interacts with other drivers of
disaster risk such as land use, the loss of protective drainage systems from deforestation, and
the use of marginal lands on unstable hillsides to house poor people.

This is in spite of the fact that global warming has led to a dramatic increase in extreme
weather events over the last twenty years which in turn increases the likelihood of landslides in
hazard-prone populated areas.

The tragic result is many people losing their lives and their homes every year underlines the
importance of including landslide risk in the national and local strategies for disaster risk
reduction of all countries.

I would like to assure you that this is certainly an area that the UN Office for Disaster Risk
Reduction will look at as we review the existing 121 national strategies that have been
developed by UN Member States as we embark on the mid-term review of the Sendai
Framework for Disaster Risk Reduction which will culminate in 2023.

As all of you are well aware of, the Sendai Framework is the global plan to reduce disaster
losses adopted by UN Member States in 2015 which stresses the importance of scientific and
technological work to facilitate effective decision-making in disaster risk reduction.

This is why, we are deeply appreciative of this large and important gathering of the science
community working on landslide issues.

On November 5, every year, we mark the World Tsunami Awareness Day. While 80% of
tsunami events are caused by earthquakes, we also know that landslides can contribute to
tsunami occurrence.

In countries and regions including Indonesia and the Caribbean, tsunamis due to landslides
and volcanic eruptions are more likely, and given their deadly nature, there is a great
importance in managing this risk.

The work of the Sendai Landslide Partnership 2015–2025 facilitated by the International
Consortium on Landslides is a significant contribution to reducing disaster risk and provides
practical solutions and tools, education, and capacity building, to reduce landslide risks.

Although the 5th World Landslide Forum was postponed by a year due to COVID-19, it
was most encouraging to see that the Kyoto 2020 Commitment for Global Promotion of
Understanding and Reducing Landslide Disaster Risk was launched last year.

I am very grateful for this tremendous effort and all the good work that the International
Consortium continues to take forward.
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I wish you a very successful meeting and look forward to the outcome.

Thank you very much.

Mami Mizutori
United Nations Special Representative

of the Secretary-General for Disaster Risk Reduction
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Greetings by David Malone for Opening Session
of the 5th World Landslide Forum

Greetings. My name is David Malone. I’m Rector and Head of the UN University in Tokyo,
Japan, were a global organization, one of the UN agencies created about 50 years ago to fill a
gap in the UN’s agency world.

It’s lovely being in Tokyo, and of course, living in Japan makes me acutely aware of the
relevance of the landslide issue globally. When I was a boy, I grew up in Iran for five years,
and Iran was subjected in its mountainous areas to very dangerous landslides, which took lives
years, year after year. All it took in some narrow gorges was for a truck to blow its horn or
even a smaller car to blow its horn and that would dislodge rocks and an avalanche. In effect, a
landslide would then occur often killing a number of individuals.

The landslide issue is part of course of a wider Disaster Reduction Programme of the UN.
It’s led by a very competent and valued Japanese colleague, Mami Mizutori, who I hope will
hear from this year during this conference, or if not, we definitely should hear from next year
because she’s an expert. And I’m not such an expert.

I’m merely somebody who has lived in countries that experience quite a lot of natural
disasters. Now, when we think of landslides, we tend to think of them as acts of God, which
we can’t really prepare for. That’s actually dead wrong. Landslides can be planned for, and the
proof of this is two earthquakes, which occurred in 2010.

Eleven years ago, one of them in in Haiti, which took 300,000 lives. It registered a 7.3
magnitude earthquake on the Richter scale. And it triggered many landslides in the moun-
tainous areas of Haiti—much of Haiti is mountainous. Three hundred thousand lives were lost
in a relatively low-intensity earthquake! In the same hemisphere, in the country of Chile, two
months later, there was an earthquake of huge magnitude—8.8 on the Richter scale—and only
435 lives were lost.

Why? Because, on the one hand, Chile as a more prosperous country than Haiti can invest
in Disaster Reduction technologies, in high-quality training of its civilian rescue personnel,
and also in training its armed forces to help in search and rescue, whereas Haiti is a very poor
country, with very limited administrative capacity—although receiving quite a lot of inter-
national support. In spite of this, Haiti remains a country with very few means to counter the
risk and frequent reality of natural disasters, including landslides.

Hence, the importance of the programme that Mami needs for the UN. And hence, also, the
importance of this consortium on the important problem of landslides. Japan is an advanced
economy country. Two years ago in Hiroshima, there were torrential rains, these torrential
rains brought about landslides, which caused houses on steep hills, just above the city to
collapse and a number of people—150 or so, if I remember correctly—dying from those
causes.

Landslides can be managed. Major catastrophes caused by landslides can be managed
constructively, in terms of damage to human lives and to economies through better

xxiii



infrastructure, the careful zoning of housing, and many other measures. This is why I want to
congratulate Kyoji and his colleagues, and say how honoured I’ve been to join with you today.
Thank you very much for your attention.

David Malone
Under-Secretary-General of the United Nations

Rector of United Nations University
Tokyo, Japan

Video link: https://us06web.zoom.us/rec/play/
9hePF-MHCgPjoGJX6YkdAbEG0Jm

QT3_RY4lAZwpGtyeqyo2xKfZb1GLp
ZVvM4lDOVsjFBXpxT5ana_M8.2hG6-

2GxXT2CGXnm?autoplay=true&startTime=1646360227000
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Greetings by Shamila Nair-Bedouelle for Opening
Session of the 5th World Landslide Forum

Dear Excellences, Ladies and Gentlemen, Distinguished Guests,
It is my great pleasure to address you all at the 5th World Landslide Forum, a unique space

that gathers the international network of scientists, practitioners, and decision-makers dedi-
cated to disaster risk reduction, in particular concerning landslides.

In many parts of the world, landslides are a major threat to the people and the environment.
They occur at relatively small scales, are very complex to predict, and are able to create
considerable damage and losses. Currently, with no doubts the risk of landslide hazards is
rising. Climate change, urban pressure, and the lack of disaster preparedness intensify the
occurrence and magnitude of external perturbations. Therefore, landslide risk reduction con-
stitutes an essential part of global DRR agendas such as the Sendai Framework.

While the Sendai Framework for Disaster Risk Reduction is the roadmap for DRR, other
global agendas including the Sustainable Development Goals, the Paris Climate Agreement,
and the New Urban Agenda have complementary targets with the latter. Therefore, in shaping
its contribution to those global agendas, UNESCO commits to greater integration in its
approach to support its Member States, between its different mandates and disciplines and with
partners such as the International Consortium on Landslides (ICL).

UNESCO and ICL have a long history of cooperation and partnership since ICL was
established in 2002. From that year onwards, UNESCO has been accompanying ICL in its
journey on advocacy and research. I am very glad to see that the commitment of both
institutions converged into a fruitful and mutually benefitting collaboration.

The adaption of the Kyoto 2020 Commitment for global promotion of understanding and
reducing landslide disaster risk (KLC2020), which was signed last year, will raise global
awareness on the landslide risk, mobilizing wider partnerships to bring together stakeholders
from all levels of society, across different regions, sectors, and disciplines. During the
upcoming days of the 5th World Landslide Forum in Kyoto, the world landslide community
will commit to implement the KLC2020 through landslide sciences and good practices.

During this Forum, our organization is proud to organize a session on Landslides at
UNESCO-designated sites, as many natural World Heritage sites, Biosphere Reserves, and
UNESCO Global Geoparks are exposed to landslide hazards and need a proper protection.
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I am sure that the coming discussions will bring major scientific and practical outcomes to
further advance in landslide risk reduction, mitigation, and planning. You can count on
UNESCO’s full commitment to continue to support ICL members in future activities and
undertakings.

Thank you

Shamila Nair-Bedouelle
Assistant Director-General for Natural Sciences

UNESCO
Video link: https://us06web.zoom.us/rec/play/

RUsYHuB4O8d4Ber-H-dUns1vL
FD_VxPccKP99dG_yhmtswnekwaJ0S

N4taYh6f3a2PHVWJ7j76RIbkDC.UJt9n3Uom
TlNwv1V?autoplay=true&startTime=1650065352000

xxvi Greetings by Shamila Nair-Bedouelle for Opening Session of the 5th World Landslide Forum

https://us06web.zoom.us/rec/play/RUsYHuB4O8d4Ber-H-dUns1vLFD_VxPccKP99dG_yhmtswnekwaJ0SN4taYh6f3a2PHVWJ7j76RIbkDC.UJt9n3UomTlNwv1V?autoplay=true&startTime=1650065352000
https://us06web.zoom.us/rec/play/RUsYHuB4O8d4Ber-H-dUns1vLFD_VxPccKP99dG_yhmtswnekwaJ0SN4taYh6f3a2PHVWJ7j76RIbkDC.UJt9n3UomTlNwv1V?autoplay=true&startTime=1650065352000
https://us06web.zoom.us/rec/play/RUsYHuB4O8d4Ber-H-dUns1vLFD_VxPccKP99dG_yhmtswnekwaJ0SN4taYh6f3a2PHVWJ7j76RIbkDC.UJt9n3UomTlNwv1V?autoplay=true&startTime=1650065352000
https://us06web.zoom.us/rec/play/RUsYHuB4O8d4Ber-H-dUns1vLFD_VxPccKP99dG_yhmtswnekwaJ0SN4taYh6f3a2PHVWJ7j76RIbkDC.UJt9n3UomTlNwv1V?autoplay=true&startTime=1650065352000
https://us06web.zoom.us/rec/play/RUsYHuB4O8d4Ber-H-dUns1vLFD_VxPccKP99dG_yhmtswnekwaJ0SN4taYh6f3a2PHVWJ7j76RIbkDC.UJt9n3UomTlNwv1V?autoplay=true&startTime=1650065352000


Contents

Introduction: Aim and Outline of the Book Series “Progress in Landslide
Research and Technology” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Kyoji Sassa and Matjaž Mikoš

International Consortium on Landslides and International Programme
on Landslides

International Consortium on Landslides: From IDNDR, IGCP, UNITWIN,
WCDRR 2 & 3 to Kyoto Landslide Commitment 2020 . . . . . . . . . . . . . . . . . . . . . 11
Kyoji Sassa, Paolo Canuti, Peter Bobrowsky, and Nicola Casagli

International Programme on Landslides—A Short Overview of Its Historical
Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Matjaž Mikoš, Kyoji Sassa, and Qunli Han

Original Articles

Understanding and Reducing the Disaster Risk of Landslide-Induced Tsunamis:
Outcome of the Panel Discussion and the World Tsunami Awareness Day
Special Event of the Fifth World Landslide Forum . . . . . . . . . . . . . . . . . . . . . . . . 65
Shinji Sassa, Stephan T. Grilli, David R. Tappin, Kyoji Sassa, Dwikorita Karnawati,
Viacheslav K. Gusiakov, and Finn Løvholt

Natural-Hazard-Related Web Observatory as a Sustainable
Development Tool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
Matjaž Mikoš, Nejc Bezak, Joao Pita Costa, M. Besher Massri, Inna Novalija,
Mitja Jermol, and Marko Grobelnik

Mapping Post-fire Monthly Erosion Rates at the Catchment Scale Using
Empirical Models Implemented in GIS. A Case Study in Northern Italy . . . . . . . 99
Damiano Vacha, Giuseppe Mandrone, Donato Morresi,
and Matteo Garbarino

Mechanisms of Shallow Rainfall-Induced Landslides from Australia:
Insights into Field and Laboratory Investigations . . . . . . . . . . . . . . . . . . . . . . . . . 113
Ivan Gratchev, Sinnappoo Ravindran, Dong Hyun Kim, Chen Cui, and Qianhao Tang

Design Protection Barriers Against Flow-Like Landslides . . . . . . . . . . . . . . . . . . . 123
Sabatino Cuomo, Angela Di Perna, and Mario Martinelli

Landslide Warning Systems in Low-And Lower-Middle-Income Countries:
Future Challenges and Societal Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
Irasema Alcántara-Ayala and Ricardo J. Garnica-Peña

The Role of Translational Landslides in the Evolution of Cuesta Topography . . . 149
Shinro Abe, Daisuke Higaki, and Kazunori Hayashi

xxvii



Application of Spectral Element Method (SEM) in Slope Instability Analysis . . . . 163
Ram Chandra Tiwari and Netra Prakash Bhandary

Climate Change-Induced Regional Landslide Hazard and Exposure Assessment
for Aiding Climate Resilient Road Infrastructure Planning: A Case Study
in Bagmati and Madhesh Provinces, Nepal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
I Putu Krishna Wijaya, Peeranan Towashiraporn, Anish Joshi, Susantha Jayasinghe,
Anggraini Dewi, and Md. Nurul Alam

Using Experimental Models to Calibrate Numerical Models for Slope Stability
and Deformation Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
Binod Tiwari and Duc Tran

Sustainability of Geosynthetics-Based Landslide Stabilization Solutions . . . . . . . . 197
Ivan P. Damians, Yoshihisa Miyata, Pietro Rimoldi, Nathalie Touze, and John Kraus

Review Articles

Establishment of the Disaster Risk Reduction Unit in UNESCO and UNESCO’s
Contribution to Global Resilience . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
Lesly Mercedes Barriga Delgado, Irina Pavlova, Soichiro Yasukawa,
and Sergio Esperancinha

IPL Projects, World Centres of Excellence on Landslide Risk Reduction,
and Kyoto Landslide Commitment 2020

Early Warning System Against Rainfall-Induced Landslide in Sri Lanka . . . . . . . 217
Kazuo Konagai, Asiri Karunawardena, Kithsiri N. Bandara, Kyoji Sassa, Ryo Onishi,
Ryosuke Uzuoka, Shiho Asano, Katsuo Sasahara, Sanchitha Jayakody,
and Imaya Ariyarathna

Real-Time High-Resolution Prediction of Orographic Rainfall for Early
Warning of Landslides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
Ryo Onishi, Joe Hirai, Dmitry Kolomenskiy, and Yuki Yasuda

IPL Project 202: Landslide Monitoring Best Practices for Climate-Resilient
Railway Transportation Corridors in Southwestern British Columbia,
Canada . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
David Huntley, Peter Bobrowsky, Roger MacLeod, Drew Rotheram-Clarke,
Robert Cocking, Jamel Joseph, Jessica Holmes, Kevin Sattler, Jonathan Chambers,
Philip Meldrum, Paul Wilkinson, Shane Donohue, and David Elwood

Advanced Technologies for Landslides—ATLaS (WCoE 2020–2023) . . . . . . . . . . 267
Nicola Casagli, Veronica Tofani, Sandro Moretti, Riccardo Fanti, Giovanni Gigli,
Silvia Bianchini, Samuele Segoni, William Frodella, and Tommaso Carlà

Strengthening the Resilience by Implementing a Standard for Landslide Early
Warning System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277
Teuku Faisal Fathani, Dwikorita Karnawati, Wahyu Wilopo, and Hendy Setiawan

Central Asia Rockslides Inventory: Compilation, Analysis
and Training—Progress of the IPL WCoE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
Alexander Strom

A Global Database of Giant Landslides on Volcanic Islands . . . . . . . . . . . . . . . . . 295
Matt Rowberry, Jan Klimeš, Jan Blahůt, Jan Balek, and Michal Kusák

xxviii Contents



Landslide Disasters Caused by the 2018 Eastern Iburi Earthquake in Hokkaido
Japan and the Countermeasures to Completely Prevent the Similar Disasters
in the Future . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305
Fawu Wang and Kounghoon Nam

Landslide Travel Distances in Colombia from National Landslide Database
Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315
Steven Moncayo and Guillermo Ávila

Landform Geometry for Restoration of Mountain Roads and Landslide
Hazard Resilience . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327
A. A. Virajh Dias, H. M. J. M. K. Herath, and L. K. N. S. Kulathilake

ICL Landslide Teaching Tools

LS-RAPID Manual with Video Tutorials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
Beena Ajmera, Hossein Emami Ahari, Doan Huy Loi, Hendy Setiawan, Khang Dang,
and Kyoji Sassa

Technical Notes and Case Studies

Challenges in Defining Frequentist Rainfall Thresholds to Be Implemented
in a Landslide Early Warning System in India . . . . . . . . . . . . . . . . . . . . . . . . . . . 409
Stefano Luigi Gariano, Massimo Melillo, Maria Teresa Brunetti, Sumit Kumar,
Rajkumar Mathiyalagan, and Silvia Peruccacci

KLC2020 Official Promoters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417

The International Geosynthetics Society . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419

Geological Survey of Canada, Natural Resources Canada . . . . . . . . . . . . . . . . . . . . 421

Faculty of Civil and Geodetic Engineering, University of Ljubljana . . . . . . . . . . . . 425

China University of Geosciences, Wuhan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429

Department of Civil Engineering, National Taiwan University . . . . . . . . . . . . . . . . 433

Institute of Rock Structure and Mechanics, The Czech Academy of Sciences . . . . 437

Institute of Cold Regions Science and Engineering, Northeast Forestry
University. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441

Marui & Co. Ltd. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443

Nippon Koei Co., Ltd., Geohazard Management Division . . . . . . . . . . . . . . . . . . . . 447

Ellegi Srl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 451

IDS GeoRadar s.r.l.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453

Chuo Kaihatsu Corporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459

Godai Corporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459

Contents xxix



Kiso-Jiban Consultants Co. Ltd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463

Kokusai Kogyo Co. Ltd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 465

OSASI Technos, Inc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467

List of ICL Members . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 469

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473

xxx Contents



Introduction: Aim and Outline of the Book
Series “Progress in Landslide Research
and Technology”

Kyoji Sassa and Matjaž Mikoš

Abstract

The Kyoto 2020 Commitment for Global Promotion of
Understanding and Reducing Landslide Disaster Risk
(Kyoto Landslide Commitment 2020: KLC2020) was
launched on 5 November 2020 by the adoption of 2020
KyotoDeclaration in the end of the launching session of the
Kyoto Landslide Commitment 2020. The KLC2020 was
signed by 90 worldwide partners. On 3 November 2021,
during the 5th World Landslide Forum (WLF5) held in a
hybrid mode (onsite, online-virtual, and pre-recorded
modes) in Kyoto, Japan, the ICL and the KLC2020
partners launched the new open-access book series “Pro-
gress in Landslide Research and Technology” to promote
the Kyoto Landslide Commitment 2020 for global promo-
tion of understanding and reducing landslide disaster risk.
This article introduces the aim and outline of the new book
series “Progress in Landslide Research and Technology.”

Keywords

Kyoto Landslide Commitment 2020 � 5th World
Landslide Forum � Open Access Book Series

1 Aim

The Kyoto 2020 Commitment for Global Promotion of
Understanding and Reducing Landslide Disaster Risk
(Kyoto Landslide Commitment 2020: KLC2020): A

Commitment to the ISDR-ICL Sendai Partnerships 2015–
2025, the Sendai Framework for Disaster Risk Reduction
2015–2030, the 2030 United Nations Agenda Sustainable
Development Goals, the New Urban Agenda and the Paris
Climate Agreement was launched on 5 November 2020 by
the adoption of 2020 Kyoto Declaration in the end of the
launching session of the Kyoto Landslide Commitment
2020.

Figure 1 shows the logos of the International Consortium
on Landslides (ICL) and the KLC2020. KLC2020 was
proposed by the ICL based on the 2006 Tokyo Action Plan.
The Memorandum of Understanding to promote the Action
Plan was exchanged between the ICL and each of the ICL
supporting organizations (United Nations Educational, Sci-
entific and Cultural Organization (UNESCO), World Mete-
orological Organization (WMO), Food and Agriculture
Organization of the United Nations (FAO), United Nations
Office for Disaster Risk Reduction (UNDRR), United
Nations University (UNU), International Science Council
(ISC), World Federation of Engineering Organizations
(WFEO)) in 2006. IPL and KLC2020 will continue to 2030
and beyond, symbolized by an arrow.

Following the launching of the Kyoto Landslide Com-
mitment 2020 and the establishment of the Secretariat of the
KLC2020 on 5 November 2020, the Secretariat examined
and prepared a mechanism for the further development of the
KLC2020 to 2030 and beyond. It was then proposed to
launch an open-access book series as a platform for
KLC2020 partners, practitioners, and stakeholders. The
open-access book series shall contribute to greater applica-
tions of the advanced scientific knowledge, with a
multi-hazard approach, and in raising awareness at all levels
worldwide.

On 3 November 2021, during the 5th World Landslide
Forum (WLF5) held in a hybrid mode (onsite, online-virtual,
and pre-recorded modes) in Kyoto, Japan, the ICL and the
KLC2020 partners have launched the new open-access book
series “Progress in Landslide Research and Technology” for
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the Kyoto Landslide Commitment 2020 for global promo-
tion of understanding and reducing landslide disaster risk.
The ICL has published 3–7 volumes of books for triennial
WLF (WLF2 in 2011. WLF3 in 2014, WLF4 in 2017, and
WLF5 in 2021) to report the progress of research and
technology for the past three years. Biannual publication of
the new open access book series “Progress in Landslide
Research and Technology” shall replace the role of triennial
WLF book publication. Thus, ICL has decided not to publish
books for WLF6 in 2023 and later.

The ICL was founded in January 2002 and started issuing
a new full color scientific journal “Landslides” in 2003, and
published the founding issue in April 2004. Landslides has
grown up from a quarterly journal to a monthly journal with
3977 published pages in 2021 and the 2020 Impact Factor of
6.578. ICL and its valuable network of scientists has readily
available sufficient scientific material for understanding
landslide disaster risk as mentioned in the concluding
remarks by Sálvano Briceño in the high-level panel discus-
sion of the WLF5.

At the opportunity of the 20th anniversary of ICL in
2022, the ICL and KLC2020 partners, with the financial and
technical support from the KLC2020 official promoters, has
published the founding issue of the open-access book series
“Progress in Landslide Research and Technology” for global
promotion of reducing landslide disaster risk.

Table 1 presents different aim and scope between the ICL
New Book Series and the ICL Journal.

The target readers of journal papers are scientists. Articles
consist of original/new findings for landslide research.
Readers are those who have necessary background knowl-
edge, have access to the referred journals and can read the
cited references.

The target readers of the open access book series are
practitioners and other stakeholders who apply in practice
the most advanced knowledge of science and technology for
landslide disaster risk reduction. Articles must be written in a
simplified way that is easily understandable by these prac-
titioners and stakeholders.

2 Outline

The ICL and the Global Promotion Committee of the
International Programme on Landslides including the ICL
supporting organizations (UNESCO, WMO, FAO, UNDRR,
UNU, ISC, WFEO, International Union of Geological Sci-
ences (IUGS), and International Union of Geodesy and
Geophysics (IUGG) have organized World Landslide For-
ums every three years in 2008, 2011, 2014, 2017 and
planned WLF5 in Nov. 2020. Due to COVID-19, the WLF5
in 2020 was postponed to 2–6 Nov. 2021. However, due to
Covid-19 restrictions, foreign participants were not allowed
to attend WLF5 in Kyoto, Japan in-person. The WLF5 was
organized in a hybrid system, namely, by including onsite,
online, and the pre-recorded presentations.

Fig. 1 Logos of the ICL and the
Kyoto landslide commitment
2020

Table 1 Differences in the aim and scope between ICL book series and ICL journal

ICL new book series “P-LRT” since 2022 ICL journal “Landslides” since 2004

Aim Promotion of reducing landslide disaster risk Promotion of understanding landslide disaster risk

Scope Original articles for practice and society Original research for landslide science

Online access Open access (Free) Charged access

Publication fee Book processing charge: 50 USD/page (0–25 USD/page
until 10 pages/year for ICL members and KLC official promoters)

Free

Pages/issue 400–500 pages 250–350 pages

No of issue 2 books/year 12 issues/year

Publication style Electronic and print Electronic and print

210 mm � 280 mm 210 mm � 280 mm

2 column format 2 column format

2 K. Sassa and M. Mikoš



The total number of participants of WLF5 was 525, in
which 215 from Japan, 47 from Italy, 45 from China, 21
from USA, more than 10 are from Czech Republic, UK,
India, Indonesia and Chinese Taipei, 5 from United Nations
organizations, and 3 from international organizations
(Table 2).

On the morning of 3 November 2021, an opening
greeting session from ICL and ICL supporting organizations
and a high-level panel discussion session “Review of
KLC2020 and the way forward” were organized at Room A
of the National Kyoto International Conference Center in
Kyoto, Japan. At the end of the two plenary sessions, the
Launching Declaration of the ICL Open Access Book Series
“Progress in Landslide Research and Technology” for the
Kyoto Landslide Commitment 2020 was adopted by all
panelists and participants attending in-person and virtually.

The Opening Greeting session was chaired by Kyoji
Sassa (WLF5 Forum Chair) and Qunli Han (Chair of Global
Promotion Committee of IPL/Executive Director of Inte-
grated Research on Disaster Risk). It consisted of the
following:

Opening address from the primary organizer:

• Nicola Casagli (President of the International Consortium
on Landslides).

Greetings from United Nations organizations:

• David Malone (Under-Secretary-General of the United
Nations/Rector of the United Nations University)

• Mami Mizutori (United Nations Special Representative of
the Secretary-General for Disaster Risk Reduction)

Table 2 Participants (onsite,
online and pre-recorded) of
WLF5 held on 2–6 November
2021 in Kyoto, Japan

No Country/Region Participants No Country/Region Participants

1 Australia 2 30 Nigeria 1

2 Bangladesh 1 31 Norway 9

3 Belgium 3 32 Philippines 1

4 Bhutan 1 33 Poland 2

5 Brazil 2 34 Republic of Korea 7

6 Canada 7 35 Romania 1

7 Chile 3 36 Russia 8

8 China 45 37 Serbia 2

9 Colombia 2 38 Slovenia 9

10 Croatia 3 39 Spain 3

11 Czech Republic 16 40 Sri Lanka 2

12 El Salvador 2 41 Switzerland 4

13 Ethiopia 1 42 Chinese Taipei 10

14 France 3 43 Turkey 2

15 Germany 7 44 UK 10

16 Greece 3 45 USA 21

17 Honduras 2 46 Vietnam 4

18 India 10

19 Indonesia 10 International Organizations

20 IRAN 1 IUGG 2

21 Italy 47 IUGS 2

22 Japan 215 WFEO 1

23 Malaysia 5 United Nations Organizations

24 Mauritius 1 FAO 1

25 Mexico 6 UNDRR 3

26 Morocco 1 UNESCO 3

27 Nepal 3 UNU 1

28 Netherlands 7 WMO 1

29 New Zealand 5 Total 525
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• Petteri Taalas (Secretary-General of the World Meteoro-
logical Organization: WMO)

• Maria Helena Semedo (Deputy Director-General of the
Food and Agriculture Organizations: FAO)

• Shamila Nair-Bedouelle (Assistant Director-General for
Natural Sciences, the United Nations Educational, Sci-
entific and Cultural Organization: UNESCO).

Greetings from scientific organizations:

• José M.P. Vieira (President of the World Federation of
Engineering Organizations: WFEO)

• Kathryn Whaler (President of the International Union of
Geodesy and Geophysics: IUGG)

• John Ludden (President of the International Union of
Geological Sciences: IUGS).

Welcome messages from host organizations:

• Hiroaki Tsunakawa, Director for Sabo Planning Coordi-
nation, Ministry of Land Infrastructure, Transport and
Tourism, Japan

• Akira Murakami, Executive Vice-President of Kyoto
University.

Prof. Akira Murakami, Executive Vice-President of
Kyoto University came to the Kyoto International Confer-
ence Center and presented welcome message on site. He
joined this group photo (front and center) in Fig. 2.

High-level Panel Discussion “Review of KLC2020 and the
way forward”

Opening Greetings from Forum Chairs:

Peter Bobrowsky (Geological Survey of Canada,
Canada)
Kaoru Takara (Kyoto University, Japan)

Chairs: Matjaž Mikoš (Co-Chair, Global Promotion Com-
mittee of IPL/Chair of WLF4, Ljubljana, 2017).
Kazuo Konagai (Chair of Science Committee of the
KLC2020 Secretariat, Kyoto, Japan)
Keynote speech:

• Kyoji Sassa (Secretary General of KLC2020 Secre-
tariat): Review of KLC2020 and a new Open Access
Book Series for KLC2020

Sassa presented a short history of KLC2020 beginning from
the 2005 Letter of Intent which was proposed by the ICL and
agreed in a thematic session in the Second World Confer-
ence on Disaster Reduction in Kobe, Japan in January 2005.

• The Letter of Intent was signed by UNESCO,
WMO, FAO, UNISDR (UNDRR), UNU, ICSU
(ISC) and WFEO within 2005.

• The ISDR-ICL Sendai Landslide Partnerships 2015–
2025 was established in March 2015.

• The KLC2020 was approved and signed by ninety
signatory organizations and launched in November
2020.

Fig. 2 Group photo of the WLF5
onsite participants in room A of
the Kyoto international
conference center and on the
online zoom platform on 3
November 2021
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Finally, he proposed a new open access book series titled,
“Progress in Landslide Research and Technology” as a
platform in order to promote the Kyoto Landslide Com-
mitment 2020.
Speeches were delivered by nine panelists from KLC2020
signatory organizations.

ICL supporting organizations:

• Paola Albrito (Chief of Branch, Intergovernmental pro-
cesses, Interagency cooperation and Partnerships,
UNDRR)

• Soichiro Yasukawa (Programme Specialist on Disaster
Risk Reduction, UNESCO)

• José M.P. Vieira (President of the World Federation of
Engineering Organizations: WFEO)

• Hiroshi Kitazato (Treasure of IUGS, Tokyo University of
Marine Science and Technology, Japan)

• John LaBrecque (Chair of IUGG GeoRisk Commission,
Center for Space Research, University of Texas, Austin,
USA).

ICL full members:

• Binod Tiwari (ICL Vice President for America, California
State University, Fullerton, USA)

• Paola Reichenbach (Director of Research, IRPI, Italian
National Research Council, Italy)

• Maneesha Ramesh (Dean, School for Sustainable
Development and International Programs, Amrita
University, India).

ICL supporter:

• Hiroaki Tauchi (General Manager, International Geo-
hazard Management Department, Nippon Koei, Co., Ltd.,
Tokyo, Japan)

Discussion (panelists and floor)
Concluding remarks

• Sálvano Briceño (First Chairperson of the Global Pro-
motion Committee of IPL (2007–2014), Former Director
of UNISDR (2001–2011).

Dr. Sálvano Briceño is the Former Director of UNISDR
(2001–2011). During this period, he continued to support the
activities of ICL. He contributed to the establishment of the
2006 Tokyo Action Plan which created the International
Programme on Landslides (IPL) and the Global Promotion
Committee of the International Programme on Landslides.
He worked as the first chairperson of the Global Promotion

Committee of the International Programme on Landslides
(2007–2014). Currently, he is a senior advisor of the ICL.

In the concluding remarks, he firstly stressed the signifi-
cance of the intergovernmental network on landslide risk
reduction, and the importance of cooperating with relevant
intergovernmental processes, such as the Intergovernmental
Panel on Climate Change (IPCC). In the main policy areas of
mitigation and adaptation of the IPCC, preventing, mitigat-
ing and preparing for landslide disasters should become a
main objective of climate change policies and research,
given their heavy impact on development, and their expected
increase due to global warming, and to the expansion of
vulnerability due to urban growth and urban density.

Secondly, he called for “a greater application of scientific
knowledge, with a multi-hazard approach, in raising
awareness at all levels worldwide,” stating that understand-
ing the origin and causes as well as the impacts of landslides,
floods, cyclones, earthquakes, volcanic eruptions, droughts
and land degradation, needs to become the current knowl-
edge of citizens and communities around the world. The ICL
and its valuable network of specialists has sufficient scien-
tific material readily available to contribute to such a task,
but the task requires a substantive increase in academic
participation in the media, in various forms, interviews,
presentations, debates, briefs for guidance to journalists,
press releases, etc.

The high-level panel discussion concluded with the
Adoption of the Launching Declaration of the ICL Open
Access Book Series for KLC2020 by all panelists and
participants attending in-person and virtually, as shown
below.

Launching Declaration of the ICL Open Access
Book Series “Progress in Landslide Research and
Technology” for the Kyoto Landslide Commit-
ment 2020
The Kyoto 2020 Commitment for Global Promotion
of Understanding and Reducing Landslide Disaster
Risk (Kyoto Landslide Commitment 2020)—A Com-
mitment to the Sendai Landslide Partnerships 2015–
2025, the Sendai Framework for Disaster Risk
Reduction 2015–2030, the 2030 Agenda Sustainable
Development Goals, the New Urban Agenda and the
Paris Climate Agreement was launched on 5 Novem-
ber 2020 together with 90 signatories. The KLC2020
established a Secretariat of the Kyoto Landslide
Commitment within the ICL Secretariat in Kyoto,
Japan at the same time.

In order to promote “Kyoto 2020 Commitment
until 2030 and beyond, a new stable and global plat-
form is essential for the information dissemination and
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collaboration within KLC2020 partners and the Soci-
ety. Therefore, the establishment of an Open Access
book series of the International Consortium on Land-
slides (ICL) “Progress in Landslide Research and
Technology” was planned and proposed by the
KLC2020 Secretariat. This book series can be down-
loaded free of charge by all, both in developing and
developed countries suffering from landslide disasters
and also the policy makers involved in landslide dis-
aster risk reduction.

Until today, twenty international/national and
public/private organizations in the world have accep-
ted the role of the KLC2020 official promoters who
promote the Kyoto Landslide Commitment 2020 and
provide financial support for the implementation of the
KLC2020 activities. Many experts have accepted the
role of voluntary editors and advisory members. Both
financial and personal resources have been secured for
this new publication series.

On 3 November 2021 during the Fifth World
Landslide Forum in Kyoto, Japan, at the high-level
panel discussion “Review of KLC2020 and the way
forward”, all panelists and participants agreed on, and
declared the launching of the ICL Open Access Book
Series “Progress in Landslide Research and Technol-
ogy” for the Kyoto Landslide Commitment 2020.

Date: 3 November 2021.
Place: Kyoto, Japan.

3 Call for KLC2020 Official Promoters

The Secretariat of the Kyoto Landslide Commitment 2020
has expended efforts to create a new Open Access Book
Series “the Progress of Landslide Research and Technology”
as the key tool for the implementation of the KLC2020. The
detailed information is uploaded in the ICL web-
page <https://icl.iplhq.org/book-series-of-klc2020/>.

The KLC2020 Secretariat requests organizations to
cooperate for promoting the KLC2020 activities including
this new book series “Progress of Landslide Research and
Technology” as the KLC2020 official promoters. KLC2020
official promoters are public and private organizations who
promote the Kyoto Landslide Commitment 2020 and pro-
vide financial support for the implementation of the
KLC2020 activities including publication of the Open
Access Book Series. So far, the following twenty organi-
zations have accepted the role of KLC2020 Official
Promoters.

KLC2020 Official Promoters

Host organization

International Consortium on Landslides (ICL)/Nicola
Casagli

Public sectors: KLC2020 Official Promoters-public

International Unions/Associations, Governmental organi-
zations, Universities and Research institutes

• The International Union of Geological Sciences (IUGS)/
John Ludden

• The International Union of Geodesy and Geophysics
(IUGG)/Kathy Whaler

• The International Association for the Engineering Geol-
ogy and the Environment/Rafig Azzam

• International Geosynthetics Society (IGS)/John Kraus
• Geological Survey of Canada, Natural Resources Canada,

Canada/Daniel Lebel
• Faculty of Civil and Geodetic Engineering, University of

Ljubljana, Slovenia/Matjaž Mikoš
• China University of Geosciences, Wuhan,

China/Huiming Tang
• Department of Civil Engineering, National Taiwan

University, Chinese Taipei/Shang-Hsien Hsien
• Institute of Rock Structure and Mechanics, the Czech

Academy of Sciences/Josef Stemberk
• Institute of Cold Regions Science and Engineering,

Northeast Forestry University, China/Wei Shan.

Private sectors: KLC2020 Official Promoters-private

Companies and corporation

• Marui & Co. Ltd, Japan
• Nippon Koei Co., Ltd, Japan
• Ellegi srl, Italy
• IDS GeoRadar s.r.l., Italy
• Chuo Kaihatsu Corporation, Japan
• Godai Corporation, Japan
• Kiso-Jiban Consultants Co., Ltd, Japan
• Kokusai Kogyo Co., Ltd., Japan
• OSASI Technos, Inc., Japan.

Advisory members for KLC2020

Abou Amani, Director, Division of Water Sciences,
Secretary, Intergovernmental Hydrological Programme
(IHP), UNESCO
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Soichiro Yasukawa, Programme Specialist, Coordinator
for Disaster Risk Reduction and Resilience, UNESCO

Daniel Lebel, Director General, Geological Survey of
Canada, Natural Resources Canada, Canada.

John Ludden, President of the International Union of
Geological Sciences (IUGS).

John LaBrecque, Chair of IUGG GeoRisk Commis-
sion, Center for Space Research, U. Texas Austin, USA.

Rafig Azzam, President of the International Association
for the Engineering Geology and the Environment (IAEG).

Paolo Canuti, Past President of the International Con-
sortium on Landslides (ICL), Italy.

Sȧlvano Briceño, First Chair of the Global Promotion
Committee of the International Programme on Landslides.

Badaoui Rouhban, Chair of the KLC2020 Launching
Session and Moderator of ISDR-ICL Sendai Landslide
Partnerships 2015–2025 Session of 3rd WCDRR in 2015.

4 Call for Articles

The target users of book series are practitioners and other
stakeholders who apply the most advanced knowledge of
science and technology for landslide disaster risk reduction.
Articles must be written in a simplified way easily under-
standable by practitioners and other stakeholders, including
requiring minimum necessary extraneous information.
Application/explanation of new modelling, new technology
or new concept already published in journals are effective for
landslide disaster risk reduction. Teaching tools including
video and illustration are useful for landslide disaster risk
reduction. Reports of the IPL Projects, WCoE activities, and
activities of Kyoto Landslide Commitment 2020 that con-
tribute to the landslide disaster risk reduction are also
appropriate.

Categories of ICL Book Series “P-LRT”

1. Original articles (minimum 8 pages): Original articles
reporting progress of landslide research and technology.

2. Review articles (minimum 8 pages): Review of landslide
research and technology in a thematic area of landslides.
A review article integrating a series of research and
technology of the author or its group.

3. ICL landslide lessons (minimum 20 pages): Lessons by
global and emerging experts with distinguished
achievements in one of specific aspects in understanding
and reducing landslide disaster risk.

4. IPL/WCoE/Kyoto Commitment activities (minimum 8
pages): Progress or achievements of the projects of the
International Programme on Landslides (IPL) and the
World Centres of Excellence on Landslide Risk Reduc-
tion (WCoEs), and Kyoto Landslide Commitment.

5. Teaching tools with online extras (minimum 8 pages):
User-friendly teaching tools with extras (i.e., photos,
illustration, videos, guidelines & manuals) online to fill
the gap between the available level of science and tech-
nologies and the practical use in the society.

6. Technical note & Case studies (minimum 4 pages):
Technical note and case studies on landslides and land-
slide disaster risk reduction practice.

7. World Landslide Reports: Landslide reports from
landslide-prone developing countries and urbanizing
areas of the developed countries from around the world.
No processing charge, but limited to 40 pages per issue.

8. Introduction of KLC2020 Official Promoters (1–3
pages): KLC2020 Official Promoters are eligible for this
category. The introduction of the official promoters is
published in all issues (normally 2) throughout the year.

This book series are planned to be published two times
per year, in April–May and October–November.
Submission-review- publication will take 6 months. The
length of an issue will be 400–500 pages. To make a good
publication plan together with authors participating to pro-
mote the Kyoto Landslide Commitment 2020, the Editorial
office requests potential authors to inform their plans for
article submission to each issue to the KLC2020 Secre-
tariat <KLC2020@iclhq.org>.

Video link
https://us06web.zoom.us/rec/play/5djycamTN2UUbdp9

d8-wAT-taQFN-IkTUrujGp0GzRnXuQsRjPqGooNiGWoK
vFCBZoq5one6ZPE899Oc.xBIr3J4Vq9MFXSDX?autopla
y=true&startTime=1661758164000

Contact for publication in P-LRT
Kyoji Sassa
Editor-in-Chief of Progress in Landslide Research and

Technology
Secretariat of the Kyoto Landslide Commitment 2020
International Consortium on Landslides
138-1 Tanaka-Asukai-cho, Sakyo-ku, Kyoto 606-8226,

Japan
Email: KLC2020 Secretariat <KLC2020@iclhq.org>
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Kyoji Sassa Matjaž Mikoš
Secretary-General of the Kyoto
Landslide Commitment 2020

Chair of the Global
Promotion
Committee of the
IPL and the Kyoto
Landslide
Commitment 2020
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International Consortium on Landslides:
From IDNDR, IGCP, UNITWIN, WCDRR 2 & 3
to Kyoto Landslide Commitment 2020

Kyoji Sassa, Paolo Canuti, Peter Bobrowsky, and Nicola Casagli

Abstract

The International Consortium on Landslides (ICL) was
proposed and established in January 2002, based on the
Japan–China international joint research activities (1991–
1999) in a part of IDNDR (International Decade for
Natural Disaster Reduction) and the UNESCO-IUGS
Joint programme IGCP-425: Landslide Hazard Assess-
ment and Cultural Heritage (1998–2003). The ICL has
developed through the UNESCO-KU-ICL UNITWIN
Cooperation Programme from 2003, the second World
Conference on Disaster Reduction in Kobe in 2005, the
2006 Tokyo Action Plan, the third World Conference on
Disaster Risk Reduction in Sendai in 2015, and the
ISDR-ICL Sendai Landslide Partnerships 2015–2025. On
5 November 2020, the Kyoto Landslide Commitment
2020 for global promotion of understanding and reducing
landslide disaster risk was launched by 90 signatory
organizations consisting of the ICL, ICL supporting
organizations and other stakeholders. The ICL history is
reviewed focusing on the link with United Nations
Programmes, UN World Conferences by the founding,
the second, the immediate past, and the current Presidents
of the ICL.

Keywords

IDNDR � IGCP � Tokyo action plan � Sendai landslide
partnerships � KLC2020

1 IDNDR (1991–1999)

As a part of the Japanese contribution to the IDNDR
(International Decade for Natural Disaster Reduction) in the
last decade of the twentieth century, the Ministry of Edu-
cation, Culture, Sports, Science and Technology of the
Government of Japan (MEXT) funded international joint
research projects. The projects included a Japan–China Joint
Project “Assessment of Landslide Hazards in Lishan
(Yang-Que-Fe Palace), Xian, China,” which was proposed
by Kyoji Sassa, Disaster Prevention Research Institute,
Kyoto University. The goal of the project was to investigate
the landslide risk to the Lishan Resort Palace of the Tang
Dynasty (a.d. 618–907) (Fig. 1a and b). The rear slope of
Lishan Palace has been stable since the Tang Dynasty. The
base rock is Precambrian gneiss (hard rock). In the initial
stage of this project, there were split opinions among Japa-
nese and Chinese landslide researchers on the possibility of
large-scale landslides. Everyone agreed that the slope is
affected by slope deformation. One opinion was that the
deformation is limited within top loess soil layer, while
another opinion was the deformation can be affected by deep
seated mass movement within the Precambrian gneiss (hard
rock). Both agreed that precise investigation and extensive
monitoring are needed to clarify the mechanism of the slope
deformation, namely whether the current slow deformation
is a precursor stage of large-scale rockslide or not.

The Palace is one of the most important Cultural Heritage
sites in China attracting more than three million visitors per
year. Social, cultural and economical losses by its destruc-
tion by large-scale landslides could be very large. A Japan–
China Joint project was, then, conducted by Chinese and
Japanese budgets and scientists. This special project by
MEXT continued for eight years from 1991 to 1999.

Based on the investigation results from 1991 to 1996, the
project group organized the International Symposium on
Landslide Hazard Assessment, Xian, China, in July 1997 as
the Committee for Prediction of Rapid Landslide Motion of
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the IUGS Working Group on Landslides (WGL/RLM). The
symposium received support from the United Nations Edu-
cational, Scientific and Cultural Organization (UNESCO),
the International Union of Forest Research Organizations
(IUFRO), the State Planning Commission of the Govern-
ment of China, the Embassy of Japan, the Japan Landslide
Society and others. The report on the investigation clearly
presented evidence of the risk of a large-scale rockslide,
based on detailed monitoring and observation of investiga-
tion tunnels.

Figure 1a presents a front view of Lishan slope which is a
large-scale fault scarp. Hot ground water came up from the
deep ground to the ground as hot springs. Those hot springs
are used for the Lishan Resort Palace of the Tang Dynasty
(a.d. 618–907). Active faults in Xian caused many earth-
quakes of Magnitude M4-8 in the past. Precambrian gneiss
could be broken even though they are hard.

Figure 1b shows the Lishan Palace and the center of
Lingtong town. Those areas may be destroyed by landslide
debris if a high-speed long travelling landslide occurred.
Figure 1c is an investigation map including estimated
potential landslide blocks from slight deformation and
topography (green). The two red colored lines are lines of
long-span extensometers. Two black lines are investigation
tunnels where shear bands within the gneiss bedrock were
found. Figure 1d shows the sign of the precursor movement
of deep-seated landslides (Block 1 and Block 2). Two weeks
after rainfall, Extensometer A7 showed extension indicating
relative downslope movement of Block 1. One week after
the second rainfall, Extensometer A1 recorded compression
which means the movement of Block 1 onto Huaqing Palace
(Yang-Que-Fe Palace). Very slight extension of B1 means
that Block 2 slightly moved due to the larger movement of
Block 1. Slight movement in gneiss rocks should weaken the
shear band within the rock mass. A shear band was found in
the investigation tunnels. Then, strength of rock should have
been decreased, and failure more likely.

When a rockslide is initiated along a shear band, the shear
strength of rock should drop and rapid slope movement
should occur onto the alluvial deposit on which the Palace
and the town are constructed. Using samples taken from the
saturated alluvial deposit within the Palace, the apparent
friction angle during the undrained loading was determined
by the dynamic loading ring shear apparatus. The result was
shown in Fig. 1f. The mobilized apparent friction angle was
5.4 degrees. The capacity of normal stress in this apparatus
was 400 kPa. From a real landslide on this slope, the
apparent friction angle was estimated to be 3.3 degrees.
Apparent friction angle in gneiss rock cannot be measured.
Then, the travel distance was estimated assuming 25, 30, and
35 degrees. This gave the travel distances of 930 m, 1530 m,
and 2430 m. The Palace and the Lintong Town would be
destroyed in any case.

Mr. Qiyuan An, the honorary chairman of the symposium
and also the Secretary-General of the Communist Party of
the Shaanxi Provincial Government, understood the land-
slide risk at the Lishan Palace (Huaqing Palace). Mr. An
took a key role in initiation of landslide prevention works,
based on landslide risk analysis, by investing about three
million U.S. dollars from the municipal, regional, and
national governments of China. This is probably the first
case in the world of the initiation of extensive landslide
remedial measures at a Cultural Heritage site for mitigation
of potential landslides at the precursor stage. This investi-
gation of landslides at the precursor stage was evaluated as a
contribution of geoscientists to protection of Cultural
Heritage.

Products of the Symposium

1. Participants released the 1997 Xian Appeal “1997 Xian
Appeal for Protection of the Cultural Heritage (Huaqing
Palace) in Xian and Promotion of Worldwide Landslide
Hazard Assessment and Risk Mitigation” under the
authorship of symposium panelists.

2. Proceedings of the International Symposium on Land-
slide Hazard Assessment (ISBN4-9900618-0-2 C3051),
421 pages (edited by Sassa 1997).

3. Special Programme and Video “For the Protection of
Huaqing Palace in Xian” produced by Xian Television
(1997) (Chinese, English, and Japanese versions,
20 min).

4. Invitation by Prof. Edward Derbyshire (one of partici-
pants and the Chairman of the Scientific Board of IGCP)
to propose a new International Geological Correlation
Programme (IGCP) project to promote this research.

2 IGCP 425 (1998–2003)

The IGCP-425 “Landslide Hazard Assessment and Mitiga-
tion for Cultural Heritage Sites and Other Locations of High
Societal Value” project was initiated from 1998 until 2003.
The International Consortium (ICL) was established during
the IGCP symposium. The ICL founded the International
Programme on Landslides (IPL) at the first Board of Rep-
resentative meeting at UNESCO Headquarters, in Paris,
France in November 2002. The Machu Picchu project was
conducted by IPL C101-1 Landslide investigation and
capacity building in Machu Picchu-Aguas Calientes area
from 2002. Activities in 2002 and 2003 were conducted as
IGCP-425 and also IPL C101-1. This project is very
important project for the ICL together with IPL C100
Landslides: Journal of the International Consortium on
Landslides.
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Fig. 1 Landslide disaster risk investigation at Lishan resort palace
(Tang Dynasty) in Xian, China. a Creeping slope in the back of the
Lishan Palace. b View from the slope to the Lishan palace and the
center of Lintong town. c Potential landslide blocks and extensometer
lines. d Monitoring results showing the movement of the blocks.

e Illustration of undrained loading of landslide mass onto the saturated
alluvial deposits. f Result of the undrained loading ring-shear text on
the saturated sample taken from the alluvial deposit. g Estimated travel
distance from the apparent friction angle of the alluvial deposit and
assumed apparent friction angle of rock slope (25–35 degrees)
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Figures 2, 3, 4, 5 and 6 presents the outline of “Landslide
disaster risk investigation in Machu Picchu, World Heritage,
in Cusco, Peru”. Figure 2a is a photo taken by K. Sassa from
the chartered helicopter to observe the Machu Picchu slope
in 2000. The Machu Picchu citadel was constructed on the
planer mountain ridge. The ground surface seems to be
parallel to the bedding (shear band). Many fault systems
seem to control the topography. A step in “A” which seems
to be the outcrop of a shear band was found. Figure 2b
presents the close-up photo of the step “A” taken from
Urbanba River on the back side. Two parallel shear bands
are clear and some displacement was found at these shear
bands. The border of landslide block (red dotted line) seems
to pass the flat area (Plaza) in the center of Machu Picchu
citadel. Figure 2c is a group photo at one of long-span
extensometers and GPS on the top of extensometer box in
Machu Picchu. Figure 3 contains the estimated landslide

blocks No. 1 (red color area: active), No. 2 (less active) and
No. 3 (green colored area: not active at present). Three
section lines are taken (A-line, B-line and C-line).

Figure 6 shows the hypothesis of landslide evolution in
Machu Picchu slope. Ancient landslides occurred along the
current ground surface and all materials were moved out
forming the current ground surface seen in Fig. 2a. The toe
of the slope has already failed as seen in Fig. 2a and also
shown as the yellow landslide debris in Fig. 3. Stage 2 in
which landslides failed from the toe along the Urbanba River
as a result of river side erosion, is ongoing in Block 2.
However, in Block 1, the slope is covered by landslide
debris. The whole block are reactivated type landslides,
which are moving slowly. The bottom figure of Fig. 6
contains the cross section. The shear band (sliding surface)
of Block 1 is located one step lower than the current ground
surface of Block 2.

Fig. 2 Photos in Machu Picchu
Citadel a Photo of the Machu
Picchu Citadel and creeping shear
band from a chartered helicopter
taken by K. Sassa in 2000.
b Photos of the creeping shear
band A from the backside ground.
c A group photo of installation of
long-span extensometers and GPS
in the Citadel
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Fig. 3 Landslide block (1–3) and
two section lines crossing block 1
and 2 (red: active. green: inactive,
yellow: landslide debris, red: Inca
Citadel, Blue: Urubamba River)

Fig. 4 Monitored movement of
the long splan extesometer and
the location of the extensomter
(Cafeteria) along the section of
Landslide block 1
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In order to detect the precursors of landslide movement in
Machu Picchu slope, many of extensometers (both long and
short span) and GPS were installed and monitored. Landslide
monitoringwas very sensitive for the society because a feasible
stabilization method was not found, even if movement was

detected. The monitoring started in 2001, and was interrupted,
then re-started in 2005–2006 before stopping again. Figures 4
and 5 show the monitoring results in Block No. 1 and Block
No. 2, respectively. Both extensometers recorded the exten-
sions of 10–12 mm. (Sassa et al. 2005).

Fig. 5 Monitored movement of
the long span extensometer and
the location of the extensometer
(IntiMachay) along the section of
Landslide block 2

Fig. 6 Hypothesis of the
landslide evolution in Machu
Picchu slope (Section from
Moutain ridge to the river in
block 1 and block 2), and the
cross section of block 1, block 2
and block 3
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3 International Consortium on Landslides:
Founded in 2002, Kyoto, Japan

The UNESCO/IGCP Symposium on Landslide Risk Miti-
gation and Protection of Cultural and Natural Heritage was
jointly organized by UNESCO, the IGCP-425 group, the
International Union of Geological Sciences (IUGS), the
Instituto Nacional de Cultura, Peru (INC), the Instituto
Nacional de Recursons Naturales (INRENA), Peru, and the
IGCP National Committee of the Science Council of Japan
at the headquarters of the Science Council of Japan, in
Tokyo on 15–19 January 2001. Participants, including three
representatives (Wolfgang Eder, Hideo Noguchi, and
Christian Manhart) from the Divisions of Earth Sciences and
Cultural Heritage of UNESCO, the National Director of INC
(Luis Enrique Tord), the President of the IUGS (Ed de
Mulder), Paolo Canuti, Peter Borowsky, Nicola Casagli and
other IGCP-425 colleagues (Fig. 7a), agreed on and issued
the 2001 Tokyo Declaration “Geoscientists tame landslides”
to propose the establishment of the International Consortium
on Landslides. Participants were the IGCP-425 group
member (ongoing 24 subproject members and 7 new project
members) as well as UNESCO, IUGS and INC (cultural
agency), Peru.

On 21–25 January 2002, The UNESCO-Kyoto Univer-
sity joint symposium “Landslide Risk Mitigation and Pro-
tection of Cultural and Natural Heritage” was organized in
Kyoto. The symposium was cosponsored by the Ministry of
Foreign Affairs and the National Commission for UNESCO
of Japan, IUGS, the Japan Landside Society, and others. Six
representatives of UNESCO (Divisions of Water Sciences,

Earth Sciences, and Cultural Heritage, Section of Engi-
neering Sciences and Technology), one from the World
Meteorological Organization (WMO), one from the UN
Secretariat for the International Strategy for Disaster Risk
Reduction (UN/ISDR) came together with many IGCP-425
members and Kyoto University (Fig. 7b).

On the first day of the symposium, the founding meeting
of the International Consortium on Landslides (ICL) was
organized. It was chaired by Andras Szollosi-Nagy (Director
of Water Sciences of UNESCO) on behalf of Walter Erde-
len, Assistant Director-General of UNESCO (Fig. 7b). At
the meeting, the Statutes of the ICL were examined and
adopted, and the first President (Kyoji Sassa) and interim
steering committee members were nominated by the partic-
ipants. Through the release of the 2002 Kyoto Appeal
“Establishment of a New International Consortium on
Landslides,” the International Consortium on Landslides
(ICL) was inaugurated on 21 January 2002, as an interna-
tional non-governmental and non-profit scientific
organization.

4 UNESCO-KU-ICL UNITWIN Programme
Founded in 2003

The UNITWIN programme is explained on the
UNITWIN-UNESCO-Chair Programme website at: https://
www.unesco.org/en/education/unitwin as follows: “UNI-
TWIN” is the abbreviation for the university twinning and
networking scheme. This UNESCO programme was estab-
lished in 1992, in accordance with a resolution adopted by the

Fig. 7 Group photos of the
IGCP-425 symposium. a A group
photo of the UNESCO-Kyoto
university joint symposium
“landslide risk mitigation and
protection of cultural and natural
heritage organized on 21–25
January 2002 in Kyoto, Japan.
b A group photo of the
UNESCO/IGCP symposium on
landslide risk mitigation and
protection of cultural and natural
heritage organized at the Science
Council of Japan in Tokyo on 15–
19 January 2001
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General Conference of UNESCO at its 26th session in 1991.
The UNITWIN/UNESCO Chairs Programme consists of the
establishment of UNESCO Chairs and UNITWIN Networks
in higher education institutions.

Participants from UNESCO in the ICL foundation
meeting on 21–25 January 2002 suggested to place the
planned International Programme on Landslides (IPL) as an
official UNESCO Programme, namely UNITWIN Cooper-
ation Programme. The ICL, then, submitted the application
document to UNESCO to an UNITWIN Cooperation Pro-
gramme between UNESCO, Kyoto University and the ICL.
The title was changed from Landslide Risk Mitigation for
Society and the Environment to Landslide and Water Rela-
ted Disaster Management, and then to Landslide, Earth-
quake, and Water-related Disaster Risk Management. The
current logo is shown in Fig. 8.

The progress of UNESCO-KU-ICL UNITWIN Cooper-
ation programme was introduced by a series of photos in
Fig. 9. Figure 9a presents the initial title of the UNITWIN
Cooperation Programme. Figure 9b is a photo of the sig-
nature by Makoto Nagao, President of Kyoto University and
by Kyoji Sassa, President of the ICL on 18 March 2003 at
the Kyoto University. The agreement document was previ-
ously signed by Koïchiro Matsuura, Director-General of
UNESCO on 10 March 2003 in Paris. UNITWIN Head-
quarter building including three rooms was constructed
using funds from Kyoto University and the ICL at the Uji
Campus of Kyoto University in September 2004. Figure 9c
is a photo of the opening ceremony within the building on 3
September 2004 with Kyoto University President (K. Oike),
three officials from UNESCO and three from Gov. of Japan.

In Fig. 9d, UNESCO (Sonia Bahri), Kyoto University
(Norio Okada, Director of DPRI/KU), and ICL (Paolo
Canuti, President of the ICL) signed the agreement to extend
and amend the programme from “Landslide Risk Mitiga-
tion” to “Landslide and Water-Related Disaster Risk Man-
agement” on 16 November 2010 at UNESCO in Paris.

Figure 9f show a picture of the 2018 ICL-IPL Kyoto
Conference organized at the Kyoto International Conference
Center and the Uji campus of Kyoto University. On the final
day, participants took a group photo of ICL members and
ICL supporting members including S. Yasukawa

(UNESCO), T. Oki (UNU), Q. Han (IRDR), and four par-
ticipants from Government of Japan (Cabinet office, MEXT,
MAFF, MLIT) in front of the UNESCO/KU/ICL UNTWIN
Headquarters Building.

5 2nd WCDR in 2005, Kobe, Japan

The World Conference on Disaster Reduction (WCDR) was
held on 18–22 January in Kobe, Japan. Before the WCDR,
the fourth International Symposium on Landslide Risk
Mitigation and Protection of Cultural and Natural Heritage
and the ICL Secretariat Meeting were organized at Kyoto
University. Participants from the ICL and Hans van Ginkel
(Rector of UNU) and Wolfgang Eder (Director, Division of
Earth Sciences of UNESCO), discussed management and
proposal of ICL in the thematic conference Session 3.8 on
Floods (IFI) and Landslides (IPL).

A thematic session titled “New International Initiatives
for Research and Risk Mitigation of Floods (IFI) and
Landslides (IPL)” was held on January 19, 2005. Joint
organizers of this session were ICL and the International
Association of Hydrological Sciences (IAHS) together with
UNESCO, WMO, FAO, UNU, MEX), Kyoto University,
and the Public Works Research Institute (PWRI) of Japan.
Figure 10 presents a joint photo before the session. The
opening addresses of this session were presented by
UNESCO Director-General Koichiro Matsuura, by WMO
Secretary-General Michel Jarraud, Salvano Briceno Director
of UN/ISDR and others. The discussion was chaired by
Hans van Ginkel (Rector of UNU) with Andras
Szollosi-Nagy (Director, Division of Water Science of
UNESCO) as Moderator.

During this session, the ICL proposed and received
approval on a “Letter of Intent” aiming to provide a plat-
form for a holistic approach in research and learning on
“Integrated earth system risk analysis and sustainable disaster
management.” Immediately after the session, Han van Ginkel
representing the United Nations University and Sálvano
Briceño representing UN International Strategy for Disaster
Risk Reduction signed this Letter of Intent. After WCDRR,
by the end of July 2005, other five United Nations and two

LLandslide, Earthquake, and Water-related
Disaster Risk Management, Kyoto

United Nations
Educational, Scientific and

Cultural Organization

Fig. 8 Logo of
UNESCO-KU-ICL UNITWIN
cooperation programme
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Fig. 9 Photos of
UNESCO/Kyoto
university/international
consortium on landslides
UNITWIN cooperation
programme

Fig. 10 Group photo during the
thematic session 3.8 “New
international initiative for
research and risk mitigation of
floods (IFI) and landslides
(IPL) during the world conference
on disaster reduction on 18–22
January 2005
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international organizations (UNESCO, WMO, FAO,
UN/ISDR, UNU, and ICSU (ISC) and WFEO) signed it. The
Letter of Intent is much lighter than bilateral Agreement and
Memorandum of Understanding. Figure 11 presents the
version which electronically integrated seven “Letter of
Intents” signed by each organization into one page figure.

The ICL and the signed organizations jointly organized a
Round Table Discussion to implement the “Letter of
Intent” at the United Nations University in Tokyo, Japan in
2006.

6 Round Table Discussion at UNU, Tokyo,
Japan and the Tokyo Action Plan in 2006

To implement on an activity related to the 2005 Letter of
Intent, a Round Table Discussion on Strengthening Research
and Learning on Earth System Risk Analysis and Sustainable
Disaster Management within UN-ISDR as Regards “Land-
slides” was jointly organized at the United Nations Univer-
sity, Tokyo by the ICL, UNESCO, WMO, FAO. UN/ISDR,
UNEP, UNU and Kyoto University in January 2006. The

Fig. 11 Letter of Intent which
was agreed at the second United
Nations world conference on
disaster risk reduction in Kobe,
Japan, and signed by seven global
stakeholders in 2005
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discussion was cosponsored by the Governments of Japan
(CAO, MOFA, MEXT, MAFF, MLIT), Italy (Ministry of
Foreign Affairs, Civil Protection), Slovak Republic (Ministry
of Environment), Czech Republic (Ministry of Environment),
Korea (National Emergency Agency) and others. Figure 12
presents a group photo of participants at Elizabeth Rose Hall
of the United Nations University, Tokyo, Japan on 18 Jan-
uary 2006.

On the final day of the round table discussion on 20
January 2006, participants adopted the 2006 Tokyo Action
Plan which provided the solid base for the current Interna-
tional Programme on Landslides (IPL) leading to the Sendai
Landslide Partnerships 2015–2025 and Kyoto Landslide
Commitment 2020 continuing to 2025 and beyond.

The full text of the 2006 Tokyo Action Plan is provided
below.

“2006 TokyoAction Plan” Strengthening Research
and Learning on Landslides and Related Earth
System Disasters for Global Risk
The 2006 Tokyo Round Table Discussion “Strength-
ening Research and Learning on Earth System Risk
Analysis and Sustainable Disaster Management within
UN-ISDR as Regards Landslides”—towards a dynamic
global network of the International Programme on
Landslides (IPL) was held at the United Nations
University, Tokyo, from 18th to 20th January, 2006 to
formulate a framework for cooperation and to identify
focus areas to reduce landslide risk worldwide. The
following action plan was adopted as a summary of the
meeting, to be implemented within the scope of the
Hyogo Framework for Action 2005–2015, “Building

the Resilience of Nations and Communities to Disas-
ters”, declared at the United Nations World Conference
on Disaster Reduction held in Kobe, Japan in 2005.

Preamble

Large and small landslides occur almost every year in
nearly all regions of the world. Figure 13 shows the
example for casualties in Japan for 1967–2004.
Landslide disasters in Japan have occurred every year;
the total number of deaths due to landslides is about
one half of those caused by earthquakes, including the
catastrophic 1995 Kobe earthquake.

“Landslides” are a complex-disaster phenomenon
that can be caused by earthquakes, volcanic eruptions,
heavy rainfall (typhoons, hurricanes), sustained rain-
fall, heavy snowmelt, unregulated anthropogenic
developments, mining, and others (Fig. 14a). Large-
scale coastal or marine landslides are known to cause
tsunami waves that kill many people; an example was
the 1792 UNZEN-Mayuyama landslide, which caused
a devastating tsunami that resulted in 16,000 fatalities
from the landslides and the tsunami in Japan. Also,
large-scale landslides on volcanoes can dislocate the
mountain tops and trigger volcanic eruptions; such
was the case for the 1980 eruption of Mount St. Helens
in the USA and presumably for Mt. Bandai in Japan.
Landslides also may occur without earthquakes, heavy
rains, volcanic eruptions, or human activities due to
progress of natural weathering; therefore, they occur
almost everywhere in the world. Landslides most
commonly impact residents living on and around
slopes.

Fig. 12 A group photo of the
participants during the round
table discussion on strengthening
research and learning on earth
system risk analysis and
sustainable disaster management
within UN-ISDR in regards to
“Landslides” was organized at the
United Nations university, Tokyo,
Japan on 18–20 January 2006
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Landslides are a natural phenomenon which can
only be effectively studied in an integrated, multi-
disciplinary fashion, including contribution from dif-
ferent natural and engineering sciences (earth and
water sciences), and different social sciences. This is
also the case because landslides are strongly related to

cultural heritage and the environment (Fig. 14b).
Landslides should be jointly managed by cooperation
of different ministries and departments of government
including some representing education, science and
technology, construction and transportation, agricul-
ture, forestry, and the environment, culture and

Fig. 14 Characteristics of landslide disasters

Fig. 13 Comparison of the numbers of victims in Japan from 1967 to
2004 due to landslide disasters, earthquake disasters including deaths
by earthquake-induced-landslides, and volcanic disasters including

deaths due to volcanic gas (The statistic of victims by landslide
disasters since 1967 was published by the Sabo technical center)

22 K. Sassa et al.



vulnerable groups (the poor, aged, handicapped, or
children). As landslides are highly localized phenom-
ena it is crucial to seek the contribution of local gov-
ernments or autonomous communities (Fig. 14c).

The disasters caused by landslides are of very
complex nature wherever they occur around the world.
Research on landslides should be integrated into a new
multi-disciplinary science fi eld of landslide study.
Landslide risk preparedness is to be managed by
multi-ministries.

Action Plan

Global cooperation in landslide-risk reduction research
and learning will be carried out encompassing related
disasters affecting the earth-system, such as heavy
rainfall, earthquakes, volcanic eruptions, tsunamis, and
disasters of anthropogenic origin. Establishment of a
Dynamic Global Network of the International Pro-
gramme on Landslides” and its operation will effec-
tively function for landslide and related risk reduction
through the implementation of the following Action
Items adopting a multi-hazard, multi-sectoral approach;

Actions

1. Establishment of the IPL Framework

(1) Establishment of the IPL Global Promotion
Committee

The IPL Global Promotion Committee shall be
established by ICL members and ICL supporting
organizations, as illustrated in Figure 15. The com-
mittee will meet annually, on the occasion of ICL
Board of Representative meetings, or possibly at other
occasions and locations. The committee will conceive
a strategy to promote the 2006 Tokyo Action Plan, and
will discuss the management of IPL global coopera-
tion fields, and their possible modification, selection,
and termination.

(2) Establishment of IPL World Centre

The IPL World Centre will be established to coordi-
nate and support implementation of the global coop-
erating fields of the International Programme on
Landslides (IPL), which works as the secretariat of the
IPL Global Promotion Committee and the Interna-
tional Programme on Landslides (IPL). The Centre
will be hosted by the Headquarter of the
UNESCO-KU-ICL UNITWIN Cooperation Pro-
gramme “Landslide Risk Mitigation for Society and

the Environment” in the Research Centre on Land-
slides, Disaster Prevention Research Institute, Kyoto
University, Kyoto, Japan, where the secretariat of the
International Programme on Landslides has been
located since its foundation in 2002.

2. Promotion of the Global Cooperating Fields of
the International Programme on Landslides
(IPL)

(1) Technology Development

A. Monitoring and Early Warning

• Use of various on-site, in-situ technologies,
aswell as satellite observations inmonitoring
landslide effects and contributing factors for
early-warning purposes

• Development of automated monitoring
methods covering large spatial extent and
real-time data communication, as well as
low-cost monitoring devices

• Development of early-warning method-
ologies, in particular for rain-induced
landslides

• Applications linking meteorological,
hydrological and landslide models.

B. Hazard Mapping, Vulnerability and Risk
Assessment

• Hazard Mapping at local and global scales
• Vulnerability assessment, considering

human life, land resources, structures,
infrastructure, and cultural heritage

• Risk assessment and communicating risk in
an easily understood manner.

(2) Targeted Landslides: Mechanisms and Impacts

A. Catastrophic Landslides

• Catastrophic landslides induced by natural
and anthropogenic factors such as rainfall,
earthquakes, volcanic activity, river ero-
sion, and human activities, and their
combinations

• Landslides threatening human lives and
high societal values

• Gigantic coastal landslides and marine
landslides causing tsunamis.
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B. Landslides Threatening Heritage Sites

• Studies for protection of cultural heritage,
cultural landscape, and the natural heritage
from landslides using non-invasive tech-
nologies and appropriate mitigation strate-
gies (e.g. Machu Picchu, Bamiyan, Lishan,
Cordillera Blanca).

(3) Capacity Building

A. Enhancing Human and Institutional
Capacities

• Building human capacities and expertise
in landslide management

• Institution building at national and local
levels through Centers of Excellence

• Enhancing implementation and action at
local level.

B. Collating and Disseminating Information/
Knowledge

• Developing a culture of awareness on
landslide risks

• Developing model policy frameworks,
standards, guidelines/checklists, and
training modules.

(4) Mitigation, Preparedness and Recovery

A. Preparedness

• Strengthening disaster preparedness of all
stakeholders

• Strengthening capacities of communities
and local institutions to cope with landslide
hazards

• Forecasting and providing early warning of
adverse conditions likely to lead to land-
slide activity

• Preparing contingency recovery plans,
including pre-positioning of technical and
material resources for likely landslide
events.

B. Mitigation

• Development of innovative, low-cost, and
ecologically appropriate landslide mitiga-
tion techniques.

• Mountain conservation methods, including
soil conservation, forest and watershed
management, and appropriate land-use
techniques

• Appropriate civil engineering works,
including construction and urban and
coastal development;

Fig. 15 Structure of the IPL
global-cooperation framework
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• Restricting inappropriate development in
landslide prone areas

• Development of appropriate policy and
planning mechanisms, such as land-use
management (including zoning)

• Promotion and strengthening of monitoring
and warning systems.

C. Recovery

• Post-landslide recovery and rebuilding
efforts should integrate landslide mitigation
measures

• Prevention of secondary risks of landslides
resulting from inappropriate re-building
efforts in response to any disaster (for
example, earthquakes, volcanic eruptions,
extreme weather events, etc.)

• Implementation of landslide recovery efforts
and programs (including psycho-social and
health aspects) with the participation of
affected communities and local authorities

• Providing long-term support to ensure sus-
tainable recovery.

3. Promotional Activities

(a) World Landslides Forum

Capitalizing on the competence, international experi-
ence and established organizational network of
ICL-IPL, it is proposed to create a global information
platform for future joint activities of the world-wide
landslide community, named the ‘World Landslide
Forum’ that shall be convened every 3 years.

The first World Landslides Forum—organized by
the ICL—can be planned to take place in January
2009, bringing together academics, practitioners,
politicians, et al. to a global, multidisciplinary,
problem-focused platform. This forum will provide an
opportunity for the first identification of a WCoE.
Linkages to ISDR activities, as well as other global
events, including the World Water Forum, the Inter-
national Year of Planet Earth, etc., will be established.

(b) Identification and Promotion of World Centres
of Excellence on Landslide Risk Reduction

The IPL Global Promotion Committee will identify and
promote World Centres of Excellence (WCoE) every 3
years within eligible organizations, such as universi-
ties, institutes, NGOs, government ministries and local

governments, contributing to “Risk Reduction for
Landslides and Related Earth System Disasters”.
Linkages to CoE at the national level will be used to
promote cooperation with the ICL and dissemination of
knowledge and information. An independent Panel of
Experts, set up by the Global Promotion Committee of
IPL, may be appointed to endorse the CoEs.

(c) Contributions to Global Landslide Issues

The IPL will mobilize global cooperation for
strengthening research and learning on risk reduction
for landslides and related earth system disasters at sites
identified as of great concern to the global community,
such as Macchu-Picchu, the Kashmir, Central Asia
high mountainous area, and Bamiyan.

(d) Partnerships

Mutually beneficial partnerships with other global
initiatives, such as the International Hydrological
Program (IHP), the International Geoscience Program
(IGCP), and The Mountain Partnership will be
developed.

In order to promote the 2006 Tokyo Action Plan, the ICL
exchanged a Memorandum of Understanding to each
UNESCO, WMO, FAO, UNU, UN/ISDR (UNDRR), ICSU
(ISC) and WFEO. The Tokyo Action Plan established a new
International Programme on Landsides with the Global
Promotion Committee of IPL. The current logo of IPL was
made based on the Tokyo Action Plan and the resulting
MOU with 7 global stakeholders.

Figure 16 presents the signing ceremony between
UNESCO and ICL to promote the 2006 Tokyo Action Plan

Fig. 16 Koïchiro Matsuura. Director-General of UNESCO and Kyoji
Sassa, President of the ICL exchanged a MoU to promote the 2006
Tokyo action plan on 22 August in Tokyo, 2006
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at a hotel in Tokyo with participants from ICL members,
Vice President of Kyoto University, representatives from
ICL supporting organizations in the Government of Japan.
Figure 17 is the logo of a new International Programme on
Landslides (IPL) supported by the seven global stakeholders.

7 The First World Landslide Forum in 2008
in Tokyo, Japan

The 2006 Tokyo Action Plan proposed “World Landslide
Forum” as one of the promotional activities. It capitalized
on the competence, international experience and established
organizational network of ICL-IPL to create a global
information platform for future joint activities of the
world-wide landslide community. The ‘World Landslide
Forum’ was planned to be convened every 3 years.

The 2006 Tokyo Action Plan proposed the establishment
of the IPL Global Promotion Committee. The first session of
the IPL Global Promotion Committee and IPL Symposium
2007 were organized at Elizabeth Rose Hall, United Nations
University, Tokyo, Japan on 22–25 January 2007. In this
meeting, chairpersons of IPL Global Promotion Committee
were selected. Specifically, as chairperson: Salvano Briceno
(UN/ISDR), and as Deputy chairpersons: Badaoui Rouhban
(UNESCO), Kyoji Sassa (ICL-Headquarters) and Paolo
Canuti (ICL-Europe). The IPL World Centre was defined as
the secretariat for IPL and the IPL Global Promotion Com-
mittee. The IPL World Centre is a part of the legal body of
ICL. The organizations and the programme of the First
World Landslide Forum was examined in this meeting.

Following the 2006 Tokyo Action Plan, the First World
Landslide Forum was organized at the United Nations
University, Tokyo, Japan by the following organizers and
cosponsors.

Organizers: International Consortium on Landslides, United
Nations Educational, Scientific and Cultural Organization
(UNESCO), World Meteorological Organization (WMO),
Food and Agriculture Organization of the United Nations
(FAO), United Nations International Strategy for Disaster
Risk Reduction (UN/ISDR), United Nations University
(UNU), United Nations Environment Programme (UNEP),
World Bank (IBRD), United Nations Development Pro-
gramme (UNDP), International Council for Science (ICSU),
World Federation of Engineering Organizations (WFEO),
Kyoto University, and Japan Landslide Society.

Cosponsors: Cabinet Office of Japan, Ministry of Foreign
Affairs, Japan, Ministry of Education, Culture, Sports, Sci-
ence and Technology, Japan, Ministry of Agriculture, For-
estry and Fisheries of Japan, Ministry of Land Infrastructure
and Transport, Japan, Japan Meteorological Agency, Sci-
ence Council of Japan, Japan International Cooperation
Agency, Public Works Research Institute, Japan, Asian
Disaster Reduction Center, Japan, Ministry for Research and
University, Italy, Ministry of Foreign Affairs, Italy, Ministry
of the Environment, Italy, Department of Civil Protection of
the Presidency of the Council of Ministers, Italy, Interna-
tional Union of Geological Sciences, International Union of
Geodesy and Geophysics, International Flood Initiative,
International Year of Planet Earth, and Academy of Forest,
Wood and Environment, Japan.

As a result of the national and international support, the
First World Landslide Forum (WLF1) attracted many people
and organizations from 48 countries. The participants are
pictured in Fig. 18.

The 2006 Tokyo Action Plan proposed the establishment
of the IPL Global Promotion Committee (GPC/IPL). The
first session of the IPL Global Promotion Committee was
organized at Elizabeth Rose Hall, United Nations University,
Tokyo, Japan on 22–25 January 2007. The management of
GPC/IPL was decided. In this meeting, Salvano Briceno
(Director of UN/ISDR) was selected to be as the first
chairperson of GPC/IPL. The second GPC/IPL was orga-
nized on 21–25 January 2008 and the third GPC/IPL was
organized on 17 November 2008, one day before the First
World Landslide Forum. Thereafter, GPC/IPL has been
organized every year at the same time of the annual Board of
Representative Meeting of ICL (BOR/ICL).

The 2006 Tokyo Action Plan proposed the identification
and promotion of World Centers of Excellence on Land-
slide Risk Reduction (WCOE) to be identified every three
years. The ICL identified the first twelve WCOEs (2008–
2011) at WLF1 as follows:

Fig. 17 Logo of the international programme on landslides including
seven global stakeholders which agreed and signed an MoU with ICL
to promote the Tokyo action plan
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1. China: China Geological Survey
2. Czech Republic: Faculty of Science, Charles University

in Prague
3. Italy: Department of Earth Science, University of

Florence
4. Italy: Research Center on Prediction Prevention and

Control of Georisks of Rome University “La Sapienza”
5. Japan: The Japan Landslide Society
6. Malaysia: Slope Engineering Branch, Public Works

Department of Malaysia
7. Norway: International Center for Geohazards (ICG) at

NGI
8. Russia and Kyrgyz: Institute of Geospheres Dynamics of

Russian Academy of Science (IDG RAS) and Kyrgyz
Institute of Seismology (KIS)

9. Slovenia: University of Ljubljana, Faculty of Civil and
Geodetic Engineering (UL FGG)

10. South Africa: Engineering Geoscience Unit, Council for
Geoscience

11. Thailand: Asian Disaster Preparedness Center
12. USA: U.S. Geological Survey.

Thereafter, more than ten WCOEs have been identified at
every WLF.

After the First World Landslide Forum in Tokyo in 2008,
the Second World Landslide Forum was in Rome, Italy in
2011, the Third World Landslide Forum in Beijing, China in
2014, the Fourth World Landslide Forum in Ljubljana, Slove-
nia in 2017 and the Fifth World Landslide Forum in Kyoto,
Japan in 2021 (postponed by one year due to COVID-19).

8 3rd WCDRR in 2015, Sendai, Japan

The Third World Landslide Forum was organized in Beijing,
China on 2–6 May 2014. On 3 May, a high-level panel dis-
cussion on an initiative to create a safer geoenvironment toward
WCDRR 2015 and forward was moderated by Hans van
Ginkel, Chair of Independent Panel of Experts for World
Centers of Excellence (WCoE).

From the high-level panel discussion, the Beijing
Declaration-Landslide Risk Mitigation Toward a Safer
Geo-environment was adopted. This declaration included
that participants endorse plans to organize an ICL-IPL
Conference as part of the Third World Conference on
Disaster Risk Reduction (3rd WCDRR) to take place in
Sendai, Japan in March 2015. They urged the ICL-IPL
Sendai Conference to define and adopt concrete actions,
which will be carried out by international networks and
partnerships, of public and private institutions, in science
and technology creating the ICL-IPL Sendai Partnerships to
help achieve the ISDR goals.

The high-level panel discussion in Beijing, China on 3
May 2014 was a very important step for the ISDR-ICL
Sendai Partnerships 2015–2025. A group photo after the
high-level panel discussion is shown in Fig. 19, which
includes Director-General of UNESCO, Irina Bokova,
Rector of United Nations University, Han van Ginkel,
Representatives from UNISDR, WMO, and IRDR as well as
President, Vice President and other key persons of ICL and
key persons from the Government of China as the host.

Fig. 18 Group photo of
participants on the first day of the
first world landslide forum
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Establishment of the ISDR-ICL Sendai Partnerships
2015–2025
After the 2014 Beijing Declaration, the ICL made efforts to
organize a session in the Third UN World Conference on
Disaster Risk Reduction (3rd WCDRR) in Sendai, Japan in
March 2015. ICL succeeded in being a co-organizer of the
Working Session No. 4 (WS 4) “Underlying Risk Factors”
(Priority No. 4 of the Hyogo Framework for Action) of 3rd
WCDRR together with MLIT, UNESCO, and other orga-
nizations under the initiative of ISDR. During the prepara-
tory stages, the titles of planned partnership were changed
twice during the discussion.

(1) ICL-IPL Sendai Partnerships 2015–2024 Landslide
disaster risk reduction for a safer geoenvironment.

(2) ISDR-ICL: SENDAI PARTNERSHIPS 2015–2024 for
Global Promotion of Understanding and Reducing
Landslide, Flood, and Tsunami Disaster Risk.

(3) ISDR-ICL Sendai Partnerships 2015–2025 for global
promotion of understanding and reducing landslide
disaster risk.

The last version of partnerships was reported, and its imple-
mentation plan was examined in the ICL-IPL Sendai Part-
nership Conference on 11–15 March 2015. These Sendai
Partnerships were then proposed to the Working Session
No. 4 “UnderlyingRisk Factors” held at 10:00–11:30AMJST
in Hagi Hall of the Sendai International Center on 16 March
2015. The chairperson of the session was Kamal Kishore and
the moderator was Badaoui Rouhban. Kyoji Sassa proposed
these Sendai Partnerships in the final part of the session which

was devoted to make statements of commitments on
addressing the Underlying Risk Factors in the post-2015
framework for disaster risk reduction. As a result, the launch
of the Sendai Partnerships was announced in the session.

Signing ceremony and the Sendai Partnerships

The signing ceremony of the ISDR-ICL Sendai Partnerships
was organized in a Japanese Restaurant “JUNSEN” in Sen-
dai, Japan from 12:00–13:30 JST on 16 March 2015. Sixteen
intergovernmental, international, and national organizations
signed the Sendai Partnerships. Some of the heads of several
organizations attended and signed in-person, while some
organizations nominated an officer in-charge of disaster
reduction to sign the documents. Other organizations signed
the Sendai Partnerships in advance and sent a representative
to bring the signed partnership to the ceremony.

A photo of the signing ceremony is shown in Fig. 20. The
list of signed organizations of the ISDR-ICL Sendai Land-
slide Partnerships 2015–2025 and the signed document are
presented in the following pages. Six new partners signed the
partnerships in 2016 and 2017.

1. International Consortium on Landslides (ICL)
2. United Nations Office for Disaster Risk Reduction

(UNISDR)
3. United Nations Educational, Scientific and Cultural

Organization (UNESCO)
4. Food and Agriculture Organization of the United Nations

(FAO)
5. United Nations University (UNU)

Fig. 19 A group photo of participants after the high-level panel
discussion on 3 May 2014 which proposed the establishment of the
ICL-IPL Sendai Partnerships at 2nd WCDRR in Sendai, Japan in

March 2015. Irina Bokova, Director-General of UNESCO (in the center
of this photo) delivered a certificate to each leader of twelve WCoEs
immediately after the high-level panel discussion
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6. International Council for Science (ICSU)
7. World Federation of Engineering Organizations

(WFEO)
8. International Union of Geological Sciences (IUGS)
9. International Union of Geodesy and Geophysics (IUGG)

10. Cabinet Office, Government of Japan (CAO)
11. Ministry of Education, Culture, Sports, Science and

Technology, Government of Japan (MEXT)
12. Kyoto University
13. Science Council of Japan
14. National Civil Protection Department, Italian Presi-

dency of the Council of Ministers, Government of
Italy

15. National Protection and Rescue Directorate, Republic of
Croatia

16. Global Risk Forum (GRF) Davos
17. World Meteorological Organization (WMO)
18. Euro Geo Surveys
19. Indonesian National agency for Disaster Management
20. Science Committee of the Integrated Research on

Disaster Reduction (IRDR)
21. Administration of the Republic of Slovenia for Civil

Protection and Disaster Relief (URSZR)
22. Ministry of Natural Resources and Environment the

Socialist Republic of Vietnam.

Fig. 20 Signing ceremony of ISDR-ICL Sendai Partnerships 2015–
2025. Front (left to right) Sorrenti Ambra (for Franco Gabrielli, Italian
civil protection), Irasema Alcantara-Ayala (for Gordon Mcbean, ICSU),
Srikantha Herath (for Kazuhiko Takeuchi, UNU), Roland Oberhansli
(IUGS), Kaoru Saito (Cabinet Office, Japan), Giuseppe Arduino (for
Qunli Han, UNESCO), Kyoji Sassa (ICL), Margareta Wahlström
(UNISDR), Dominique Burgeon (FAO), Robert Mikac (for Croatia
Civil Protection), Takashi Onishi (Science Council of Japan), Alik

Ismail-Zedeh (IUGG), and Kaoru Takara (for Kayo Inaba, Kyoto
University). Back (left to right) Hiroshi Fukuoka (ICL), Nicola Casagli
(ICL), Yuki Matsuoka (UNISDR), Alexandros Makarigakis
(UNESCO), Toshimitsu Komatsu (WFEO), Satoru Nishikawa (Water
Agency, Japan), Badaoui Rouhban (IPL-ICL), Paolo Canuti (ICL),
Yueping Yin (ICL), and Matjaz Mikos (ICL). Left bottom Qunli Han
(UNESCO) and Franco Gabrielli (Italian civil protection)
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The ISDR-ICL Sendai Partnerships 2015–2025 with signa-
tures are provided below.
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9 KLC2020: Launched in Kyoto, Japan

ISDR-ICL Sendai Partnerships 2015–2025 (Sendai Land-
slide Partnerships 2015–2025) has been very successful in
promoting the understanding and reduction of landslide
disaster risk since 2015. The Sendai Partnerships will ter-
minate in 2025. However, the landslide risk to human set-
tlements in mountainous and coastal areas in many countries
will likely continue to rise including after the latter-half of
the Sendai Landslide Partnerships 2015–2025. The ICL and
partners of the Sendai Landslide Partnerships wish to
establish a stable and long-term framework to mobilize a
global alliance which will accelerate and incentivize action
for landslide disaster risk reduction.

The Fourth World Landslide Forum (WLF4) was orga-
nized in Ljubljana, Slovenia from 30 May to 2 June 2017.
Five volumes of books were published under the title of
“Advancing Culture of Living with Landslides.” Volume 1
was devoted to the ISDR-ICL Sendai Partnerships 2015–
2025 and published in an open access format.

On the first day (30 May 2017) of WLF4, the High-Level
panel discussion on “Strengthening Intergovernmental Net-
work and the International Programme on Landslides
(IPL) for ISDR-ICL Sendai Partnerships 2015–2025 for

global promotion of understanding and reducing landslide
disaster risk” was organized. The panelists were from the
signatory organizations of Sendai Partnerships (ICL,
UNESCO, WMO, FAO, UNU, ISC, WFEO, IUGS, IUGG,
Cabinet Office of Japan, Italian Civil Protection, and Global
Risk Forum, Davos) and new signatory organizations
(Indonesian National Agency for Disaster Management,
Administration of the Republic of Slovenia for Civil Pro-
tection and Disaster Relief, Ministry of Natural Resources
and Environment, Vietnam, IRDR Science Committee, and
EuroGeoSurveys).

Participants of the high-level panel discussion in WLF4
considered and further endorsed the first outline of the Kyoto
Landslide Commitment 2020 as a stable framework to
mobilize in the medium and long term to accelerate and
incentivize action for landslide disaster risk reduction to 2025,
2030 and beyond.

The Kyoto Landslide Commitment 2020 (KLC2020) is a
framework aimed at providing key actors and stakeholders
concerned with landslide risk at all levels and sectors with
the tools, information, platforms, technical expertise and
incentives to promote landslide risk reduction at a global
scale. It supports the implementation, follow-up and review
of the Sendai Framework, the 2030 Agenda for Sustainable
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Development, the New Urban Agenda and the Paris Climate
Agreement as it addresses the adverse effects of climate
change.

The concept of theKyoto 2020Commitment was approved
by the 2017 Ljubljana Declaration (Sassa et al. 2017) with the
zero-draft of KC2020 made during the 2017 ICL-IPL
UNESCO Conference. The zero-draft was continuously
revised throughout 2018 to the final draft which was approved
by 2018 ICL-IPL Kyoto Conference on 1–4 December 2018
(Sassa 2019a).

The 19th session of the Board of Representatives of the
International Consortium on Landslides (BOR/ICL), the 14th
session of the Global Promotion Committee of the Interna-
tional Programme on Landslides (GPC/IPL), the meeting of
the organizing committee of the Fifth World Landslide
Forum, and the IPL Symposium on Landslides were held at
Room IX, Fontenoy Building, UNESCO Headquarters in
Paris, France, on 16–19 September 2019. On 18 September
2019 during this meeting, 57 global, international and
national organizations signed the Kyoto Landslide Commit-
ment as the first signatories (Sassa 2019b).

The ICL and all partners of KLC2020 expected to launch
this Kyoto Landslide Commitment at the Fifth World
Landslide Forum in November 2020 in Kyoto, Japan.
However, due to the COVID-19 Pandemic, the Fifth World
Landslide Forum was postponed to 2–6 November 2021 in
Kyoto, Japan. The Kyoto Landslide Commitment 2020 had
been prepared since 2017 and was already signed by 57
organizations. Since the effective date of the Commitment
could not be extended, it was decided to organize the
launching session of the Kyoto Landslide Commitment on 5
November 2020 during the 2020 ICL-IPL Online/Virtual
Conference in Kyoto, Japan. (Sassa 2021).

Representatives from ninety total signatory organizations
and observers attended this launching session. Photos were
requested from the participating representatives of the ninety
signatory organizations. The photos of chairs of the session,
greeting persons from ICL supporting organizations, and
panelists of the session are shown below.

Launching Session of Kyoto Landslide Commitment 2020

Co-chair: David Malone
Under-secretary-general of the United
Nations

Co-chair: Qunli Han
Executive director of integrated research on disaster
reduction

Secretary-General: Kyoji Sassa KLC2020
Secretariat
Keynote speech
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Panel Discussion: Chairs, Panelists, and closure

10 Ninety Signatories of Kyoto Landslide
Commitment 2020

The list of the ninety signatories of Kyoto Landslide Com-
mitment, their positions/organizations, and countries/
regions/ international organizations (int. org.) and date of
signature are presented in Table 1.

11 Signed Version of the Kyoto Landslide
Commitment 2020

The full text of the Kyoto Landslide Commitment 2020 is
attached below. As noted in Table 1, ninety organizations
signed the attached document and joined the partners of the
Kyoto Landslide Commitment 2020. KLC2020 does not

Chair:
Matjaž Mikoš Co-Chair,
global promotion committee
of IPL/Chair of WLF4, 2017

Moderator:
Badaoui Rouhban
Advisor, the international programme
on landslides (IPL)

Paola Albrito
Chief of Branch,
intergovernmental processes,
interagency cooperation and
partnerships, UNDRR

Soichiro Yasukawa
Programme specialist on
disaster risk reduction,
UNESCO

Peter Bobrowsky
ICL President, geological
survey of Canada

Dwikorita Karnawati Head of the
agency for meteorology, climatology
and geophysics of the Republic of
Indonesia

Beena Ajmera
North Dakota State University,
the youngest signatory of
KLC2020

Nicola Casagli
Closing remark
Incoming ICL President
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Table 1 List of signatories of the Kyoto landslide commitment from 2019 and 2020

No Signatories Position/Organization Countries/Regions/Intr.
Org

Date of
signature

Management of Kyoto landslide commitment 2020

1 David Malone Chair, KLC2020 general Conference UNU 05/09/2020

2 Kyoji Sassa Secretary-general, KLC2020 secretariat ICL 05/09/2020

Host organization

1 Peter Bobrowsky President, international consortium on landslides ICL 18/09/2019

ICL supporting organizations and other partners from governmental and international organizations

1 Petteri Taalas Secretary-general, WMO WMO 04/11/2020

2 Miguel
Clusener-Godt

Director, division of ecological and earth sciences, UNESCO UNESCO 10/09/2019

3 Paola Albrito Chief of branch, intergovernmental processes, interagency
cooperation and partnerships, United Nations office for disaster
risk reduction (UNDRR)

UNDRR 07/09/2020

4 Taikan Oki Senior Vice-Rector, United Nations university UNU 05/09/2019

5 Jacques de Méreuil Executive Director, world federation of engineering organizations WFEO 18/09/2019

6 Qunli Han Executive Director, integrated research on disaster risk IRDR 18/09/2019

7 Qiuming Cheng President, international union of geological sciences IUGS 02/02/2020

8 Kathy Whaler President, international union of geodesy and geophysics IUGG 18/08/2020

9 Daya Reddy President, international science council ISC 01/09/2020

10 Juichi Yamagiwa President, Kyoto University Japan 18/09/2019

11 Akifumi Nakao Director, international cooperation division, disaster management
bureau, cabinet office, government of Japan

Japan 15/01/2020

12 Masaru Kunitomo Director, Sabo planning coordination, Sabo planning division,
ministry of land infrastructure, transport and tourism

Japan 18/09/2019

13 Tomohiro Saeki Head, forest disaster prevention and restoration office, forestry
agency, ministry of agriculture, forestry and fisheries

Japan 18/03/2020

14 Kenichiro Saito Director, office for disaster reduction research ministry of
education, culture, sports, science and technology

Japan 01/08/2020

15 Angelo Borrelli Head, national civil protection department, Italian presidency of
the council of ministers

Italy 18/09/2019

16 Darko But Director general, administration for civil protection and disaster
relief of the Republic of Slovenia

Slovenia 18/09/2019

17 Walter J. Ammann CEO & President, global risk forum GRF Davos GRF Davos 18/09/2019

18 Rafig Azzam President, international association for engineering geology and
the environment

IAEG 01/10/2019

19 Nathalie Touze Vice-President, international geosynthetics society IGS 18/09/2019

ICL supporting organizations as well as ICL full members

1 Julian SH Kwan Geotechnical engineering office, civil engineering and
development department, the government of Hong Kong SAR

Hong Kong SAR,
China

18/09/2019

2 Nicola Casagli UNESCO chair for the prevention and the sustainable management
of geo-hydrological hazards, University of Firenze (UNIFI)

Italy 18/09/2019

3 Young-Suk SONG Head, geo-environmental hazard research center, Korea institute of
geoscience and mineral resources

Korea, Rep 20/08/2020

4 Matjaž Mikoš University of Ljubljana, faculty of civil and geodetic engineering Slovenia 18/09/2019

(continued)
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Table 1 (continued)

No Signatories Position/Organization Countries/Regions/Intr.
Org

Date of
signature

ICL full members

1 Sabid Zekan Vice-President, geotechnical society of Bosnia and Herzegovina Bosnia and
Herzegovina

10/08/2020

2 Renato Eugenio de
Lima

Director, center for scientific support on disasters—Federal
University of Paraná—Brazil (CENACID-UFPR)

Brazil 18/09/2019

3 Daniel Lebel Director general, geological survey of Canada Canada 18/09/2019

4 Michael T. Hendry Associate Professor, university of Alberta Canada 18/09/2019

5 Wei Shan Dean of cold regions science and engineering, northeast forestry
university

China 18/09/2019

6 Chang-Dong Li China university of geosciences (Wuhan) China 18/09/2019

7 Lijun Su Institute of mountain hazards & environment, CAS China 18/09/2019

8 Charles Wang Wai
Ng

Associate Vice-President for research and development, CLP
Holdings Professor of sustainability, chair professor of civil and
environmental engineering, The Hong Kong university of science
and technology

Hong Kong SAR,
China

08/07/2020

9 Clarence E. Choi Assistant Professor, department of civil engineering, the university
of Hong Kong

Hong Kong SAR,
China

24/08/2020

10 Aiguo Xing Shanghai Jiao Tong University China 04/08/2020

11 Snježana Mihalić
Arbanas and Željko
Arbanas

Croatian Landslide Group Croatia 18/09/2019

12 Guillermo Ávila National University of Colombia Colombia 18/09/2019

13 Vít Vilímek Charles University Czech Republic 18/09/2019

14 Josef Stemberk Director, institute of rock structure and mechanics, the Czech
academy of sciences

Czech Republic 18/09/2019

15 Hauke Zachert Head, institute and laboratory of geotechnics, technical university
Darmstadt

Germany 18/09/2019

16 Andro Aslanishvili Head of LEPL national environmental agency of Georgia, ministry
of environment protection and agriculture

Georgia 18/09/2019

17 Lidia Elizabeth
Torres Bernhard

Director, Instituto Hondureño de Ciencias de la Tierra,
IHCIT/Universidad Nacional Autónoma de Honduras UNAH

Honduras 02/09/2020

18 Maneesha V Ramesh Amrita Vishwa Vidyapeetham India 18/09/2019

19 Dwikorita Karnawati Head, agency for meteorology, climatology, and geophysics of the
Republic of Indonesia (BMKG Indonesia)

Indonesia 18/09/2019

20 Teuku Faisal Fathani Director, center for disaster mitigation and technological
innovation (GAMA-InaTEK), Universitas Gadjah Mada, Indonesia

Indonesia 18/09/2019

22 Paulus P. Rahardjo Head of geotechnical engineering research center, Universitas
Katolik Parahyangan

Indonesia 10/08/2020

23 Mohammad
Shekarchizadeh

President, building & housing research center Iran 14/04/2019

24 Daniele Spizzichino ISPRA-Italian institute for environmental protection and research Italy 18/09/2019

25 Carlo Esposito Centro di Ricerca CERI—Sapienza Università di Roma Italy 18/09/2019

26 Giuseppe Mandrone Dept. Earth Science, University of Torino Italy 18/09/2019

27 Andrea Segalini University of Parma, Dept. of engineering and architecture Italy 18/09/2019

28 Giovanna Capparelli Camilab—Dimes Dept. university of Calabria Italy 18/09/2019

29 Paola Reichenbach Senior researcher, research institute for geo-hydrological
protection, Italian national research council (IRPI-CNR)

Italy 22/06/2020

(continued)

36 K. Sassa et al.



Table 1 (continued)

No Signatories Position/Organization Countries/Regions/Intr.
Org

Date of
signature

30 Lorenzo Petronio Chief technology officer, national institute of oceanography and
applied geophysics (OGS)

Italy 24/08/2020

31 Hiroshi Yagi President, Japan landslide society Japan 18/09/2019

32 Fawu Wang Director-general, international consortium on geo-disaster
reduction

Japan 18/09/2019

33 Irasema
Alcántara-Ayala

Institute of geography, national autonomous university of Mexico
(UNAM)

Mexico 29/07/2020

34 Zoran Gligorić Dean, faculty of mining and geology, university of Belgrade Serbia 18/09/2019

35 Tomislav Popit University of Ljubljana, faculty of natural sciences and
engineering

Slovenia 18/09/2019

36 Miloš Bavec Director, geological survey of Slovenia Slovenia 18/09/2019

37 A A Virajh Dias Central engineering consultancy Bureau Sri Lanka 18/09/2019

38 Asiri Karunawardena Director general, national building research organisation Sri Lanka 15/06/2020

39 Ray-Shyan Wu Distinguished professor, national central university Chinese Taipei 12/03/2020

40 Louis Ge Department of civil engineering, national Taiwan university Chinese Taipei 18/09/2019

41 Hans Guttman Executive director, Asian disaster preparedness center Thailand 18/09/2019

42 Benjaporn
Chakranon

Director general, land development department, ministry of
agriculture and cooperatives

Thailand 11/08/2020

43 Oleksandr M.
Trofymchuk

Institute of telecommunications and global information space,
national academy of science of Ukraine

Ukraine 18/09/2019

44 Binod Tiwari Associate vice president, office of research and sponsored projects,
division of academic affairs, California state university, Fullerton

USA 18/09/2019

45 Nguyen Xuan Khang Director general, institute of transport science and technology Vietnam 18/09/2019

46 Tran Tan Van Director, Vietnam institute of geosciences and mineral resources
(VIGMR)

Vietnam 18/09/2019

ICL associate members

1 Qiang Xu Executive deputy director, state key laboratory of Geohazard
prevention and geoenvironment protection, Chengdu university of
technology

China 18/09/2019

2 Zdenek Venera Director, Czech geological survey Czech Republic 30/07/2020

3 Mario Parise Department of earth and environmental sciences, university Aldo
Moro, Bari

Italy 18/09/2019

4 Michele Calvello Geotechnical engineering group (GEG), university of Salerno Italy 18/09/2019

5 Andrea Stefano Di
Giulio

Head, department of earth and environmental sciences, university
of Pavia

Italy 15/07/2020

6 Ryo Moriwaki Director, center for disaster management informatics research,
Ehime university

Japan 18/09/2019

7 Michel Jaboyedoff Directeur ISTE—institute of earth sciences, risk-group, university
of Lausanne

Switzerland 14/08/2020

8 Nejan Huvaj Middle east technical university (METU) Turkey 18/09/2019

9 Beena Ajmera North Dakota state university USA 18/09/2019

ICL supporters

1 Matthias Twardzik Business development manager—monitoring organization: IDS
GeoRadar

Italy 11/08/2020

2 Shinro Abe Adviser, Okuyama Boring Co., Ltd Japan 18/09/2019

3 Nobuyuki Shibasaki General manager, land conservation division, Nippon Koei Co.,
Ltd

Japan 18/09/2019

4 Ryosuke Tsunaki Executive engineer, Sabo & landslide technical center Japan 18/09/2019

(continued)
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require any additional works or responsibilities from the
partners other than their own intrinsic works/mandates. The
current KCL2020 partners are ICL members (full members,
associate members, and supporters), partners of Sendai
Landslide Partnerships (ISDR-ICL Sendai Partnerships)
2015–2025, governments of nations of ICL members, and
international societies that contribute to the World Landslide
Forums and KLC2020. All partners are organizations with
some activities related to understanding and reducing land-
slide disaster risk as part of their intrinsic missions. The
current signatories call on wide-ranging further signatories
for the success of the Kyoto Landslide Commitment 2020
continuing to 2030 and beyond.

Any reader of the following full text of the Kyoto Land-
slide Commitment 2020 wishing to join the KLC2020 should
contact the secretary of KLC 2020 at klc2020@iclhq.org.

KYOTO 2020 Commitment for global promotion
of understanding and reducing landslide disas-
ter risk
A Commitment to the Sendai Landslide Partnerships
2015–2025, the Sendai Framework for Disaster Risk
Reduction 2015–2030, the 2030 Agenda Sustainable
Development Goals, the New Urban Agenda and the
Paris Climate Agreement

Preamble

Landslide disasters are the result of impacts of haz-
ardous movement of soil and rocks that threaten vul-
nerable human settlements and infrastructure in
mountains, cities, on coasts, and islands. An increase
in the frequency and/or magnitude of heavy rainfall
and shifts in the location, timing and periodicity of
rainfall and permafrost/glacier degradation due to
changing climate and global warming may signifi-
cantly intensify the risk of landslides in many land-
slide prone areas.

Developments in mountains and coastal areas,
including infrastructure construction such as roads,
railways, energy and communication corridors,
expansion of urban areas, including deforestation due
to population growth and movement increase exposure
to the hazards of landslides. Landslide disaster risk
reduction is a globally important objective in all
countries/regions where people living near mountains
and on slopes are exposed to landslides.

The International Consortium on Landslides
(ICL) proposed the ‘ISDR-ICL Sendai Partnerships
2015–2025 for Global Promotion of Understanding and
Reducing Landslide Disaster Risk’ in the Working
Session “Underlying Risk Factors” during the 3rd
World Conference on Disaster Risk Reduction
(WCDRR) in Sendai, Japan, 2015. The Sendai Part-
nerships was adopted and signed by 17 United Nations,
international and national stakeholders. Joint efforts
thereafter have been made and resulted in significant
outcomes and materials including the edition and pub-
lication of the open access full color book “ISDR-ICL
Sendai Partnerships 2015–2025”, Vol. 1 of the Fourth
World Landslide Forum (Ljubljana, 2017), the edition
of “Landslide Dynamics: ISDR-ICL Landslide Inter-
active Teaching Tools”, as well as the enhanced publi-
cation of the monthly full-color journal Landslides:
Journal of the International Consortium on Landslides.

The landslide risk to human settlements in moun-
tainous and coastal areas in many countries will likely
continue to rise including after the latter-half period of
the Sendai Landslide Partnerships 2015–2025. In
September 2015, the United Nations General Assem-
bly adopted the 2030 Agenda for Sustainable Devel-
opment and its 17 Sustainable Development Goals
(SDG) including SDG 11 ‘Make cities and human
settlements inclusive, safe, resilient and sustainable’
and SDG 13 ‘Take urgent action to combat climate

Table 1 (continued)

No Signatories Position/Organization Countries/Regions/Intr.
Org

Date of
signature

5 Maki Yano President, OSASI Technos, Inc Japan 18/09/2019

6 Masaru Narita President, Oyo cooperation Japan 22/04/2020

7 Taketoshi Marui President, Marui & Co., Ltd Japan 05/06/2020

8 Yamazaki Tsutomu Director and general manager of technical headquarters, Japan
conservation engineer & Co. Ltd

Japan 16/06/2020

9 Yuji Sato Director and general manager of technical headquarters, Godai
Kaihatsu Co., Ltd

Japan 24/08/2020

10 Satoshi Hijikata President, Kokusai Kogyo Co., Ltd Japan 05/09/2020
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change and its impacts’. As a voluntary commitment
to the 2030 Agenda, to the Sendai Framework for
Disaster Risk Reduction 2015–2030 and to the Paris
Agreement on Climate Change as well as to the Sendai
Landslide Partnerships itself, participants in the Fourth
World Landslide Forum considered and further
endorsed the first outline of a commitment, the Kyoto
Landslide Commitment 2020, as a stable framework to
mobilize in the medium and long term a global alli-
ance which will accelerate and incentivize action for
landslide disaster risk reduction.

The High-Level panel discussion on “Strengthen-
ing Intergovernmental Network and the International
Programme on Landslides (IPL) for ISDR-ICL Sendai
Partnerships 2015–2025 for global promotion of
understanding and reducing landslide disaster risk”
was organized during the Fourth World Landslide
Forum. The panelists were from the signatory orga-
nizations of Sendai Partnerships (ICL, UNESCO,
WMO, FAO, UNU, ISC, WFEO, IUGS, IUGG,
Cabinet Office of Japan, Italian Civil Protection,
Global Risk Forum, Davos) and new signatory orga-
nizations (the Indonesian National Agency for Disaster
Management, the Administration of the Republic of
Slovenia for Civil Protection and Disaster Relief,
Ministry of Natural Resources and Environment,
Vietnam, IRDR Science Committee, EuroGeoSur-
veys) as well as experts in this field.

The outcome of this High-Level panel discussion
was reviewed by the Round Table Discussion to pro-
mote the Sendai Partnerships and the participants
approved the 2017 Ljubljana Declaration on Landslide
Risk Reduction. The Declaration endorsed the plan for
the organization of the Fifth World Landslide Forum
in Kyoto, Japan in November 2020 and the preparation
of the Kyoto Landslide Commitment 2020 of a global
alliance which aims, in the medium and long term, to
accelerate and incentivize action for landslide disaster
risk reduction to 2025, 2030 and beyond.

The Kyoto Landslide Commitment 2020
(KLC2020) is a framework aimed at providing key
actors and stakeholders concerned with landslide risk
at all levels and sectors with the tools, information,
platforms, technical expertise and incentives to pro-
mote landslide risk reduction on a global scale. It
supports the implementation, follow-up and review of
the Sendai Framework, the 2030 Agenda for Sustain-
able Development, the New Urban Agenda and the
Paris Climate Agreement as it addresses the adverse
effects of climate change.

KLC2020 reaffirms the following resolution of the
Sendai Landslide Partnerships, acknowledging that:

• Landslide disasters are caused by exposure to
hazardous motions of soil and rock that threaten
vulnerable human settlements in mountains, cities,
on coasts, and islands.

• Climate change will intensify the risk of landslides
in some landslide prone areas through an increase
in the frequency and/or magnitude of heavy rain-
fall, and shifts in the location and periodicity of
heavy rainfall.

• Global warming will intensify the risk of landslides
in permafrost area and glacial lake outburst floods
through snow and ice melting.

• Developments in mountains and coastal areas,
including construction of roads and railways and
expansion of urban areas due to population shifts,
increase exposure to hazards of landslides.

• Although they are not frequent, strong earthquakes
have potential to trigger rapid and long runout
landslides and liquefaction. Earthquake-induced
coastal or submarine large-scale landslides or
megaslides (with depths on the order of hundreds of
meters to one thousand meters) in the ocean floor
can trigger large tsunami waves. These hazardous
motions of soil and water impacting on exposed
and vulnerable population can result into very
damaging effects.

• The combined effects of triggering factors, includ-
ing rainfall, earthquakes, and volcanic eruptions,
can lead to greater impacts through disastrous
landslides such as lahars, debris flows, rock falls,
and megaslides.

• Understanding landslide disaster risk requires a
multi-hazard approach and a focus on social and
institutional vulnerability. The study of social and
institutional as well as physical vulnerability is
needed to assess the extent and magnitude of
landslide disasters and to guide formulation of
effective policy responses.

• Human intervention can make a greater impact on
exposure and vulnerability through, among other
factors, land use and urban planning, building codes,
risk assessments, early warning systems, legal and
policy development, integrated research, insurance,
and, above all, substantive educational and
awareness-raising efforts by relevant stakeholders.

• The understanding of landslide disaster risk,
including risk identification, vulnerability
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assessment, time prediction, and disaster assess-
ment, using the most up-to-date and advanced
knowledge, is a challenging task. The effectiveness
of landslide disaster risk reduction measures
depends on scientific and technological develop-
ments for understanding disaster risk (natural
hazards or events and social vulnerability), politi-
cal “buy-in”, and on increased public awareness
and education.

• At a higher level, social and financial investment is
vital for understanding and reducing landslide
disaster risk, in particular social and institutional
vulnerability through coordination of policies,
planning, research, capacity development, and the
production of publications and tools that are
accessible, available free of charge and are easy to
use for everyone in both developing and developed
countries.

We agree on the following priority actions of
Kyoto 2020 Commitment for Global Promotion of
Understanding and Reducing Landslide Disaster
Risk in research and capacity building, coupled with
social and financial investment:

Action 1 Promote the development of
people-centered early warning technology for land-
slides with increased precision and reliable prediction
both in time and location, especially in a changing
climate context.

Action 2 Advance hazard and vulnerability map-
ping, including vulnerability and risk assessment with
increased precision, as well as reliability as part of
multi-hazard risk identification and management.

Action 3 Improve the technologies for monitoring,
testing, analyzing, simulating, and effective early
warning for landslides suitable for specific regions
considering natural, cultural and financial aspects.

Action 4 Apply the ISDR-ICL Landslide Interac-
tive Teaching Tools for landslide risk reduction in
landslide prone areas and improve them with feed-
backs from users in developed and less developed
countries.

Action 5 Promote open communication with local
governments and society through integrated research,
capacity building, knowledge transfer, awareness-
raising, training, and educational activities, to enable
societies and local communities to develop effective
policies and strategies for reducing landslide disaster
risk, to strengthen their capacities for preventing haz-
ards from developing into major disasters, and to
enhance the effectiveness and efficiency of relief
programs.

Action 6 Investigate the effect of climate change on
rainfall-induced landslides and promote the develop-
ment of effective rainfall forecasting models to provide
earlier warning and evacuation especially in develop-
ing countries.

Action 7 Investigate themechanism and dynamics of
submarine landslides during earthquakes thatmay cause
or enhance tsunamis, as well as develop and upgrade its
hazard assessment and mitigation measures.

Action 8 Promote geotechnical studies of catas-
trophic megaslides and develop their prediction and
hazard assessment.

Action 9 Foster new initiatives to study research
frontiers in understanding and reducing landslide dis-
aster risk by promoting joint efforts by researchers,
policy makers and funding agencies.

Action 10 Facilitate and encourage monitoring,
reporting on, and assessing progress made, through the
organization of progress report meetings at the regional
and national level, to take place in respective countries,
in order to show delivery and performance on progress
made towards achieving the Kyoto Landslide Com-
mitment priority actions No. 1–9. Participating parties
and relevant stakeholders reporting on deliveries and
achievements at these meetings are invited to report on
this progress in the monthly full color journal “Land-
slides” so as to allow viewing progress in addressing
landslide risk reduction. They are also encouraged to
cooperate, as feasible and appropriate, with countries,
the United Nations family, regional organizations, and
all other partners and stakeholders concerned with
landslide risk in their contribution to the Sendai
Monitor System and the Voluntary National Reviews,
and in their reporting on relevant key SDGs, notably on
resilient and sustainable cities and climate action and
on the Paris Agreement follow-up.

We submit that the above priority actions con-
tribute to the four priority areas of the Sendai
Framework and to the achievement of its seven
global targets, in line with the “Words into Action”
guidelines for Sendai Framework implementation,
as well as of the SDG related targets. These actions
also support landslide risk actors involved in
building urban resilience so as to achieve coherence
with the New Urban Agenda. Furthermore, they
contribute to the discussion within the Global
Platforms for Disaster Risk Reduction. Finally,
they support the implementation of the Strategic
Framework 2016–2021 of the United Nations Office
for Disaster Risk Reduction (UNDRR).
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We consider KLC2020 as a framework to
enhance cooperation in landslide risk reduction
internationally, but also as a platform aimed at
providing support to regional, national and local
efforts, triggering exchanges on good practices and
twinning and building the capacity of institutions
and professionals at the national and local levels.

Commitments by all participating parties are
periodically reviewed and updated at the Triennial
World Landslide Forum in which parties of KLC2020
are called upon to participate.

Fundamental Coordinating Commitments by the
International Consortium on Landslides (ICL) and the
Global Promotion Committee of the International
Programme on Landslides (IPL) and others providing
the common platform for the Kyoto Landslide Com-
mitment 2020 include the following:

1. The Triennial Conference “World Landslide
Forum” will be organized and the progress of
Kyoto Landslide Commitment by all participating
parties will be reported and examined for further
development.

2. Landslides: Journal of International Consortium on
Landslides will continue to be published monthly
in full color and distributed to all participating
parties.

3. Contribution fee and full color printing fee will
continue to be waived to promote contribution from
less developed countries and young researchers.

4. ICL provides that all parties of the Kyoto Landslide
Commitment 2020 have the right to submit and
publish news and reports of their activities in the
“Landslides” journal. All parties will receive the
digital access rights (tokens) to all issues of the
journal (2002-present).

5. ICL will publish and update Landslide Dynamics:
Landslide Interactive Teaching Tools (LITT) as a
core activity for public education at each Forum. In
early 2018, the first LITT (Vol.1 Fundamentals,
Mapping and Monitoring, Vol.2 Testing, Risk
Management and Country Practices) have been
edited and published including PPT for lessons and
PDF for reference in digital format.

6. ICL and the Global Promotion Committee of the
International Programme on Landslides (GPC/IPL)
will organize the annual IPL symposium and pub-
lish a series of books with ISBN numbers together
with Research, Administrative and Strategic
Review meetings at relevant venues such as
UNESCO or elsewhere including the biennial
Global Platform for Disaster Risk Reduction.

7. Other commitments by ICL and IPL groups will
include:

• Landslide experts are called upon to gain trust
and confidence from the local authorities and the
communities facing the risk of landslides in
order to effectively communicate the risk and
urge local actions to help reduce the risk. Thus,
ICL and IPL groups will promote a good dia-
logue at local levels throughout the activities of
the Kyoto Landslide Commitment 2020.

• To promote cooperation between policy makers,
national government authorities working on
landslide risk reduction and landslide scientists
and engineers, a joint round table discussion
between ICL members and high-level Ministe-
rial members will be organized at each triennial
Forum.

• Community safeguard policy for the countries/
areas which are affected by rain-induced rapid
and long-travel landslides, earthquake-induced
megaslides as well as coastal and submarine
landslides will be examined in specific sessions
at each Forum.

• To identify, whenever possible and appropriate,
focal points at the national/regional level in as
many countries/regions as possible for engage-
ment with the Kyoto Landslide Commitment
2020 and for ensuring contact and coordination
with the Secretariat.

We are conscious that KLC2020 will build and
capitalize on the work and achievements of ICL and
IPL notably the 2006 Tokyo Action Plan, the 2015
Sendai Partnerships and the outcomes of the World
Landslide Fora.

We are committed to working together with Mem-
ber States of the UN system, the UN family, regional
organizations, and all other partners and stakeholders
concerned with landslide risk, including civil society,
academic, scientific and research entities, business,
professional associates and private sector financial
institutions, and the media.

We firmly believe that sustained cooperation and
exchange between countries at a governmental level is
needed if we are to promote in a sustainable way
landslide risk reduction for resilience. Therefore, the
timeliness and opportunity of having in place a plat-
form or a mechanism at an intergovernmental level
which would work to advise, strengthen and support
decisions and initiatives on landslide risk reduction
must be considered. This mechanism will enhance

International Consortium on Landslides: From IDNDR, IGCP … 41



synergetic and concerted efforts not only among gov-
ernmental entities but also between them and other
sectors including the private sector and the civil
society. We call upon KLC2020 partners and stake-
holders concerned to consider developing an Inter-
governmental Panel on Landslide Risk Reduction in
the framework of KLC2020 within the International
Programme on Landslides (IPL) so as to raise the
level of interest in this area and maintain it through
support to a long term global alliance that will con-
tinue to 2025, 2030 and beyond. The Panel will help
mobilize strong political interest and commitment of
the international community as well as further scien-
tific knowledge and technological know-how. It will
advise on translating the objectives of ICL into
meaningful programmes at the country level. The
functions, form, governance and operation of the
Panel will hopefully defined by relevant intergovern-
mental bodies.

A Call for joining the Commitment

Competent global, regional, national, local institutions
and entities participating in the Fifth World Landslide
Forum are invited to support this initiative by joining
and signing this Commitment through participation in
clearly defined commitments for understanding and
reducing landslide disaster risk. The potential parties
are requested to make contact with the Secretariat of
the host organization. Furthermore, ICL and compe-
tent national, regional and international institutions are
encouraged to enter into bilateral arrangements
including through a dedicated Agreement of Cooper-
ation which will provide a framework of cooperation
and facilitate collaboration in areas of common interest
and which enable both parties to mutually benefit and
develop their cooperation, for the benefit of landslide
hazard-prone communities in the country concerned
and worldwide.

Host Organization and Secretariat

The International Consortium on Landslides (ICL)
hosts the Kyoto Landslide Commitment 2020 as a
voluntary commitment to the Sendai Landslide Part-
nerships 2015–2025, the Sendai Framework for
Disaster Risk Reduction 2015–2030 and the 2030
Agenda Sustainable Development Goals. The ICL
Secretariat in Kyoto, Japan, serves as the Secretariat of
the Kyoto Landslide Commitment 2020.

Signatories:

12 The Fifth World Landslide Forum
and the Open Access Book Series
“Progress in Landslide Research
and Technology”

The Fifth World Landslide Forum was organized on 2–6
November 2021 in the hybrid mode with onsite, online, and
pre-recoded presentations. The high-level panel discussion
“Review of KLC2020 and the way forward” was organized
on 3 November 2021 at the National Kyoto International
Conference Center in Kyoto, Japan. The high-level panel
discussion proposed the Launching Declaration of the ICL
Open Access Book Series “Progress in Landslide Research
and Technology” for the Kyoto Landslide Commitment
2020. This book series provides a new stable and global
platform essential for the dissemination of information and
collaboration within KLC2020 partners and the Society. It
can be downloaded free of charge by anyone, both in
developing and developed countries suffering from landslide
disasters and also the policy makers involved in landslide
disaster risk reduction.

The ICL book series “Progress in Landslide Research
and Technology” is aimed to promote the reduction of
landslide disaster risk. The target readers of the book
series are practitioners and other stakeholders who apply
the most advanced knowledge of science and technology
for landslide disaster risk reduction in their practice.
Articles must be written in a simplified way that easily
understandable by practitioners and stakeholders. On the
contrary, the target readers of ICL Journal “Landslides”
are scientists. Both ICL publications are complementarity
in contributing to understanding and reducing landslide
disaster risk.
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activities, the Sendai Landslide Partnerships 2015–2025 and the current
Kyoto Landslide Commitment 2020.

The International Consortium on Landslides thanks for ICL sup-
porters which have provided funds to ICL and IPL activities, especially
publishing the ICL monthly journal Landslides since its foundation.
The Kyoto Landslide Commitment 2020 and the ICL extend their deep
appreciation to the KLC2020 official promoters which are jointly
implementing the KLC2020 and provide financial contribution to its
activities.The International Consortium on Landslides and the Kyoto
Landslide Commitment secretariat make the following two calls for
KLC2020.

Call for contribution to this new open access book series for Vol.
1, No. 2 in 2022, Vol. 2, No. 1 and No. 2 in 2023. Articles for Vol.1,
No.1 are provided in this issue.

Call for the KLC2020 official promoters which are public and
private organizations who promote the Kyoto Landslide Commitment
2020 and provide financial support for the implementation of the
KLC2020 activities including the Open Access Book Series “Progress
in Landslide Research and Technology”.

Inquiries to ICL and KLC2020 can be made to:
ICL secretariat at secretariat@iclhq.org or
KLC2020 secretariat at klc2020@iclhq.org.
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International Programme on Landslides—A
Short Overview of Its Historical
Development

Matjaž Mikoš, Kyoji Sassa, and Qunli Han

Abstract

The International Programme on Landslides (IPL) was
launched in 2002 by the International Consortium on
Landslides (ICL) to reduce landslide disaster risk, and in
2006 developed into a global cooperation programme by
international organizations supporting ICL activities. Ever
since, it is successfully managed by the Global Promotion
Committee, consisting of the International Consortium on
Landslides (ICL) members and representatives from the
ICL supporting organizations. The article reviews the
main IPL activities, i.e. IPL projects, triennial World
Landslide Forums (WLF), World Centres of Excellence
(WCoE) on Landslide Risk Reduction, and more. The
article ends with an updated list of WCoEs 2008–2023
and IPL projects since 2002.

Keywords

International collaboration � International consortium on
landslides � International programme on landslides �
Landslide practice � Landslide research � Resilience �
Sustainability

1 International Programme
on Landslides—IPL

The International Consortium on Landslides (ICL) was
established in January 2002 as a non-profit scientific orga-
nization. The ICL was approved to be a NGO having
operational relations with UNESCO in April 2007. The
International Programme on Landslides (IPL) was launched
at the first meeting of the Board of Representatives of ICL
(BOR/ICL) at United Nations Educational, Scientific and
Cultural Organization (UNESCO) Headquarters, Paris, in
November 2002.

The International Programme on Landslides (IPL) as a
global cooperation programme was further developed during
a special thematic session of the United Nations World
Conference on Disaster Reduction (WCDR) held in Kobe,
Hyogo, Japan in January 2005, as a new international dis-
aster science and capacity building initiative. The thematic
session was organized by UNESCO, WMO, UNU, Ministry
of Education, Culture, Sports, Science and Technology
(MEXT) of the Government of Japan, and ICL.

The current second stage of IPL was defined and estab-
lished by the 2006 Tokyo Action Plan “Strengthening
Research and Learning on Landslides and Related Earth
System Disasters for Global Risk Preparedness” (Sassa
2006). In 2006, the International Consortium on Landslides
exchanged Memorandum of Understandings to promote IPL
with each of ICL supporting organizations: United Nations
Educational, Scientific and Cultural Organization
(UNESCO), World Meteorological Organization (WMO),
Food and Agriculture Organization of the United Nations
(FAO), United Nations International Strategy for Disaster
Risk Reduction (UNISDR), United Nations University
(UNU), International Council for Science (ICSU), and the
World Federation of Engineering Organizations (WFEO).

IPL as an international programme is managed by IPL
Global Promotion Committee consisting of ICL and ICL
supporting organizations (UNESCO, UNISDR and others).
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For more information on the International Consortium on
Landslides (ICL), see a review paper in this volume, pre-
pared by Sassa (2022c) or visit the new ICL web pages (ICL
2022).

In recent years, several review papers about the history,
objectives and activities of IPL were published (e.g. Sassa
2004c; 2009a; Casagli et al. 2009; Sassa 2013; Mikoš and
Mihalić Arbanas 2014; Han et al. 2017, 2020). This is an
updated review paper on IPL history, objectives and its main
activities: IPL projects, World Landslide Forums, World
Centres of Excellence in Landslide Risk Reduction, and
other IPL activities.

2 Global Promotion Committee (GPC)

2.1 Global Promotion Committee
of the International Programme
on Landslides (GPC/IPL)

Until the end of 2021, the International Programme on
Landslides (IPL) was managed by the Global Promotion
Committee (GPC), with ICL and ICL supporting organiza-
tion selecting GPC/IPL Chair and several co-chairs. The first
GPC Chair (2008–2013) was Salvano Briceño, former
Director of UNISDR, and the second Chair (2014–2021)
was Qunli Han, Director of Ecological and Earth Sciences,
UNESCO.

The IPL World Centre (IWC) was established in 2006 by
the Tokyo Action Plan to serve as the Secretariat of IPL and
GPC/IPL. Members of the GPC/IPL were ICL Full Members
and ICL Supporting Organizations (ICL 2018b).

2.2 Global Promotion Committee
of the International Programme
on Landslides and Kyoto Landslide
Commitment 2020 (GPC/IPL-KLC)

ICL launched in 2020 a new voluntary commitment to the
Sendai Framework for Disaster Risk Reduction 2015–2030,
and to United Nations Agenda 2030 and its Sustainable

Development Goals, namely the Kyoto Landslide Commit-
ment 2020 (Sassa 2021a), a successor of the ISDR-ICL
Sendai Partnerships for global promotion of understanding
and reducing of landslide disaster risk 2015–2025 (Sassa
2015, 2016) (Fig. 1). For an overview of Sendai Voluntary
Commitments, see the paper by Matsuoka and Gonzales
Rocha (2020).

Through this development, GPC/IPL was transformed
into the Global Promotion Committee of the International
Programme on Landslides and Kyoto Landslide Commit-
ment 2020 (GPC/IPL-KLC). Its Chair is selected from ICL
and its Co-chairs from ICL supporting organizations. Since
January 2022, the Chair of the GPC is Matjaž Mikoš,
UNESCO Chair on Water-related Disaster Risk Reduction,
University of Ljubljana, and Co-Chairs are Qunli Han,
Executive Director of International Programme Office of
Integrated Research on Disaster Risk (IRDR), Soichiro
Yasukawa, Programme Specialist on Disaster Risk Reduc-
tion, UNESCO, Paris, Hiroshi Kitazato, Treasurer of IUGS,
and John LaBrecque, Chair of IUGG GeoRisk Commission
—Secretary to GPC is Kyoji Sassa, Director of IPL World
Centre. Members of the newly established GPC/IPL-KLC
are ICL Full Members, ICL Supporting Organizations, and
KLC2020 Official Promoters.

3 IPL Projects

3.1 The Initial Stage of IPL Projects (2002–2008)

The initial stage of IPL projects which was managed by ICL,
started in 2002 at the same time of ICL’s foundation. The
projects were divided into two categories: coordinating
projects (called C-project) planned by several ICL members,
and single member projects (called M-project) (Sassa et al.
2005). On overview of these initial IPL projects is given in
Appendices Table 2. The first IPL project C-100 was pub-
lication of Landslides: Journal of the International Con-
sortium on Landslides. This initial IPL project is still active,
and the journal was a success from its launching and is
nowadays effectively one of few leading journals in the field
of landslide science and research (Mikoš et al. 2021).

Fig. 1 Logos of the ICL and
Kyoto landslide commitment
2020
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3.2 The IPL Projects (Since 2008)

Annually, all ICL members have the right to propose an IPL
project using a structured application form (Sassa 2013). All
submitted proposals are evaluated from formal point of view
for their completeness by the ICL Secretariat in Kyoto, Japan,
and then evaluated from their technical merit point of view by
the IPL Evaluation Committee. In the last years, all proposals
are evaluated on their objectives (35%), implementation
capabilities (40%), and expected outputs (25%). All
proposing institutions are asked to present their projects at
annual ICL meetings, and they have a chance to improve
their applications according to suggestions and comments
received by the audience, and by written comments from the
IPL Evaluation Committee. The project proposals are eval-
uated and ranked by at least ten landslide experts. Proposals
with scores over the threshold of 70% are normally supported
and approved by the Global Promotion Committee of IPL.
All projects are declared on-going after their approval as long
as they submit reports on an annual basis to the IPL Secre-
tariat using structured report forms, and submit research
articles on the project results to the journal Landslides, World
Landslide Forums, or give presentations at annual IPL con-
ferences. A full overview of all completed and on-going IPL
projects is given in the Appendices Table 2.

Altogether 165 IPL projects (including subprojects) have
been approved since 2002 in 36 countries, many have been
completed or terminated after years of activities, and some
are still on-going. On average, close to 10 projects are
approved annually, running then for several years—at least
for two years to be evaluated and approved. A short statistic
with regard to IPL projects reveals the following (see
Appendices Table 2 for details):

– the vast majority of projects are national projects, only a
few are bilateral projects among two countries (Canada,
China, Italy, Japan, Russian Federation, Sri Lanka,
Vietnam)—the last such project is IPL-249 by Japan and
Sri Lanka, approved in 2019.

– the highest number of IPL projects were approved in the
following 12 countries: Italy (28), Japan (23), China (14),
Russian Federation (11), Czech Republic (8), India (7),
Indonesia (7), Malaysia (7), Sri Lanka (7), Canada (5),
Malaysia (5), Slovenia (5), and the remaining 24 coun-
tries have 4 or fewer IPL projects.

3.3 The IPL Award for Success

The IPL Award for Success is selected by the IPL Award
Committee and is given to a maximum three best successful
projects implemented within IPL at the occasion of each

World Landslide Forum following a rigorous evaluation of
outputs, activities and impacts of all IPL projects during the
previous 3-year cycle of activities. The achievements of
awarded IPL projects are directly influenced by the finances
and infrastructure of the developed or developing countries.
The IPL Awards is not meant for best but rather the most
successful IPL projects. The awarded IPL projects in the past
are shown in italic fonts in Appendices Table 2. A list of all
recipients is also published on the IPL web page: https://
iplhq.org/category/iplhq/award-and-honors/ipl-award-for-
success/.

4 World Landslide Forum (WLF)

The World Landslide Forums as triannual events were
established by the 2006 Tokyo Action Plan as a special way
of IPL promotional activities (ISDR-ICL 2008). Initially,
WLF was proposed to be created as a global information
platform for future joint activities of the world-wide land-
slide community. WLF should bring together academics,
practitioners, politicians and other stakeholders to a global,
multidisciplinary and problem-based platform. WLF was
also seen as the place to recognize World Centres of
Excellence (WCoE) in Landslide Risk Reduction and to
support other ICL and IPL related promotional activities to
global landslide community. Overview of World Landslide
Forums since the first one WLF1 in Tokyo, Japan in 2008
(Fig. 3) with location, country, and forum motto is given in
Table 1. All six logos of WLFs are given in Fig. 2.

World Landslide Forums can be evaluated as a case of
good practice in the fields of landslide practice, research,
science, and risk reduction. Normally, it attracts 500 + par-
ticipants from all over the world, and the wealth of knowl-
edge exchange among the participants was widely available
to all stakeholders as published contributions in the WLF
Proceedings. The outreach of these publications can be
evaluated as solid if measured with bibliometric indices
(Mikoš 2018). The last WLF5 in Kyoto, Japan published its
reviewed contributions in the ICL Contribution to Landslide
Disaster Risk Reduction book series in six volumes under
the title “Understanding and Reducing Landslide Disaster
Risk”. This book series was now replaced by the book series
“Progress in Landslide Research and Technology (P-LRT) to
be published twice a year by Springer Nature (Sassa 2021b).

5 World Centre of Excellence (WCoE)
in Landslide Risk Reduction

The World Centres of Excellence on Landslide Risk
Reduction were established by the 2006 Tokyo Action
Plan.

International Programme on Landslides—A Short Overview of Its … 47

https://iplhq.org/category/iplhq/award-and-honors/ipl-award-for-success/
https://iplhq.org/category/iplhq/award-and-honors/ipl-award-for-success/
https://iplhq.org/category/iplhq/award-and-honors/ipl-award-for-success/


WCoE candidates are governmental and non-governmental
entities such as universities, agencies, and other institutions,
and their subsidiary entities (faculties, departments, centres,
divisions or others) that are (i) contributing to risk reduction

for landslides and related earth system disasters and (ii) are
willing to support IPL intellectually, practically and finan-
cially by either joining ICL or contributing to GPC/IPL and
promote landslide research and risk reduction on a regional
and /or global scale in a mutually beneficial manner (Sassa
2013).

5.1 WCoE Guidelines and Evaluation Procedure

All WCoE candidates must submit their application form in a
prescribed format to IPL Secretariat. Their applications are
first evaluated by the IPL Evaluation Committee (10 + land-
slide experts from around the world) on the basis of their past
achievements, current activities (e.g. scientific, technical and
educational capacities, training courses, publications, dis-
semination of knowledge and information), and planned
activities as WCoE to support IPL. Evaluation results are
submitted to the Independent Panel of Experts nominated by
the GPC/IPL. Their recommendations are finally approved by
the GPC/IPL and identified at WLFs for the period of three
years (Fig. 4). WCoEs must submit annual reports each year
while active and may apply for a prolongation at the next
WLF under the same rules as new candidates (Sassa 2013).

Since the first WLF1 in 2008 in Tokyo, triennially, out of
all evaluated proposals, altogether 81 WCoEs from 23
countries and the European Commission (Joint Research
Center in ISPRA Italy for 2011–2014) were recognized by
the GPC/IPL.

5.2 WCoEs From 2008 till 2023

Triennially, out of all evaluated proposals, altogether 81
WCoEs from 23 countries and the European Commission

Fig. 2 Logos of six world landslide forums (2008–2023)

Table 1 World landslide forums since 2008

Year Forum Location, Country Forum motto References

2008 WLF 1 Tokyo, Japan Strengthening research and
learning on earth system risk
analysis and sustainable disaster
management within UN-ISDR as
regards “landslides”

Sassa (2009a, b)

2011 WLF 2 Rome, Italy Putting science into practice Margottini et al. (2010); Sassa et al. (2012)

2014 WLF 3 Beijing, China Landslide science for a safer
geoenvironment

Sassa et al. (2015)

2017 WLF 4 Ljubljana, Slovenia Advancing culture of living with
landslides

Mikoš et al. (2017)

2020* WLF 5 Kyoto, Japan Implementing and monitoring the
Sendai landslide partnerships
2015–2025

Sassa (2022a, 2022b)

2023 WLF 6 Florence, Italy Landslide science for sustainable
development

ICL (2022)

* Postponed to 2021 due to COVID pandemic
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(Joint Research Center in ISPRA Italy for 2011–2014) were
announced at WLFs: twelve WCoEs at WLF1 in 2008, fif-
teen WCoEs at WLF2 in 2011 and WLF3 in 2014, twenty
WCoEs at WLF4 in 2017, and nineteen WCoEs at WLF5 in
2021 (postponed by a year due to COVID-19 pandemic). An
overview of all WCoEs is given in Appendices Table 3. The
next selection of WCoEs will be completed for WLF6 in
Florence, Italy in 2023.

Nearly all WCoEs were from (an) institution(s) of only
one country, and the exceptions are WCoEs in Russian
Federation & Kyrgyz Republic (2008–2011, 2011–2014,
2014–2017) and Japan & Sri Lanka (2020–2023). In each
3-year period, not more than two WCoEs were recognized
in one country, such countries with two WCoEs in one
term are: China (2014–2017, 2017–2020), India (2020–
2023), Italy (2008–2011, 2020–2023), Japan (2011–2014,

2014–2017), Slovenia (2017–2020), and Sri Lanka (2017–
2020).

The highest number of WCoEs for a 3-year period were
recognized in the following countries: Italy (8), China (7),
Slovenia (6), Czech Republic (5), Japan (5), India (4),
Indonesia (4), Malaysia (4), Sri Lanka (4), and Thailand (4),
Only two institutions were recognized as WCoE in all five
periods: University of Florence, Italy (Casagli and Tofani
2019) and University of Ljubljana, Slovenia (Mikoš and
Petkovšek 2019).

6 ICL-IPL Conference

ICL is holding its BOR annually, before COVID pandemic.
This was associated with an annual conference called the
IPL Symposium on Landslides (ICL 2018a). The proceed-
ings of the recent conferences in years 2017, 2018, and 2019
are available in the pdf format on the web (Sassa and Dang
2017, 2018, 2019). The event is an occasion for ICL
members to:

– report on their latest research results, including results of
on-going IPL projects and from WCoEs activities as an
additional research output to their published articles in the
journal Landslides; and

– present their proposals for new IPL projects and new
WCoEs as a part of the evaluation process.

The last IPL-KLC Hybrid Conference was in Kyoto,
Japan, 14–16 March 2022. IPL was also organizing an
International Forum entitled “Urbanization and Landslide
Disaster” in Kyoto, Japan, dedicated to the Hiroshima
Landslide Disaster of August, 2014 (Sassa et al. 2014).

Fig. 3 Joint Photo of WLF1 participants at U-Thant hall of UNU in Tokyo on 18 November 2008 (Fig. 2 in Sassa 2009b)

Fig. 4 Twenty organizations were awarded the title of WCoE in
landslide risk reduction at WLF4 in Ljubljana, 2017 (Fig. 1 from Mikoš
et al. 2017)
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Abbreviations
In this article, the following abbreviations were used:

BOR/ICL Board of Representative Meeting of ICL.
DRR Disaster Risk Reduction.
FAO Food and Agriculture Organization of the

United Nations.
GPC/IPL Global Promotion Committee of the

International Programme on Landslides.
GPC/IPL-KLC Global Promotion Committee of the

International Programme on Landslides
and Kyoto Landslide Commitment.

IBRD World Bank.
ICSU International Council for Science.
ICL International Consortium on Landslides.
IPL International Program on Landslides.
IUGS International Union of Geological

Sciences.
JLS Japan Landslide Society.
KLC2020 Kyoto Landslide Commitment 2020.
KU Kyoto University.
SDG Sustainable Development Goal of the

2030 United Nations Agenda.
SFDRR
2015-2030

Sendai Framework for Disaster Risk
Reduction 2015–2030.

UNDP United Nations Development Program.
UNEP United Nations Environment Program.
UNESCO United Nations Educational, Scientific and

Cultural Organization.
UN-ISDR United Nations International Strategy for

Disaster Risk Reduction.

UNITWIN University Twinning and Networking
Scheme.

UNU United Nations University.
WCDR United Nations World Conference on

Disaster Reduction.
WCoEs World Centers of Excellence on Landslide

Risk Reduction.
WFEO World Federation of Engineering

Organizations.
WMO World Meteorological Organization.
WLF World Landslide Forum.
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Appendices

See Tables 2 and 3.

Table 2 Chronological overview of the IPL projects since 2002 (Sassa et al. 2005; ICL 2012; Han et al. 2017, 2020; Bobrowsky and Sassa 2022;
IPL web page archive at https://iplhq.org/)

IPL Project title Project leader Country Year

C100 Landslides: journal of the international consortium on landslides Kyoji Sassa Japan 2002

C101 Landslide risk evaluation and mitigation in cultural and natural heritage sites Kyoji Sassa
Paolo Canuti

Japan 2002

C101-1 Landslide investigation and capacity building in Machu Pichu-Aguas
Calientes area

Kyoji Sassa Japan 2002

C101-1-1 Low environmental impact technologies for slope monitoring by radar
interferometry: application to Machu Picchu site

Claudio Margottini Italy 2002

C101-1-2 Expressions of risky geomorphologic processes as well as
paleogeographical evolution of the area of Machu Picchu

Vit Vilímek
Jiři Zvelebil

Czech
Republic

2002

C101-1-3 Shallow geophysics and terrain stability mapping techniques applied to the
Urubamba Valley, Peru: landslide hazard evaluation

Romulo Mucho
Peter Bobrowsky

Peru 2004

C101-1-4 A proposal for an integrated geophysical study of the Cuzco region Daniel Nieto Yabar Italy 2004

C101-1-5 UNESCO-Italian-ESA satellite monitoring of Machu Picchu Paolo Canuti
Claudio Margottini

Italy 2004

C101-2 Landslides monitoring and slope stability at selected historic sites in
Slovakia

Jan Vlcko Slovakia 2002

(continued)
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Table 2 (continued)

IPL Project title Project leader Country Year

C101-3 The geomorphological instability of the Buddha niches and surrounding
cliff in Bamiyan valley (Central Afghanistan)

Claudio Margottini Italy 2002

C101-4 Stability assessment and prevention measurement of Lishan Landslide,
Xian, China

Qing Jin Yang China 2002

C101-5 Environment protection and disaster mitigation of rock avalanches
landslides and debris flow in Tianchi Lake region and natural preservation
area of Changbai Mountains, Northeast China

Binglan Cao China 2002

C101-6 Conservation of Masouleh Town S. H. Tabatabaei Iran 2002

C101-7 Cultural and natural heritage threatened by landslides in the region of Iassy,
Romania

Nicolae Botu Romania 2005

C102
IPL-102

Assessment of global high-risk landslide disaster hotspots Farrokh Nadim Norway 2002

C103 Global landslide observation strategy Kaoru Takara
Nicola Casagli

Japan & Italy 2004

C104 World landslide database Hiroshi Fukuoka
Nicola Casagli

Japan & Italy 2006

C105 Early warning of landslides Kyoji Sassa Japan 2007

C106 Capacity building and outreach Claudio Margottini
Alexander Strom

Italy &
Russian
Federation

2008

C106-1 Landslide museum in Civita di Bagnoregio Claudio Margottini Italy 2006

C106-2 International summer school on rockslides and related phenomena in the
Kokomeren river valley, Tien Shan, Kyrgyzstan

Alexander Strom Russian
Federation

2006

M101 Areal prediction of earthquake and rain induced rapid and long-travelling
flow phenomena (APERITIF)

Kyoji Sassa
Hiroshi Fukuoka

Japan 2002

M102 Disaster evaluation and mitigation of the giant Jinnosuke-dani Landslide in
the Tedori water reservoir area, Japan

Tatsunori Matsumoto Japan 2002

M103 Capacity building on management of risks caused by landslides in central
American countries

Farrokh Nadim Norway 2002

M104 A global literature study on the use of critical rainfall intensity for warning
against landslide disasters

Haakon Heyerdal Norway 2004

M105 Hurricane-flood-landslide continuum: a forecast system Randall Updike USA 2002

M106 A best practices handbook for landslide hazard mitigation Lynn Highland, Peter
Bobrowsky

Canada 2002

M107 Landslide risk assessment in landslide prone regions of Slovakia—
modelling of climatic changes impact

Rudolf Holzer Slovakia 2002

M108 Disaster evaluation and mitigation of landslides in the Three-Gorge water
reservoir area, China

Renjie Ding China 2002

M109 Recognition, mitigation and control of landslides of flow type in Greater
Kingston and adjoining parishes in Eastern Jamaica, including public
education on landslide hazard

Rafi Ahmad Jamaica 2002

M110 Capacity building in landslide hazard management and control for
mountainous developing countries in Asia

Hideaki Marui Japan 2002

M111 Detail study of the internal structure of large rockslide dams in the Tien
Shan and international field mission: Internal structure of dissected rockslide
dams in Kyrgyzstan

Alexander Strom Russian
Federation

2002

M112/IPL-112 Landslide mapping and risk mitigation planning in Thailand Saowanee Prachansri Thailand 2002
2008

M113 Zone risk map: towards harmonized, intercomparable landslide risk
assessment and risk maps

Yasser Elshayeb Egypt 2002

M114 Landslide hazard assessment along Tehran-Caspian seaside corridors Zieaoddin Shoaei Iran 2002

(continued)
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Table 2 (continued)

IPL Project title Project leader Country Year

M115 Establishment of a regional network for disaster mitigation, disaster
education, and disaster database system in Asia

Ryuichi Yatabe Japan 2003

M116 Standardization of terminology, integration of information and the
development of decision support software in the area of landslide hazards

Catherine Hickson Canada 2003

M117 Geomorphic Hazards from landslide dams Oliver Korup Switzerland 2003

M118 Development of an expert DSS for assessing landscape impact mitigation
works for cultural heritage at risk

Giuseppe Delmonaco Italy 2003

M119 Slope instability phenomena in Korinthos county Nikos Nikolaou Greece 2002

M120 Landslide hazard zonation in Garwal using GIS and geological attributes Ashok Kumar Pachauri India 2003

M121 Integrated system of a new generation for monitoring of dynamics of
unstable rock slopes and rock fall early warning

Jiři Zvelebil
Vit Vilímek

Czech
Republik

2003

M122 Inka cultural heritage and landslides: detailed studies in Cusco and Sacred
Valleys, Peru

Raul Carreno Peru 2004

M123 Cusco regional landslide hazard mapping and preliminary assessment Raul Carreno Peru 2004

M124 The influence of clay mineralogy and ground water chemistry on the
mechanism of landslides

Viktor Osipov Russian
Federation

2004

M125 Landslide mechanisms on volcanic soils Carlos Eduardo
Rodriguez

Colombia 2004

M126 Compilation of landslide/rockslide inventory of the Tien Shan mountain
system

Alexander Strom Russian
Federation

2004

M127 Development of low-cost detector of slope instability for individual use Ikuo Towhata Japan 2004

M128 Development of sounding methodology for a root-reinforced landslide mass Kazuo Konagai Japan 2004

M129 Evaluation of natural hazards associated with rapid glacial retreat in
Cordillera Blanca (Peru)

Vit Vilímek Czech
Republic

2005

M131 Technology development for landslide monitoring in China Yueping Yin
Peter Bobrowsky

China &
Canada

2006

M132 Research on vegetation protection system for highway soil slope in seasonal
frozen regions

Wei Shan
Fawu Wang

China, Japan 2006

M133 Establishment of rainfall-soil chart for erosion induced landslide prediction Roslan Abidin Malaysia 2006

M134 Large-scale rockslides in coarse-bedded carbonate rocks in the Apennines
(Italy), Caucasus (Russia) and Zagros (Iran): evaluation of possible triggers
and hazard assessment

Alexander Strom Russian
Federation

2007

M135 Landslide hazard assessment in Changunarayan hill of Kathmandu, Nepal—
geotechnical investigation and preventive plan

Ryuichi Yatabe Japan 2008

M136 Shear behaviour and mechanics of Megaslides and their nearby faults in
Hittian Balla, Pakistan and Shaolin, Taiwan

Kazuo Konagai
Kyoji Sassa

Japan 2008

M137 Italian landslide inventory (IFFI Project) Alessandro Triglia Italy 2008

M138 Long run out and catastrophic landslides study: Yigong Landslide, Tibet
China

Yin Yueping China 2008

M139 Development of low-cost early warning system of slope instability for
civilian use

Ikuo Towhata
Taro Uchimura

Japan 2008

M140 Landslide and multi-geohazards mapping for community empowerment in
Indonesia

Dwikorita Karnawati Indonesia 2008

M141 Geo-risks management for third world countries—mapping and assessment
of risky geo-factors for land use (e.g. in Ethiopia)

Jiří Zvelebil Czech
Republic

2008

IPL-142 Seismic landslide hazards mapping in Sichuan Yuepin Yin China 2009

IPL-143 Evaluation of sensitivity of the combined hydrological model (dynamic) for
landslide susceptibility risk mapping in Sri Lanka

A. A. Virajh Dias Sri Lanka 2008

IPL-144 SafeLand—living with landslide risk in Europe: assessment, effects of global
change, and risk management strategies

Bjørn Kalsnes Norway 2009

(continued)
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Table 2 (continued)

IPL Project title Project leader Country Year

IPL-145 Preparation of landslide risk map in Taleghan Area-Iran S. H. Tabatabaei Iran 2009

IPL-146 Spatial monitoring of joint influence of an atmospheric precipitation and
seismic motions on formation of landslides in Uzbekistan (Central Asia)

Rustam Niyazov Uzbekistan 2009

IPL-147 Study on debris flow controlling factors and triggering mechanism in
Peninsular Malaysia

Che Hassandi
Abdullah

Malaysia 2009

IPL-148 Geo-evaluation of the stability of slopes around crater lakes in Cameroon:
the cases of lakes Nyos, Barombi, Mbo and Awing

Ntasin Edwin
Bongsiysi

Cameroon 2009

IPL-149 Canadian landslide best practice manual Peter Bobrowsky Canada 2009

IPL-150 Capacity building and the impact of climate-driven changes on regional
landslide distribution, frequency and scale of catastrophe

Ogbonnaya Igwe Nigeria 2009

IPL-151 Soil matrix suction in active landslides in flysch—the Slano Blato landslide
case

Bojan Majes Slovenia 2009

IPL-152 Assessment of coastal landslides risk by innovative remote sensing
techniques

Gabriele Scarascia
Mugnozza

Italy 2009

IPL-153 Landslide hazard zonation in Kharkov region of Ukraine using GIS Oleksandr M
Trofymchuk

Ukraine 2009

IPL-154 Development of a methodology for risk assessment of the
earthquake-induced landslides

D. Higaki
S. Tsuchiya

Japan 2009

IPL-155 Determination of soil parameters of subsurface to be used in slope stability
analysis in two different precipitation zones of Sri Lanka

A. A. Virajh Dias Sri Lanka 2009

IPL-156 Best practices for early warning of landslides in a changing climate
scenarios

N. M. S. I. Arambepola Thailand 2009

IPL-157 Dynamics of subaerial and submarine megaslides Kyoji Sassa Japan 2009

IPL-158 Development of community-based landslide early warning system Teuku Faisal Fathani Indonesia 2009

IPL-159 Development of education program for sustainable development in
landslide vulnerable area through student community service

Dwikorita Karnawati Indonesia 2009

IPL-160 Landslides and floods under extreme weather condition and resilient society Hiroshi Fukuoka Japan 2009

IPL-161 Risk identification and land-use planning for disaster mitigation of
landslides and floods in Croatia

Hideaki Marui Japan 2009

IPL-162 Tier-based harmonized approach for landslide susceptibility mapping over
Europe

Javier Hervás Italy 2009

IPL-163 Mechanical-mathematical modeling and monitoring for landslide processes Svalova Valentina Russian
Federation

2009

IPL-165 Development of community-based landslide hazard mapping for landslide
risk reduction at the village scale in Java, Indonesia

Dwikorita Karnawati Indonesia 2010

IPL-167 The effect of freezing–thawing on the stability of ancient landslide of
North-Black highway

Wei Shan China 2010

IPL-168 Engaging U.S. citizens in landslide science through the website, “Did You
See It? Report a Landslide”

Rex Baum USA 2010

IPL-169 Landslide hazard and risk assessment in Geyser Valley (Kamchatka) Oleg V. Zerkal Russian
Federation

2010

IPL-170 Landslide susceptibility and landslide hazard zonation in volcanic terrains
using geographic information system (GIS): a case study in the Río
Chiquitobarranca Del Muerto watershed; Pico de Orizaba volcano, México

Gabriel Legorreta
Paulín

Mexico 2010

IPL-171 Study of the geotechnical characteristics of an unstable urban area of
Barranquilla (Colombia) severely affected for slope instabilities and soil
volume changes

Guillermo Ávila Colombia 2010

IPL-172 Documentation, training and capacity building for landslides risk
management

Surya Parkash India 2011

IPL-173 Croatian virtual landslide data center Snježana Mihalić
Arbanas

Croatia 2011
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Table 2 (continued)

IPL Project title Project leader Country Year

IPL-175 Development of landslide risk assessment technology and education in
Vietnam and other areas in the Greater Mekong sub-region

Kyoji Sassa
Nguen Xuan Khang

Japan,
Vietnam

2011

IPL-176 Slope data acquisition along highways in Sabah state for hazard assessment
and mapping

Che Hassandi
Abdullah

Malaysia 2012

IPL-177 Study on geological disasters focusing on landslides in and around
Tegucigalpa City, Honduras

Anábal Godoy Honduras 2012

IPL-179 Database of glacial lake outburst floods (GLOFs) Adam Emmer
Vit Vilímek

Czech
Republic

2012

IPL-180 Introducing community-based early warning system for landslide hazard
management in Cox’s bazaar municipality, Bangladesh

N. M. S. I. Arambepola Thailand 2011

IPL-181 Study of slow moving landslide Umka near Belgrade, Serbia Biljana Abolmasov Serbia 2012

IPL-182 Characterization of landslides mechanisms and impacts as a tool to fast risk
analysis of landslides related disasters in Brazil

Renato Eugenio de
Lima

Brazil 2012

IPL-183 Landslides in West Africa: impacts, mechanism and management Igwe Ogbonnaya Nigeria 2012

IPL-184 Study of landslides in flysch deposits of North Istria, Croatia: sliding
mechanisms, geotechnical properties, landslide modeling and landslide
susceptibility

Željko Arbanas Croatia 2012

IPL-185 Landslide hazards assessment and modeling sediment yield of landslides
using geographic information system (GIS): a case study in the Río El
Estado on the SW flank of Pico de Orizaba volcano, Puebla-Veracruz,
Mexico

Gabriel Legorreta
Paulín

Mexico 2013

IPL-186 Rock-fall hazard assessment and monitoring in the archaeological site of
Petra, Jordan

Claudio Margottini Italy 2013

IPL-187 Design and validation of an early warning system for landslides—DeVEL Rolf Katzenbach Germany 2013

IPL-188 Study of slow-moving landslide Potoška planina (Karavanke Mountain, NW
Slovenia)

Marko Komac Slovenia 2013

IPL-190 Landslide risk identification and resilience study in tectonically active
mountains and sea floors

Hiroshi Fukuoka Japan 2013

IPL-191 Landslide hazard zonation in Carpathian region of Ukraine using GIS Yakovliev Yevhenii
Oleksandr M.
Trofymchuk

Ukraine 2015

IPL-192 Development of post-earthquake rainfall induced landslide (PERIL) hazard
mitigation framework

Binod Tiwari USA 2015

IPL-193 Integrated systems for landslides monitoring, early warning and risk
mitigation along motorways

Pasquale Versace Italy 2015

IPL-194 Public awareness and education programme for landslides management in
Malaysia

Che Hassandi Abdullah Malaysia 2015

IPL-195 Study for mitigation and recovery of mud eruption disaster in East Java and
modeling for risk reduction mudflow hazards

Paulus P. Rahardjo Indonesia 2015

IPL-196 Development and applications of a multi-sensors drone for geohazards
monitoring and mapping

Veronica Tofani Italy 2015

IPL-197 Low frequency, high damaging potential landslide events in “low risk”
regions—challenges for hazard and risk management

Jan Klimeš Czech
Republic

2015

IPL-198 Multi-scale rainfall triggering models for Early Warning of Landslides
(MUSE)

Filippo Catani Italy 2015

IPL-199 The effect of root systems in natural slope erosion protection in the hill
country of Sri Lanka

Pvip Perera Sri Lanka 2015

IPL-200 An assessment of the rock fall susceptibility based on cut slopes adjacent to
highways and railways

H. M. J. M. K. Herath Sri Lanka 2015

IPL-201 Landslide inventory and susceptibility map in durres and Kavaja region Hasan Kuliçi Albania 2016

IPL-202 Ripley landslide monitoring project (Ashcroft, BC, Canada) Peter Bobrowsky Canada 2016
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Table 2 (continued)

IPL Project title Project leader Country Year

IPL-203 Analysis and identify of landslides based on species distribution and surface
temperature difference

Ying Guo China 2016

IPL-204 A study on socio-economic and environmental impacts of landslides Surya Prakash India 2016

IPL-205 Integrated systems for landslides monitoring, early warning and risk
mitigation along motorways

Pasquale Versace
Giovanna Capparelli

Italy 2016

IPL-206 Towards improved landslide mapping and forecasting Fausto Guzzetti
Mario Parise

Italy 2016

IPL-207 Evaluation on social research approach in determining “acceptable risk” and
“tolerable risk” in landslide risk areas in Malaysia

Che Hassandi Bin
Abdullah

Malaysia 2016

IPL-208 Landslide disaster risk communication in mountain areas Irasema
Alcántara-Ayala

Mexico 2016

IPL-209 Landslides and related sediment disaster project covering the entire South–
East Nigeria, West Africa

Igwe Ogbonnaya Nigeria 2016

IPL-210 Massive landsliding in Serbia following Cyclone Tamara in May 2014 Biljana Abolmasov Serbia 2016

IPL-211 Development of wireless sensor network for monitoring and earlier warning
of shallow and deep landslides (WISE-LAND)

Adrin Tohari Indonesia 2016

IPL-212 The construction of a global database of giant landslides on oceanic island
volcanoes

Matt Rowberry Czech
Republic

2016

IPL-213 Real-time landslide monitoring and early warning system in western ghats
& Himalayas, India

Maneesha Vinodini
Ramesh

India 2016

IPL-215 The development of paleo-landslides in the middle part of the Moskva river
valley within the limits of the Moscow City

Oleg Zerkal Russian
Federation

2016

IPL-216 Diversity and hydrogeology of mass movements in the Vipava valley, SW
Slovenia

Timotej Verbovšek Slovenia 2016

IPL-217 PROTHEGO—PROTection of European cultural HEritage from GeO–
hazards

Daniele Spizzichino
Claudio Margottini

Italy 2017

IPL-218 Landslide rapid mapping from remote sensing Ping Lu China 2017

IPL-219 Rockfall hazard identification and rockfall protection in the coastal zone of
Croatia

Željko Arbanas Croatia 2017

IPL-220 Kostanjek landslide monitoring project (Zagreb, Croatia) Martin Krkač Croatia 2017

IPL-221 PS continuous streaming for landslide monitoring and mapping Federico Raspi
Silvia Bianchini,
Andrea Ciampalini

Italy 2017

IPL-222 Landslide risk analysis and mitigation in the ancient rock-cut city of Vardzia
(Georgia)

Claudio Margottini Italy 2017

IPL-223 Landslides in Africa: understanding catastrophic failures and effective
preventive measures in vulnerable regions of the continent

Igwe Ogbonnaya Nigeria 2017

IPL-224 Combination of radar and optical remote sensing for hazard assessment of
the potentially river-damming landslides: the cases of the Vakhsh and the
and Brakhmaputra Rivers

Alexander Strom Russian
Federation

2017

IPL-225 Recognition of potentially hazardous torrential fans using geomorphometric
methods and simulating fan formation

Matjaž Mikoš Slovenia 2017

IPL-226 Studying landslide movements from source areas to zone of deposition
using a deterministic approach

Mateja Jemec Auflič Slovenia 2017

IPL-227 Development of a web based landslide information system for the landslides
in Sri Lanka

K. M. Weerasinghe Sri Lanka 2017

IPL-228 BLISM (Bosnian landslide investigation and stabilization method) Sabid Zekan Bosnia and
Herzegovina

2017

IPL-230 Evolution-based key technology of landslide prevention in Three Gorges
Reservoir region, China

Huiming Tang China 2018

IPL-231 Landslide mechanism considering soil–water–vegetation coupling effects Su Lijun China 2018
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Table 2 (continued)

IPL Project title Project leader Country Year

IPL-232 Investigations on landslides in Nilgiris, Tamil Nadu, India S. S. Chandrasekaran India 2018

IPL-233 Archival records and documentation of some socio-economically significant
landslides in India

Surya Parkash India 2018

IPL-234 Development of landslide detection system based on rainfall prediction and
seismic aspect in Banjarnegara Region, Centre of Java, Indonesia

Munawar Indonesia 2018

IPL-235 EO4GEO—towards an innovative strategy for skills development and
capacity building in the space geo-information sector supporting Copernicus
user uptake

Luca Guerrieri
Daniele Spizzichino

Italy 2018

IPL-236 A multiparametric field laboratory for the investigation on the relationship
between material behavior and morphodynamic of landslides

Andrea Segalini Italy 2018

IPL-237 The role of time-dependent rock mass deformations and landscape evolution
rates as predisposing factors for massive rock slope failures

Carlo Esposito Italy 2018

IPL-238 Landslides threatening Russian cultural heritage sites D. N. Gobotsov Russian
Federation

2018

IPL-239 Detailed interpretation and evaluation of dynamic model behavior of
Pothupitiya landslide potential area (combined ground water and slope
stability dynamic model under PC raster environment)

A A Virajh Dias Sri Lanka 2018

IPL-240 Global lecture series—recent advances on landslide analysis and
remediation

Binod Tiwari USA 2018

IPL-242 Studies of disasters related to natural and anthropogenic landslides in Brazil
—characterization of landslides triggers and impacts as a tool to rapid risk
analysis

Renato Eugenio de
Lima

Brazil 2019

IPL-243 Wildfire-related landslides in Italy: triggering mechanisms and propagation
processes

Giuseppe Mandrone Italy 2019

IPL-244 Evolution mechanism and control of landslides induced by sudden rainstorm Huiming Tang China 2019

IPL-245 Laboratory physical modeling of rainfall, slope deformation and landslides
triggering

Giovanna Capparelli Italy 2019

IPL-246 Classification and spatial distribution of landslides on dumps in brown coal
basin in the Czech Republic

Martin Veselý Czech
Republic

2019

IPL-248 Innovation in slow-moving landslide risk assessment of roads and urban
sites by combining multi-sensor multi-source monitoring data

Dario Peduto Italy 2019

IPL-249 Development of early warning technology of rain-induced rapid and
long-travelling landslides in Sri Lanka

Kazuo Konagai
Asiri Karunawardena

Japan, Sri
Lanka

2019

IPL-250 Investigation of ecohydrological processes on soil-root mechanical
properties and landslide susceptibility in the steep terrain regions, Eastern
Tibetan Plateau

Peng Cui China 2020

IPL-251 Advancing landslide early warning systems using machine learning &
artificial intelligence techniques

Maneesha Vinodini
Ramesh

India 2020

IPL-252 Landslide monitoring with cost-effective GNSS devices and development of
a new equipment (LZERO) for real-time applications

David Zuliani Italy 2020

IPL-253 Integrated landslide disaster risk research in Mexico Irasema
Alcántara-Ayala

Mexico 2020

IPL-254 Ukraine cultural heritage objects within landslide hazardous sites Oleksandr M.
Trofymchuk

Ukraine 2020

The initial stage of the International Programme on Landslides (IPL: 2002–2008) was under support from UNESCO Coordinating projects (C by
multiple members) and Member projects (M by a single member). IPL projects receiving IPL Award of Success are given in italic
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Table 3 All recognized world centres of excellence for landslide risk reduction since 2008 in the chronological order (Han et al. 2017, 2020;
Bobrowsky and Sassa 2022)

No Title Leader Country Organization

World centre of excellence 2008–2011

1 Scientific research for mitigation, preparedness and
risk assessment of landslides

Yuepin Yin China China geological survey

2 Landslide field research and capacity building
through international collaboration

Vit Vlimek Czech
Republic

Faculty of science, Charles university in
Prague

3 Earth observation advanced technologies for
landslide monitoring, management and mitigation

Nicola Casagli Italy Department of earth science, University of
Florence

4 Research and development of advanced
technology for landslide hazard analysis

Alberto Presitininzi
Gabriele
Scarascia-Mugnozza

Italy Research centre on prediction prevention and
control of georisks of Rome University “La
Sapienza”

5 Development of methodology for risk assessment
of the earthquake-induced landslides

Hideaki Marui Japan The Japan Landslide Society (JLS)

6 Implementation of national slope master plan Ashaari Mohamad
Che Hassandi bin
Abdullah

Malaysia Slope engineering branch, public works
department of Malaysia

7 Research on mitigation of landslide risk and
training of specialists

Farrokh Nadim Norway International centre for Geohazards (ICG) at
NGI

8 International summer school on rockslides and
related phenomena in the Kokomeren river basin,
Kyrgyzstan

Alexander Strom Russian
Federation &
Kyrgyz
Republic

Institute of geospheres dynamics of Russian
academy of science (IDG RAS) & Kyrgyz
institute of seismology (KIS)

9 Mechanisms of landslides in over-consolidated
clays and flysch

Bojan Majes
Matjaž Mikoš

Slovenia University of Ljubljana, faculty of civil and
geodetic engineering (UL FGG)

10 Landslide inventorization and susceptibility
mapping in South Africa

S. Diop
SG Chiliza

South Africa Engineering geoscience unit, council for
geoscience

11 Promoting knowledge sharing, innovations and
institutions with south–south focus network on
landslide risk reduction in Asia

N. S. M.
I. Arambepola

Thailand Asian disaster preparedness center

12 Conduct landslide hazard assessments and develop
early warning systems

Peter Lyttle USA U.S. geological survey

World centre of excellence 2011–2014

1 Canadian landslide loss risk reduction strategy and
implementation

Peter T. Bobrowsky Canada Geological survey of Canada

2 Risk assessment and disaster mitigation code for
long run-out landslides

Yueping Yin China China geological survey

3 Scientific research for landslide risk analysis and
international education for mitigation and
preparedness

Vit Vilimek Czech
Republic

Charles university, faculty of science

4 Research on landslide risk management
harmonisation in support to European union policy
making

Javier Hervás European
commission

Joint research centre, European commission

5 Training, research and documentation on
landslides risk management

Surya Parkash India National institute of disaster management

6 Development of community-based and most
adaptive technology for landslide risk reduction

Dwikorita
Karnawati

Indonesia Universitas Gadjah Mada

7 Advanced technologies for landslides Nicola Casagli
Filippo Catani

Italy Department of earth science, university of
Florence

8 Development of a methodology for risk reduction
of earthquake-induced landslides

Daisuke Higaki Japan The Japan landslide society (JLS)

9 Risk identification and land-use planning for
disaster mitigation of landslides

Hideaki Marui Japan Niigata university, institute for natural
hazards and disaster recovery
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Table 3 (continued)

No Title Leader Country Organization

10 Landslide monitoring and community based early
warning systems

Irasema
Alcántara-Ayala

Mexico National autonomous university of Mexico

11 Research on mitigation of landslide risk and
training of specialists

Farrokh Nadim Norway International centre for geohazards at NGI

12 Annual Summer school on rockslides and related
phenomena in Kyrgyzstan

Alexander Strom Russian
Federation &
Kyrgyz
Republic

Inst. of geospheres dynamics of Russian
academy of sciences & Kyrgyz institute of
seismology

13 Mechanisms of landslides in over-consolidated
clays and flysch

Bojan Majes Slovenia University of Ljubljana, faculty of civil and
geodetic engineering (UL FGG)

14 Promoting knowledge, innovations and institutions
with south-south focus through a regional network
of landslide risk reduction

N. S. M.
I. Arambepola

Thailand Asian disaster preparedness center

15 Scientific research for landslide hazard analysis, U.
S. geological survey

Peter Lyttle USA U.S. geological survey landslide programme

World centre of excellence 2014–2017

1 Formation mechanism research, disaster warning
and universal education of cold regions landslide

Wei Shan China Research center of cold regions landslide

2 Scientific research for mitigation, preparedness and
risk assessment of landslides

Wang Min China China geological survey

3 Scientific research for landslide risk analysis,
modeling, mitigation and education

Liang-Jenq Leu Chinese
Taipeh

Department of civil engineering, national
Taiwan university

4 Landslide risk reduction in the Adriatic-Balkan
region through the regional cooperation

Željko Arbanas
Snježana Mihalić
Arbanas

Croatia Croatian landslide group

5 Landslide risk assessment and development
guidelines for effective risk reduction

Josef Stemberk Czech
Republic

Institute of rock structure and mechanics
Czech academy of sciences & charles
university, faculty of science

6 Development of community-based and most
adaptive technology for landslide risk reduction

Dwikorita
Karnawati

Indonesia Universitas Gadjah Mada, Yogyakarta

7 Advanced technologies for landslides (ATLaS) Nicola Casagli Italy Department of earth science, university of
Florence

8 Emergency response support system for large-scale
landslide disasters

Satoshi Tsuchiya Japan The Japan landslide society (JLS)

9 Risk identification and land-use planning for
disaster mitigation of landslides

Hiroshi Fukuoka Japan Niigata university, institute for natural
hazards and disaster recovery

10 Implementation of national slope master plan Che Hassandi
Abdullah

Malaysia Slopes engineering branch, public works
department of Malaysia

11 Building human capacities and expertise in
landslide disaster risk managements

Ogbonnaya Igwe Nigeria Department of geology, university of Nigeria,
Nsukka, Nigeria

12 International summer school on rockslides and
related phenomena in the Kokomeren river valley,
Tien Shan, Kyrgyzstan

Alexander Strom Russian
Federation &
Kyrgyz
Republic

Geodynamics research center—branch of
JSC “Hydroproject institute” & institute of
seismology of national academy of sciences
of Kyrgyz Republic

13 Mechanisms of landslides and creep in
over-consolidated clays and flysch

Ana Petkovšek Slovenia University of Ljubljana, faculty of civil and
geodetic engineering (UL FGG)

14 Developing model policy frameworks, standards
and guidelines

Nihal Rupasinghe
A. A. Virajh Dias

Sri Lanka Central engineering consultancy Bureau,
Colombo

15 Promoting knowledge, innovations and institutions
with south-south focus through a regional network
of landslide risk reduction in changing climate
scenario in Asia

N. M. S.
I. Arambepola

Thailand Asian disaster preparedness center (ADPC)
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Table 3 (continued)

No Title Leader Country Organization

World centre of excellence 2017–2020

1 Landslide monitoring and critical infrastructure Peter T. Bobrowsky Canada Geological survey of Canada

2 Scientific research for mitigation, preparedness and
risk assessment of landslides

Yueping Yin China China geological survey

3 Formation mechanism research, disaster warning,
and universal education of landslides in permafrost
regions

Wei Shan China Institute of cold regions science and
engineering, Northeast forestry University

4 Center for applied landslide research (CALaR) Snjezana Mihalić
Arbanas, Željko
Arbanas

Croatia Croatian landslide group from university of
Zagreb and university of Rijeka

5 Landslide risk assessment and development
guidelines for effective risk reduction—
continuation

Vit Vilimek Czech
Republic

Charles University, Faculty of Science &
Institute of Rock Structure and Mechanics
Czech Academy of Sciences

6 Enhancement of the existing real-time landslide
monitoring and early warning system in western
ghats & Himalayas, India

Maneesha V
Ramesh

India Amrita university

7 Development of community-based and most
adaptive technology for landslide risk reduction

Dwikorita
Karnawati

Indonesia University of Gadjah Mada

8 ATLaS: advanced technologies for landslides Nicola Casagli Italy Department of Earth Sciences, University of
Florence

9 Methods and tools for landslide forecasting and
risk mitigation and adaptation strategies

Fausto Guzzetti Italy Istituto di Ricerca per la Protezione
Idrogeologica (IRPI), of the Italian national
research council (CNR)

10 Landslide hazards mitigation programs in the
Korean demilitarized zone

Sangjun Im Korea Korean society of forest engineering

11 Landslide quantitative risk analysis study for
Malaysia

Che Hassandi
Abdullah

Malaysia Slope engineering branch, public works
department of Malaysia

12 Landslides integrated research for disaster risk
reduction

Irasema Alcántara
Ayala

Mexico National autonomous university of Mexico
(UNAM)

13 Characterizing past and planned activities: Klima
2050—innovational methods for risk reduction
associated to hydro-meteorologically induced
landslides

José Cepeda Norway Norwegian geotechnical institute (NGI)

14 Central Asia rockslide inventory. Compilation and
analysis

Alexander Strom Russian
Federation

JSC “Hydroproject institute”

15 Harmonization of landslide data and local
communities capacity building for landslide risk
reduction

Biljana Abolmasov Serbia University of Belgrade, faculty of mining and
geology

16 Landslides in weathered flysch: from activation to
deposition

Ana Petkovšek Slovenia University of Ljubljana, faculty of civil and
geodetic engineering (UL FGG)

17 Landslide risk reduction in Slovenia Mateja Jemec Auflič Slovenia Geological survey of Slovenia

18 Model policy frameworks, standards, and
guidelines on landslide disaster risk reduction

A. A. Virajh Dias Sri Lanka Central engineering consultancy Bureau
(CECB)

19 Characterizing past and planned activities: NBRO
is the national focal point for landslide disaster risk
management

Asiri
Karunawardena

Sri Lanka National building research organization

20 Implementation of national slope master plan Oleksander
Trofymchuk

Ukraine The institute of telecommunication and
global information space (ITIGS) of the
national academy of science of Ukraine
(NASU)
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Table 3 (continued)

No Title Leader Country Organization

World centre of excellence 2020–2023

1 Slow moving translational landslides in
argillaceous soils and weak rocks

Michael T. Hendry Canada University of Alberta

2 Formation mechanism research, disaster warning,
and universal education of cold regions landslide

Wei Shan China Research center of cold regions landslide

3 Landslide modeling: from physical to
phenomenological models

Željko Arbanas
Snježana Mihaljić
Arbanas

Croatia Croatian landslide group

4 Community centered landslide disaster risk
reduction in changing climate, continuation

Josef Stemberk Czech
Republic

Institute of rock structure and mechanics
Czech academy of sciences & Charles
university, faculty of science

5 Documentation, training and capacity
enhancement on landslides risk reduction and
resilience

Surya Parkash India National institute of disaster management
(NIDM), Ministry of home affairs,
government of India, New Delhi

6 Internet of things (IoT) for landslide disaster risk
reduction

Maneesha V
Ramesh

India Amrita Vishwa Vidyapeetham, Amritapuri
campus

7 Development of risk reduction strategy and
technological innovation for landslide mitigation

Teuku Faisal
Fathani

Indonesia Universitas Gadjah Mada

8 Development of multidisciplinary and integrated
methodologies for mitigating geological risks

Francesca Bozzano Italy CERI—Centro di Ricerca Previsione,
Prevenzione e Controllo dei Rischi Geologici
(Research centre on geological risks)—
Sapienza Università di Roma

9 Advanced technologies for landslides (ATLaS) Nicoa Casagli Italy UNESCO chair for the prevention and the
sustainable management of geo-hydrological
hazards, university of Florence

10 Integrated research on landslide disaster risk Irasema
Alcántara-Ayala

Mexico Institute of geography, national autonomous
university of Mexico (UNAM)

11 Landslides in weathered heterogeneous
sedimentary rock masses such as Flysch

Matjaž Mikoš Slovenia University of Ljubljana, faculty of civil and
geodetic engineering (UL FGG)

12 International training course on slope land disaster
reduction

Louis Ge Chinese
Taipeh

Department of civil engineering, national
Taiwan university

13 National Slope Master Plan, method of
certification heritage objects in hazardous landslide
sites

Oleksandr
Trofymchuk

Ukraine The institute of telecommunication and
global information space (ITIGS) of the
national academy of science of Ukraine
(NASU), research institute of building
constructions (RIBC)

14 Developing model policy frameworks, standards,
and guidelines on landslide disaster reduction

S. S. I. Kodagoda Sri Lanka Central engineering consultancy Bureau

15 Research on landslide initiation mechanism based
on physical model

Katsuo Sasahara &
Asiri
Karunawardena

Japan & Sri
Lanka

The Japan landslide society & national
building research organisation

16 Bridging science, policies, and partnership for
landslide risk management

Hans Guttman Thailand Asian disaster preparedness center (ADPC)

17 Central Asia rockslide inventory. compilation,
analysis and training

Alexander Strom Russian
Federation

JSC “Hydroproject institute”

18 Harmonization of landslides data and national
authorities capacity building for landslide risk
reduction—continuation

Biljana Abolmasov Serbia University of Belgrade, Faculty of Mining
and Geology

19 Landslide susceptibility map assessment base on
climatological changes using geographic
information systems

Ir. Hj. Zulkifly
Bin A. Ghani

Malaysia Slope engineering branch, public work
department Malaysia
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Understanding and Reducing the Disaster
Risk of Landslide-Induced Tsunamis: Outcome
of the Panel Discussion and the World
Tsunami Awareness Day Special Event
of the Fifth World Landslide Forum

Shinji Sassa, Stephan T. Grilli, David R. Tappin, Kyoji Sassa,
Dwikorita Karnawati, Viacheslav K. Gusiakov, and Finn Løvholt

Abstract

Landslide-induced tsunamis are one of the most important
cascading multi-hazard risks in light of landslide disas-
ters. During the Fifth World Landslide Forum, a World
Tsunami Awareness Day Special Event was held in
hybrid mode on 5 November 2021. This article presents
the outcome of the panel discussion organized across
America, Europe, and Asia, as well as a review of the
special event for understanding and reducing the disaster
risk of landslide-induced tsunamis.

Keywords

Landslide-induced tsunami � Hazard mapping � Early
warning � Multi-phased physics � Multiple mechanisms

1 Introduction

During the Fifth World Landslide Forum (WLF5), in Kyoto,
Japan, a World Tsunami Awareness Day Special Event was
organized on November 5th, 2021, following a Landslide-
induced Tsunami session held on November 4th, 2021.
A total of twenty-three relevant papers from thirteen
countries/regions were presented and included in the four
types of publications for WLF5: Thematic Issue of Journal
Landslides (3; 2020), Full Color Book (11; Sassa et al.
2020), Electronic Proceedings (3; 2020) and One-Page
Abstract Volume (6; 2021). The key topics ranged from
numerical modelling and analysis of landslide-generated
waves in rivers, to tsunami uncertainty due to landslide
dynamics, using statistics to understand submarine landslide
processes and hazard, tsunamis from submarine landslides
triggered on islands, simulations of tsunami waves induced
by coastal and submarine landslides, tsunami generation by
volcanic flank collapse, underestimated tsunami hazard from
submarine landslides, landslide-induced icy tsunamis in a
reservoir, tsunami early warning system, and tsunami dis-
aster caused by earthquake-induced submarine landslides.

In the World Tsunami Awareness Day Special Event of
WLF5, a panel discussion was held across America, Europe,
and Asia, for better understanding and reducing the disaster
risk of landslide-induced tsunamis, consistent with the
Kyoto Landslide Commitment 2020 (KLC2020). Shinji
Sassa (S. S.) served as the coordinator of the World Tsunami
Awareness Day Special Event during WLF5, and organized
the Panel Discussion. The panelists were Stephan T. Grilli
(USA), David R. Tappin (UK), Kyoji Sassa (Japan),
Dwikorita Karnawati (Indonesia), Viacheslav K. Gusiakov
(Russia), and Finn Løvholt (Norway) (S. G., D. T., K. S., D.
K., V. G., F. L., respectively). This article presents the
outcome of the panel discussion as well as a review of the
World Tsunami Awareness Day Special Event of WLF5.
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2 Review of the World Tsunami Awareness
Day Special Event

The World Tsunami Awareness Day Special Event of WLF5
featured a total of eleven relevant presentations concerning
landslide-induced tsunamis, which will be reviewed as
below.

F. Løvholt addressed landslide tsunami uncertainty and
presented a probabilistic tsunami hazard analysis (LPTHA)
framework for analysing uncertainties emerging from the
landslide source processes. An example is presented for the
Lyngen fjord in Norway. The statistics of the fall height
(H) to run-out length (L) ratio as a function of the volume for
large rockslides in Norway is shown in Fig. 1. Comparing

tsunami inundation maps considering three different levels
of magnitude frequency distributions (MFDs, Fig. 2) dis-
plays that the tsunami run-up height is highly sensitive to
these uncertain landslide parameters pertaining to landslide
dynamics.

D. Minh Duc analysed a landslide-induced tsunami-like
wave in the Truong river in Vietnam. A heavy rainfall
induced a landslide along bedrock of weathered granite
that caused an impulsive wave across the river, affecting
houses in a residential area (Fig. 3). The results of the
numerical analysis combined with the observations of the
landslide scarp, deposit and tsunami traces indicate that a
rapid landslide motion with a maximum speed of
16.4 m/s generated a maximum wave height of 5 m
(Fig. 4).

J. Blahůt reported an attempt to model a tsunami genesis
and propagation from an incipient volcano slope failure
termed San Andres Landslide on Canary Islands, Spain. The
scenario comprised a subaerial failure of a block more than
2.5 km long and 7.5 km wide (Fig. 5). The landslide-
induced initial wave could reach 80 m with its propagation
through Atlantic Ocean. The results show that a more
accurate landslide dynamic modelling is crucial to obtain
realistic behaviour of the sliding mass to assess possible
tsunami scenarios.

K. Ikehara showed the linkage between upper-slope
submarine landslides and mass transport deposits in the
hadal environment. There are many submarine landslides
distributed along the upper slope of the Hidaka Trough,
Japan (Fig. 6). The results of the investigations on the sed-
iment cores in the Japan Trench indicate that the upper
slope is the origin of mass transport deposits (MTD), and
therefore an area of large sediment movements, which
should be considered in the context of tsunami hazard
mitigation.

Fig. 1 Regression analysis of the run-out statistics of rock slides in
Norway: H is the fall height, L is the total horizontal run out distance.
The vertical lines A, B and C indicate the volumes of 0.8, 5 and 6 Mm3,
respectively (Fig. 7 in Løvholt et al. 2020)

Fig. 2 a Inundation height exceedance probabilities for the Lyngen
site using the fixed volume approach. Three different levels of MFDs
are considered: 1/1000 year−1 (red line), 1/5000 year−1 (black line) and

the maximum inundated area overall simulations (green line). b Case of
1/5000 year−1 with synthetic MFDs (Figs. 5 and 9 in Løvholt et al.
2020)
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S. Sassa summarized the landslide-induced tsunami
papers for the Fifth World Landslide Forum, and presented a
review of large-scale coastal mass movements and their

impacts worldwide, showing the importance of liquefied
flows in tsunami generation. The dynamics of liquefied
gravity flows is governed by the multi-phased physics
(Fig. 7). The cascading mechanisms of the 2018 Indonesia
Sulawesi earthquake and tsunami disasters are highlighted in
light of the concurrent processes involving liquefaction,
coastal and submarine landslides, and multiple tsunamis
(Fig. 8).

N. Casagli presented monitoring and early warning of
landslides with special reference to Stromboli
landslide-induced tsunami. The Stromboli island volcanic
activity has induced mass flows causing tsunamis with an
average of 1 tsunami every 20 years (Fig. 9). The integra-
tion of space-borne and ground-based Synthetic Aperture
Radar displacement data with the analysis of change
detection (Fig. 10) allowed the identification of the evolu-
tion of the slope instability phenomena and hence could be
an effective tool for early warning of eruptions, landslides
and tsunami.

K. Sassa presented the history of development of the
undrained dynamic-loading ring-shear apparatus and the
integrated simulation model for the evaluation of the initia-
tion and motion of landslides as well as a new
landslide-induced tsunami model based on the aforemen-
tioned landslide dynamics. The validity has been confirmed
with the world’s largest well-documented landslide tsunami
disaster with 15,153 deaths in Unzen, Japan in 1972. The
application to potential retrogressive Senoumi landslides in
Suruga bay shows tsunami inundation depths of 20–50 m in
Yaizu city (Fig. 11).

S. Grilli presented a series of studies on tsunami gener-
ation by the 2018 volcanic flank collapse of Anak Krakatau
in the Sunda Straits of Indonesia. New numerical

Fig. 3 3D view of the landslide
in the Truong river, Vietnam
(Fig. 1b in Minh Duc et al. 2020)

Fig. 4 Contour of the maximum tsunami height simulated. The
reaching out line is shown in bold yellow where the tsunami wave
moved up to the land with the maximum height of 5 m. (Fig. 11 in
Minh Duc et al. 2020)
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Fig. 5 a Location of the study
area within Canary Islands.
b Oblique Google earth image of
the tsunami source landslide. c:
Detailed map of EI Hierro with
historically known slope failures.
The tsunami source landslide is
highlighted in red (Fig. 1 in
Blahůt and Luna 2020)

Fig. 6 Bathymetry of the study
area and location of the cores.
The areas of the upper slope of
the Hidaka Trough marked in
yellow are the youngest
submarine landslides studied by
Noda and Katayama (2013)
(Fig. 1 in Usami et al. 2020)
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slide/tsunami modelling was developed with a new AK
collapse geometric model based on a high-resolution
bathymetry-topography data and satellite images.

Simulations for viscous or granular slides (Fig. 12) were
conducted and the maximum surface elevations/runup were
successfully compared with the field survey data from

Fig. 8 Comparing the locations of multiple tsunami generations,
alongshore distributions and directions with the locations, distributions
and directions where the coastal lands collapsed and flowed due to the

occurrence of liquefaction in the 2018 Indonesia Sulawesi earthquake
(Fig. 4c in Sassa and Takagawa 2019)

Fig. 7 Relevant features of liquefied gravity flows
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various researchers. An improved modeling of catastrophic
events, such as AK 2018, can help us better prepare for and
mitigate hazard posed by future similar events.

D. Tappin highlighted the continuing underestimated
tsunami hazard from submarine landslides. Recognition of
the tsunami hazard from submarine landslides has been
possible mainly because of the recent development of
advanced technology such as multibeam echosounders.
Accordingly, submarine landslide tsunamis are now seen
from all geological environments: passive, convergent and
strike-slip margins as well as volcanoes (examples are
shown for the 1908 Messina tsunami in Fig. 13 and for the
2011 Tohoku tsunami in Fig. 14). Despite these new
advances in understanding, however, recognition of the
tsunami hazard from submarine landslides is still limited.

V. Gusiakov reported the December 11, 2018 landslide
and the landslide-induced icy tsunami in the Bureya water
reservoir, Russia. The landslide with an estimated volume of
up to 25 million cubic meters generated a destructive
tsunami-like wave whose impact on the shore was empha-
sized by a thick (up to 20 cm) ice cover (Fig. 15). The
maximum run-up height turned out to be equal to 90 m

above the initial water level. The event has demonstrated the
potential threat of the slope instability and the
landslide-induced waves for the safety of hydropower plant
(HPP) dams in a mountain region.

D. Karnawati presented an innovation in tsunami early
warning system in Indonesia. The system aims at a timely
detection of earthquake event and provides tsunami warning
within 5 minutes after the earthquake takes place. The
end-to-end system adopted for tsunami early warning is
shown in Fig. 16. It facilitates an appropriate response from
the community to reduce and minimize the impact of tsu-
nami disasters. The 2018 catastrophic events highlighted the
impact of volcanic flank collapse- and landslide-induced
tsunamis, showing the importance of multi-hazard risks.

3 Outcome of the Panel Discussion

This section presents an outcome of the panel discussion.
The essential content from each panelist will first be pre-
sented, followed by a summary of the general discussion
moderated by the coordinator.

Fig. 9 Volcanic activity and
tsunamis at Stromboli volcano
(Fig. 3 in Traglia et al. 2020)

Fig. 10 Change detection from a
topographic data (2012–2017)
(Fig. 5a in Traglia et al. 2020)
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3.1 Essential Content from each Panelist

S. G. presented three fundamental and important issues,
namely: 1. Triggering: when, where, how?; 2. Tsunami
generation and propagation: magnitude, where, how?; 3.
Landslide tsunami detection: magnitude/where?. These are
described as below:

1. Triggering ➯ when, where, how

For subaerial/submarine mass failures (SMF), simulating
slide triggering requires topography/bathymetry and soil
properties (physical, cohesiveness/rheology etc.) as well as
statistics/probability of peak ground acceleration (PGA).
A question here is whether predictive slope stability analyses

Fig. 11 a Contour of the maximum tsunami height caused by a
potential retrogressive landslide in Neogene sand triggered by 0.7 �
Tohoku earthquake record (MYG004). Tsunami heights are in meters

above sea level with 2 m contours in green and 10 m contours in blue.
b Profile of the maximum tsunami height at each mesh along section C–
D (Fig. 32 in Loi et al. 2020)

Understanding and Reducing the Disaster Risk of Landslide … 71



could be performed together with an estimate of the factor of
safety. For tsunami, coupled modeling of slide motion/
tsunami generation is necessary. For volcanic tsunamis
caused by pyroclastic flows (PF), pyroclastic density cur-
rents (PDC) and flank/caldera collapse, assessing triggering
requires topography/bathymetry, volcano material/PF/PDC
properties (physical, cohesiveness/rheology etc.), and esti-
mates of PF/PDC flow rates and total volume. Monitoring of
volcanic physical triggers (e.g., internal pressure, PGA) is
also required. For tsunami, coupled modeling of collapse/
PF/PDC motion/tsunami generation is necessary.

2. Tsunami generation propagation ➯ magnitude, where,
how

Models of tsunami generation (near-field) must feature rel-
evant physics to simulate both slide and tsunami, and their
coupling, including strong nonlinearity (in both geometry
and flow), dispersion (vertical acceleration) in deep water,
and three-dimensionality. Models of tsunami propagation
(near-to-far-field) must include dispersion and sufficient
nonlinearity. Depth-integrated/averaged models are ade-
quate. The necessary slide/wave models exist for the most

Fig. 12 Tsunami generations from the 2018 volcanic flank collapse of Anak Krakatau for a viscous slides and b granular slides. (Snapshots from
S. Grilli’s presentation based on Grilli et al. (2019, 2021))
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part: such as in near-field, multi-material Navier–Stokes and
various multi-layer non-hydrostatic models, including vari-
ous rheologies, Newtonian and non-Newtonian such as
Boussinesq wave model in the near-to-far-field. These
models have been applied and validated on many field case
studies, e.g., Storegga, Grand Bank 1929, PNG 1998,
Messina 1908, Palu 2018 etc.

3. Landslide tsunami detection/warning ➯ magnitude/
where

There may not be an earthquake trigger or even a volcanic
eruption. Simulations of potential landslide tsunami scenar-
ios and their induced hazard need to be completed in
advance for areas deemed at risk that will be monitored.
Non-standard detection methods must be implemented, such
as High Frequency (HF) radar remote sensing combined
with relevant tsunami detection algorithms.

D. T. presented a global map of submarine landslide
tsunami locations (Fig. 17), noting that a broad global
understanding of the hazard and mapping is required.
A learning curve for submarine landslide tsunamis can be
described as follows: Most (80%) of tsunamis from earth-
quakes, but also from seabed slumps, landslides, dual
mechanisms and volcanic collapse. Landslide tsunamis over
past few decades improve our understanding of their tsunami
hazard. Each new event provides data from new technology
such as multibeam bathymetry and new numerical tsunami
models, however, there are still too few data to provide a
broad global understanding of the hazard. Mitigation and
warning are only confined to earthquake events, with 20% of
oceans mapped, so major mapping programmes are required.
Recent events flag non-seismic mechanisms, and form basis
for improved mitigation and warning.

K. S. presented simulations of coastal and submarine
landslide-induced tsunamis and highlighted the important

Fig. 13 3D image of the landslide block that contributed to the 1908 Messina tsunami (reproduced from Schambach et al. 2020) (Fig. 5 in Tappin
and Grilli 2020)

Fig. 14 Mutibeam bathymetry of the east coast of Japan, showing
submarine landslides (SLs). Black ellipses/circle are SLs: Red square is
the location of the SMF triggered by the March 2011 earthquake
(reproduced from Tappin et al. 2014) (Fig. 6 in Tappin and Grilli 2020)
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role of landslide motion in tsunami generation. A hazard
assessment of landslide-induced tsunamis along Suruga bay
in Japan was presented for a hypothetical Senoumi landslide
and potential retrogressive landslides arising from a future
mega earthquake along Nankai Trough together with their
hazard map (Fig. 18). How to prepare for possible landslide
causing tsunamis was highlighted. Namely, retrogressive

landslides are common in many landslides. However, to
investigate the possibility of potential retrogressive land-
slides at Senoumi, a set of 800 m deep drillings and geo-
physical exploration are needed. Hence, we have to discuss
how to promote the understanding and reducing landslide
disaster risk including both landslide causing tsunami and
landslide-induced tsunami for KLC2020.

Fig. 16 End-to-end system for tsunami early warning in Indonesia (Karnawati 2020)

Fig. 15 General view of the landslide scar on the southern bank of the
Bureya water reservoir and the body of the landslide with a passage,
initially made on 1 February 2019 and then extended by the spring
flood in April–May 2019. The top left panel shows damaged stumps

and exposed tree roots on the gentle coastal slope directly opposite the
landslide on the northern bank of the Bureya river (Figs.3 and 9 in
Gusiakov and Makhinov 2020)
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D. K. first illustrated some case examples of Palu earth-
quake and tsunami with liquefaction and submarine land-
slide, Sunda Straits tsunami due to volcanic eruption, and
historical earthquakes and tsunamis in Ambon, Indonesia.
Controlling factors and characteristics of areas typically
prone to landslides were presented with reference to geology
and bathymetry such as a fault distribution in coastal or near
shore areas and position of alluvial fan. Triggering sources
involve earthquake and volcanic eruption. A mitigation
strategy based on hazard maps and evacuation plans was
then provided with six levels of field verification and fact
finding in order to (a) verify the hazard levels and zones
(tsunami hazard map), (b) select and check the most
appropriate evacuation route (shortest and fastest) with
appropriate signage, (c) empower the local capacity to take
rapid or spontaneous actions in response to any ground
shaking, coastal subsidence and landslides, by following the
determined evacuation route toward the higher/safer areas,
(d) promote public education and regular drills on
self-evacuation (integrate the local wisdom and knowledge),
(e) establish appropriate land use management based on
appropriate hazard map and (f) relocate the people from
hazard areas. A list of 12 indicators from UNESCO-IOC
tsunami community program was presented (Fig. 19).

V. G. demonstrated the close relationship between
oceanic sedimentation zones and landslide-triggered

tsunamigenic potential, which could directly contribute to
improving tsunami early warning and long-term risk
assessment. Specifically, the main zones of lithogenesis in
the Pacific Ocean (1—equatorial humid zone, 2—northern
and southern humid zones, 3—zone of effusive-sedimentary
lithogenesis, 4—northern and southern arid zones), and the
classification and locations of “red”, “green” and “blue”
Pacific tsunamigenic earthquakes were presented (Fig. 20).
This demonstrates that there is a close relationship between
oceanic sedimentation zones and tsunamigenic potential of
submarine earthquakes. In spite of greater efforts in recent
years to study the slumping mechanism of tsunami genera-
tion, this factor is almost completely overlooked in the early
tsunami warning and in the long-term tsunami risk assess-
ment (coastal tsunami zoning). Conditions of oceanic sedi-
mentation are of extreme importance in understanding the
tsunami generation mechanism, and that slumping has con-
tributed significantly to at least 33% of the historical tsunami
events rather than the 7% indicated in the historical tsunami
catalogs for the Pacific. The contribution of underwater
slumping to the tsunami generation mechanism was recog-
nized long ago. However, little attention was given so far to
the relationship of tsunami generation to conditions of
oceanic sedimentation in the main tsunamigenic zones of the
Pacific. Taking this into account can essentially change the
strategy for improving the operational tsunami warnings and

Fig. 17 Global distribution of mapped submarine landslides (SLs):
green, SLs on passive margins; yellow, SLs located along convergent
margins; orange, SLs on strike slip margins; purple, volcanoes; red,
tsunamis associated with SLs (Tappin and Grilli 2020). Submarine

landslide tsunamis (in red) are mainly located along convergent
margins, but also along passive and strike slip margins and on flanks of
volcanoes
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the long-term tsunami risk assessment. Specifically, the
magnitude criterion for operational warning can be made
variable, depending on the earthquake location within the
basic zones of oceanic sedimentation (shallow water bays,
marginal seas, island arc regions, remote deep-water tren-
ches, middle ocean ridges). In estimating the long-term

tsunami risk, it can be very important to consider the
potential of submarine slumping in the tsunami-prone areas.

F. L. stressed the lack of data for landslide volume
probability, resulting from limited seafloor sub-bottom
mapping, and highlighted the uncertainty in landslide
dynamics leading to tsunami genesis. Although physics of

Fig. 18 a Shapes and cross sections of hypothetical Senoumi landslide
(HSL) and potential retrogressive landslides A and B (PRLA and
PRLB, respectively) b Inundation map at Yaizu City center caused by

PRLA. Inundation depth (color scale in meter) = maximum tsunami
height—ground elevation (Figs. 31 and 34(a) in Loi et al. 2020)
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tsunami propagation and inundation are well established and
sensitivity to the kinematics of the landslide (i.e., the motion
and path) is relatively well known, several cases thoroughly
hindcasted represent mainly subaerial landslides. Accord-
ingly, in most places around the world, we lack data for
quantifying temporal landslide volume probability with
limited and often non-existing mapping of substrata condi-
tions, thickness of sediments, fractures, geotechnical
parameters etc. Landslide friction tends to be reduced with
landslide volume, but we do not know to which extent this
influences tsunami hazard. Landslide dynamics controls
tsunami-genesis, but this dynamics is uncertain when we
attempt to forecast future events. Both material parameters
and landslide water interaction are poorly constrained. Past
landslide run-out distance observations constrain
tsunami-genesis poorly and therefore calibration against past
cases are associated with large uncertainties. In fact, there is
a limited amount of well documented fully subaqueous
landslide tsunami events. Transition from landslide failure to
flow controls acceleration and rate of failure (retrogression),
and how they can contribute to tsunami-genesis is crucial. In
comparison with earthquake tsunami hazards, temporal
landslide vs volume statistics is usually much less well
constrained. Paleo-observations are important, dating nec-
essary, but cannot always be linked to the source origin.
Longer time scales for hazard involves more uncertainty.
Landslides can occur “everywhere”—while earthquakes are
constrained to major faults and subduction zones. Greater
variability lies in different tsunami generation mechanisms
for different types of landslides: Subaerial versus submarine;
Landslide dynamics; Slumping, Translation, Turbidity cur-
rents with different repeatability characteristics (sediment

escape versus faults and plate motion). The outstanding
questions and gaps from the European tsunami community
are shown in Fig. 21.

3.2 Summary of the Panel Discussion

During the general Panel Discussion, each of the key items
summarized in Fig. 22 was critically discussed among the
panelists and the coordinator. The content of this Panel
Discussion is summarized in Sassa et al. (2022) and the key
discussion points are briefly reviewed in this section. Trig-
gering and source mechanisms need to be well constrained
and one needs to better understand how both of these affect
tsunami generation, in order to more accurately predict/
model landslide-induced tsunamis. There is still a lot to learn
for better understanding and mitigating the disaster risk of
landslide-induced tsunamis, regarding hazard mapping
(Fig. 17) and improving warning. Dual and multiple mech-
anisms must be considered to achieve improved mitigation.
However, our limited understanding and characterization of
the past landslide events where tsunami data are unavailable
makes it difficult to well constrain landslide dynamics
(Fig. 21). Landslide dynamics controls tsunami generation
(genesis) but is inherently uncertain; hence, a better inte-
grated understanding of landslide dynamics as well as
multi-phased physics of landslide-water interactions are
crucial to reducing landslide tsunami disaster risk. Landslide
dynamics itself features complex physics, such as liquefac-
tion and evolutions of pore water pressures involving phase
change processes (Fig. 7), and the in-depth understanding of
such phenomena is important for improving landslide

Fig. 19 A list of 12 indicators
from UNESCO-IOC tsunami
ready community program
(excerpt from D. Karnawati’s
presentation)
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Fig. 20 a Classification of “red”,
“green” and “blue” Pacific
tsunamigenic earthquakes in the
tsunami intensity I—moment
magnitude Mw relationship
according to Gusiakov (2001)
b The main zones of lithogenesis
in the Pacific Ocean (1—
equatorial humid zone, 2—
northern and southern humid
zones, 3—zone of
effusive-sedimentary lithogenesis,
4—northern and southern arid
zones). The digits show a fraction
of sediment volume in each zone
in the total volume of marine
sediments by Lisitsyn (1974)
c Locations of the “red”, “green”
and “blue” tsunamigenic
earthquakes. The insert figure
shows the fractions of
landslide-generated tsunamis (red
color) in the total number of
Pacific tsunamis (excerpts from
V. Gusiakov’s presentation)
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tsunami hazard assessment technologies. A closer investi-
gation of landslides that have caused or potentially cause
tsunamis (Fig. 18) is, thus, very important. In this respect,
multiple triggering sources of tsunamis such as landslides
caused by earthquakes and volcanic eruptions must be better
understood. Large volcanic flank collapses have induced
large tsunamis, e.g., recently Anak Krakatau 2018 (Fig. 12).
Hence, sites of potential future events should be closely

monitored and new instruments, allowing for early detection
and warning, deployed. In contrast, some landslide-induced
tsunamis may impact shores very rapidly, such as in the
cases of coastal and submarine landslides-induced tsunamis,
e.g., recently Palu 2018 (Fig. 8). Therefore, in order to
prepare for such fast arriving tsunamis, hazard mapping is
critically important. Accordingly, both hazard maps and
24-h warning are vital as mitigation strategies (Fig. 19). In

Fig. 21 Outstanding questions and gaps—the European tsunami community response (revised from F. Løvholt’s presentation based on Behrens
et al. (2021) to highlight landslide tsunami research questions)

Fig. 22 The framework,
essential content, and a short
summary of the panel discussion
in the World Tsunami Awareness
Day Special Event of the Fifth
World Landslide Forum (Sassa
et al. 2022)
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light of multiple mechanisms, oceanic sedimentation con-
ditions and zones have been overlooked as having high
submarine landslide tsunami generation potential (Fig. 20).
These can play a significant role in improving early warning
and hazard maps. However, more data is needed to better
constrain geological and geotechnical conditions for hazard
mapping. Landslide-water interactions are currently poorly
constrained and their better understanding, together with that
of the complex multi-phased physics this entails, are crucial
towards developing early warning systems. Overall, devel-
oping a better understanding of the multiple mechanisms and
multi-phased physics governing landslide tsunami hazard is
important and necessary for improving landslide tsunami
hazard mapping and early warning.

4 Conclusion

This article has presented some recent advances, the current
state and challenges in understanding and reducing the dis-
aster risk of landslide-induced tsunamis. A worldwide per-
spective has been presented by showing the outcomes of the
panel discussion held across America, Europe, and Asia and
a review of the World Tsunami Awareness Day Special
Event of the Fifth World Landslide Forum. Hazard mapping
and improved early warning are essential for better under-
standing and reducing the disaster risk of landslide-induced
tsunamis, and this will require developing a better under-
standing of the multiple mechanisms and multi-phased
physics of landslide tsunami hazard. An international col-
laborative network and platform would be important for such
a multi-hazard risk reduction. It is therefore hoped that the
content presented here will further promote understanding
and reducing the disaster risk of landslide-induced tsunamis
at both the regional and global scales.
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Natural-Hazard-Related Web Observatory
as a Sustainable Development Tool

Matjaž Mikoš, Nejc Bezak, Joao Pita Costa, M. Besher Massri,
Inna Novalija, Mitja Jermol, and Marko Grobelnik

Abstract

Using the Internet and wealth of data and knowledge
available on the Web, so-called web observatories have
been developed in the last decade—in very different fields
of use. The article discusses the use of such observatories
to support the implementation of sustainable development
at different scales. The focus is on landslides as risk to
society, and since they are related to water and soil, a
web-based observatory on natural hazards, including
landslides, can draw upon water- and soil-related obser-
vatories that are used worldwide as a sustainable devel-
opment tool. A new landslide observatory may support
major global initiatives to adapt to climate change. The
Observatory’s vision, structure and use can be built upon
the experiences gathered by developing a global water

observatory for smart water management, using Artificial
Intelligence tools. UNESCO Chair on Water-related
Disaster Risk Reduction of the University of Ljubljana,
Slovenia, and the UNESCO International Research Insti-
tute on Artificial Intelligence at the Institute Jožef Stefan,
Slovenia, have joined efforts and knowledge to develop a
new global web observatory (tentatively first as the
Landslide Observatory) to be used by different stake-
holders when implementing global climate adaptation
policies and relevant European Union strategies. The
information gathered on the internet is structured, and
shown using geolocators for different regions and/or
countries. For interpretation of world-wide web data,
landslide expert knowledge is used.

Keywords

Artificial intelligence � Earth observations � International
consortium on landslides � International programme on
landslides� Sendai framework on disaster risk reduction�
Sustainable development goals � World wide web

1 Introduction

Landslides are frequent natural hazards globally, and their
understanding and research are needed for landslide risk
reduction. In many ways understanding is achieved by
observing natural phenomena such as land sliding in all its
variety of forms (Hungr et al. 2014). For intense and focused
observations scientists are using observatories, according to
the Miriam-Webster Dictionary i.e. a building (as in
astronomy) or a place given over to or equipped for obser-
vation of natural phenomena. Diverse in-situ (field) obser-
vatories have been developed and are running over years to
monitor and understand landslide dynamics and/or develop
early warning systems. Using the internet and wealth of data
and knowledge available on the Web, new types of so-called
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web observatories have been developed in the last decade—
with very diverse purposes in mind. They are based on Open
Data and Big Data, and any other Web data, and by crawling
prepare a raw data collection from the Web, then by map-
ping of data do the pre-processing, converting, indexing,
tagging, and integrating, to finally do the visualization and
analysis of collected data (Aljohani et al. 2019). A proposed
web Landslide Observatory is not a replacement of existing
on-site landslide observatories and/or landslide-related Earth
Observatories, but rather a web platform to provide struc-
tured data, tools, and knowledge to help stakeholders better
understand landsliding as natural and social phenomena and
their consequences and impacts on the environment and
humankind, support sustainable development, and stimulate
risk dialogue and increasing society resilience.

Landslides are mentioned in the Operational Implemen-
tation Plan for the UNESCO Intergovernmental Hydrologi-
cal Programme Phase IX (IHP-IX OIP). In its February 2022
draft for the Priority Area 1: Scientific Research and Inno-
vation, rainfall-induced landslides are mentioned in the
proposed activity on Research and knowledge generation on
the scientific advances in addressing and timely forecasting
of water-related disasters and on additional impacts of syn-
chronous and/or cascading water-related hazards.

The Kyoto Landslide 2020 Commitment for Global
Promotion of Understanding and Reducing Landslide
Disaster Risk (KLC2020) was launched on 5 November
2020 by the International Consortium on Landslides (Sassa
2021a). Earlier, the 2017 Ljubljana Declaration on Landslide
Risk Reduction (Sassa 2017) endorsed a plan for the
preparation of the KLC2020 as a global alliance which aims,
in the medium- and long-term, to accelerate and incentivize
actions for landslide disaster risk reduction to 2030 and
beyond. The KLC2020 is thus a framework aimed at pro-
viding key actors and diverse stakeholders concerned with
landslide risk at all levels and in all sectors with tools,
information, platforms, technical expertise and incentives to
globally promote landslide risk reduction.

KLC2020 supports the implementation, any follow-up
and review of several global initiatives: the Sendai Frame-
work for Disaster Risk Reduction 2015–2030 (SFDRR
2015), the 2030 United Nations Agenda for Sustainable
Development (UN 2022a) and its 17 Sustainable Develop-
ments Goals, the New Urban Agenda, and the Paris Climate
Agreement. The KLC2020 is also a contribution to the
ISDR-ICL Sendai Partnerships 2015–2025 for global pro-
motion of understanding and reducing landslide disaster risk
with a subtitle “Tools for Implementing and Monitoring the
Post-2015 Framework for Disaster Risk Reduction and the
Sustainable Development Goals”’ (Sassa 2015). The
ISDR-ICL Sendai Partnerships 2015–2025 was a voluntary
commitment to the United Nations World Conference on

Disaster Risk Reduction, Sendai, Japan, 2015. Today, there
are many Voluntary Commitments to SFDRR, not all at
global scale (UNDRR 2022).

KLC2020 accounts for ten priority actions in research and
capacity building, coupled with social and financial invest-
ment, among them, the following priority actions are of
interest for discussion in this paper:

– Action 5: Promote open communication with local gov-
ernments and society through integrated research,
capacity building, knowledge transfer, awareness-raising,
training, and educational activities, to enable societies
and local communities to develop effective policies and
strategies for reducing landslide disaster risk, to
strengthen their capacities for preventing hazards from
developing into major disasters, and to enhance the
effectiveness and efficiency of relief programs.

– Action 9: Foster new initiatives to study research frontiers
in understanding and reducing landslide disaster risk by
promoting joint efforts by researchers, policy makers and
funding agencies.

The basic idea behind this paper is to discuss a
state-of-the-art on diverse global observatories related to
sustainable development and its goals, and how this knowl-
edge can be used to develop a natural-hazard-related web
observatory thatwould help to strengthen the discourse among
relevant stakeholders focused on risk dialogue in order to
increase resilience and support the implementation of sus-
tainable development goals (SDGs) related to natural hazards.
Water has an important role in the 2030 Agenda for Sustain-
ableDevelopment (Casale andCordeiroOrtigara 2019), as it is
directly or indirectly related to all SDGs (Fig. 1).

The University of Ljubljana (UL) Faculty of Civil and
Geodetic Engineering (FGG) is a full member of the ICL
since 2008, and has actively contributed to different ICL and
IPL activities in the years there after (Mikoš and Petkovšek
2019), most notably by organizing the 4th World Landslide
Forum in Ljubljana in 2017 (Mikoš et al. 2017).

UL FGG has been since 2008 consecutively recognized
five times as the World Centre of Excellence on Landslide
Risk Reduction, and is hosting UNESCO Chair on
Water-related Disaster Risk Reduction (WRDRR), estab-
lished at University in Ljubljana in 2016. UL FGG and
UNESCO WRDRR Chair are supporting KLC2020, and its
two Priority Actions: #5 and #9. In this sense, ULFGG
proposed in 2022 a new IPL project entitled
“World-wide-web-based Landslide Observatory (W3bLO)”.
The project, if approved by the Global Promotion Com-
mittee of the International Programme on Landslides and the
Kyoto Landslide Commitment 2020 (GPC/IPL-KLC), will
be executed in collaboration with the UNESCO International
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Research Institute on Artificial Intelligence (IRCAI), hosted
by Institute Jožef Stefan, Ljubljana. The IRCAI was inau-
gurated and virtually launched in March 2021, and is
regarded as a coordination point, founding route and
exploitation accelerator for approaches to the UN SDGs that
make use of Artificial Intelligence. Due to the proximity of
the both institutions, located in the City of Ljubljana,
Slovenia, and excellent experiences in the past in the field of
the joint research cooperation, it was quite natural to try to
combine the expertise in the two fields: Artificial Intelli-
gence (IRCAI) and landslide research and risk reduction
(ULFGG), for the implementation of sustainable develop-
ment. The joint idea was to start developing a web-based

observatory to be applied in the field of disaster risk
reduction.

The first phase of the project work will be based on the
experiences of the IRCAI team while developing a
web-based water observatory for smart water management
for sustainable development. Before a more focused and
in-depth description of a water observatory under construc-
tion for smart water management, a short overview of
already developed natural-hazard-related observatories will
be shown to see what information they offer. A confrontation
of the two, and having in mind the SFDRR 2015–2030
targets, a way further in preparing a web-based Landslide
Observatory will be paved.

Fig. 1 Importance of Water in 2030 (from PBL 2018, source Casale and Cordeiro Ortigara 2019, Fig. 4)
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Landslides and mass movements were also recognized as
one of the main threats to soil health in the EU Soil Thematic
Strategy (Montanarella and Panagos 2021), thus being rel-
evant for target SDG 15.3 for achieving land degradation
neutrality. Landslides are related to the EU Biodiversity
Strategy for 2030 (European Commission 2022a) that was
published on 20 May 2020, and EU Soil Strategy for 2030
(European Commission 2022b), adopted by the European
Commission on 17 November 2021. As a tool for the
implementation of the latter strategy, the EU Soil Observa-
tory was launched on 4 December 2021 (ESO 2022). Its
vision, mission, operational principles, organization, func-
tions and activities are laid down in a concept note (Euro-
pean Commission JRC 2021). Sustainable soil management
and the restoration of degraded land is critical if biodiversity
protection targets are to be achieved. The reader can easily
understand how landslides are involved in water and soil
issues concerning sustainable development at all scales.
Potentially, a web-based Landslide Observatory will help to
implement different international strategies and policies,
foremost several SDGs.

Different institutions/entities are offering tools or data for
water-, soil-, and natural-hazard-related observatories. For
example, Copernicus Emergency Management Service
(EMS) Early Warning and Monitoring offers critical
geospatial information on emergency response and disaster

risk management at European and global level through
continuous observation and forecasts for floods, droughts
and forest fires (Table 1).

The Dartmouth Flood Observatory was founded in 1993
by Dartmouth College, Hanover, New Hampshire, USA, and
moved in 2010 to University of Colorado, USA. It offers
diverse space-based data, images, maps, and tools for sur-
face waters, including floods (Kettner et al. 2021).

The NASA Earth Observatory (NASA 2022a) is bringing
together images, global maps, articles, blogs, stories, and
discoveries on a variety of natural events, including flooding
and landslides. For landslides as for other natural disasters it
is important to develop robust inventories of events. NASA
has developed Global Landslide Catalog (GLC) and
expanded it by Landslide Reporter Catalog (LRC) to the
so-called Cooperative Open Online Landslide Repository
(COOLR) (NASA 2022b). The COOLR project contains
Landslide Reporter, the first global citizen science project
for landslides, and Landslide Viewer, a portal to visualize
data from COOLR and other satellite and model products
(Juang et al. 2019). In the first 13 month of the project, 162
landslide events were added to the inventory (NASA 2022c)
—a good start.

In 2010, the International Consortium on Landslides
(ICL) started its ICL World Report on Landslides (ICL
2022), a platform for a global repository on landslides for

Table 1 A selection of natural-hazard-related observatories

Observatory Information References

AGU–Blogosphere A community of earth and space science blogs, hosted by the American Geophysical
Union, including The Landslide Blog

AGU
(2022)

DFO–Darmouth flood observatory Space-based measurement, mapping, and modeling of surface water for research,
humanitarian, and water resources applications

DFO
(2022)

EDO–European drought
observatory

Drought-relevant information and early-warning for Europe EDO
(2022)

EFAS–European flood awareness
systems

Complementary regional and national flood forecast and monitoring information EFAS
(2022)

EFFIS–European forest fire
information system

Forest fire activity in near-real time. Useful for wildfire management at national and
regional level

EFFIS
(2022)

EUSO–European union soil
observatory

Collecting high-resolution, harmonized and quality-assured soil information (showing
status and trends) to track and assess progress by the EU in the sustainable management of
soils and restoration of degraded soils

EUSO
(2022)

GDACS—Global disaster alert
and coordination system

GDACS is a cooperation framework between the United Nations, the European
Commission and disaster managers worldwide to improve alerts, information exchange
and coordination in the first phase after major sudden-onset disasters. The system covers
earthquakes, tropical cyclones, floods, volcanoes, droughts, and forest fires

GDACS
(2022)

GDO–global drought observatory Drought-relevant information and early-warnings globally GDO
(2022)

GloFAS–global flood awareness
systems

Complementary global flood forecast and monitoring information GloFAS
(2022)

NASA earth observatory Images, global maps, articles, blogs, stories, discoveries on natural events such as floods,
landslides, fires, drought and other natural events

NASA
(2022a)
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landslide experts, researchers and practitioners alike. Later,
detailed instructions were prepared on the web site with a
ranking system depending on the details submitted to the
Report. In 2017, forty reports were submitted (Abolmasov
et al. 2017). In early 2022 it is sadly only added a few more.

2 A Data-Driven Global Observatory

The world’s globalization phenomena unveiled the aware-
ness of world-wide problems, such as the climate crisis and
its consequences, but also the common efforts to find solu-
tions to water-related problems (e.g. floods) through col-
laborative actions. There are many obstacles still today on
such global strategies to which innovative technology and
data-driven solutions can help. In this section, we describe a
novel concept of a global observatory based on text mining
algorithms that is able to answer the wide range questions
that are core to global solutions, using Big Data analytic
methods over the layered information it is ingesting in
real-time.

The main perspectives of this global observatory fall on:
(i) the monitoring and exploration of news articles and social
media feeds; (ii) the analysis of combinations of indicators
through time and what stories can they tell; and (iii) the
exploration of published scientific knowledge and patented
innovation; and (iv) the exploration of historical data on
natural resources and weather, allowing to forecast tenden-
cies in a medium/long-term time horizon of ten years. All of
these perspectives can be combined to provide comple-
mentary answers to main landslide-related topics.

2.1 Methodology

Observing events both at global and local scales requires
firstly the sensing capability and then the interoperability
between the knowledge that was sensed. That sensing is
translated by the acquisition of heterogeneous data that can
provide us with a multitude of perspectives over what is
being observed.

As illustrated by the schema in Fig. 2, we consider the
construction of the Global Water Observatory into phases
going from lower to higher complexity. We start by putting

together data sources that are meaningful to a range of
stakeholders that are targeted, from engaged citizens to
decision makers that can leverage the information provided
to established evidence-based policies.

At the data collection phase, we must be concerned with
properly addressing the challenges in the heterogeneous
nature of Big Data in all of its Vs dimensions (Song and Zhu
2016), their different frequency and size, as well as the levels
of access to it established by data providers. These param-
eters take into consideration to ensure the appropriate data
ingestion into the system. The selection of data sources is
done manually, but their ingestion is automated, when the
frequency of the update is high (e.g. weather).

In the case of yearly updates, the data is ingested man-
ually (e.g. MEDLINE or statistical aggregated data feeding
indicators). This Observatory collects data from many dif-
ferent data sources (e.g., the Worldwide news, the Microsoft
Academic Graph, the Word Bank, the United Nations Sus-
tainable Development Goals) in their global scope, accord-
ing to their relation to the focus topics and priorities (see
Table 2). Complementary to this, the local installation of the
Observatory is also ingesting local data originated mostly
from national open data initiatives, national statistics agen-
cies or open datasets produced in the context of projects that
relate to the priorities that are being observed (collected from
global repositories, e.g., Schweizerische Eidgenossenschaft
2022).

The next stage is the data cleaning, data processing and
data integration prior ingestion. This step is very important
to allow for the data quality that is needed in order to obtain
useful insights from it. In this step, we include the data
curation, where the most meaningful datasets are selected
and parsed. The Observatory also includes exploratory data
analysis and some data visualization for the purpose of
prototyping the data visualization modules that are then
available at the Observatory.

The Observatory phase is then possible when the curated
data streams of a selection of dynamic data sources are live
in the system and can be used to obtain insight on particular
topics of interest, monitor Key Performance Indicators
associated with business priorities, and allow for a global
and local perspective on related topics. These include
interactive data visualizations of indicators and statistical
data, the dynamic view of the news sources over priorities,

Fig. 2 The approach used leading from data sensing to the digital twin and its approximation to local priorities
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or the user query over a scientific research topic. This allows
for insight on topics in analysis (such as water topics like
water scarcity and water quality, and public health topics
like Ebola or the new coronavirus) that will be put into the
context of local data when sourced from the shared interest
of users.

The path ahead is a novel concept of a meaningful Digital
Twin (i.e., a dynamical model which given a current state of
an observed system, is capable of a digital partial recon-
struction of such a system) that builds over the Global Water
Observatory to rise above data complexity towards data
interoperability. This is usually difficult to achieve in full due
to the heterogeneity of the data, the different characteristics
of the data sourced (frequency, data types, etc.) and the
domain knowledge needed to identify new challenges cov-
ering a wide range of business intelligence priorities. Nev-
ertheless, useful aspects of it can be achieved, some of which
are already evident from the implementation available at
(NAIADES Water Observatory 2022) and discussed in the
following sections. An example of this is to track a topic in
the news, its impact in the social media, and explore the
range of the problem in the published scientific research, as
well as extract good practices to deal with this problem.

A final stage to this diagram, and usually forgotten in a
theoretical framework, is the adaptation of the system to the
needs and priorities on the user’s side. Here, we consider the
ingestion of local data, the customization of news streams,
the availability of exploratory dashboards, the shareable
instances for policy makers, and the APIs for 3rd party
integration.

Altogether these five phases run simultaneously to have
the Observatory running as a live system that can support
real-time decision-making. A typical example of the aimed
outcome of such an intelligent system is the following
sequence of events:

(i) a new technology is identified in scientific research;
(ii) the patents around it multiply, alerting its importance;
(iii) new mentions of its usage arise in the market

landscape;
(iv) companies relating to it are now able to guarantee new

investment; and
(v) news media is more and more aware of the impor-

tance of the technology (unknown in (i)).

The system that is able to access the data sources that
relate to the items above, is also able to track the term
throughout the several phases of popularization. It is also
able to show the current status of a particular topic of
interest, and optimally alert for potentially trendy topics in
the future.

The analysis of indicators in pair with other data-driven
perspectives can put the problem into a global context. In the
visualization of Fig. 3 we consider five dimensions—x-axis,
y-axis, bubble size, bubble color, and time—to represent the
many aspects of the representation of the information. The
explorations based on this analysis lead us to aspects of the
causality inherent to the problem itself, in the sense that
some of the answers to the problem in analysis lie in the
analysis of the causes of that problem.

2.2 An Observatory for Water Events

Water is fundamental to all human activity and ecosystem
health, and is a topic of rising awareness in the context of the
recent discussions on climate change. Water resource man-
agement is central to those concerns, with the industry
accounting for over 19% of global water withdrawal, and
agricultural supply chains are responsible for 70% of water
stress (Our World in Data 2020). In 2015 the UN established

Table 2 Data sources feeding the observatory

Name Source Short description

Worldwide news Event registry News articles with timestamp, title and URL

Facebook impact Event registry Number of posts in Facebook mentioning a certain article

UN open dataset UN portal Global indicators on water resource management

World Bank open data World Bank Global indicators on the access to clean and drinkable water

SDG SDG6 web portal Global indicators of progress on the achievement of SDG6

JRC Global surface water The volume of available water by GIS coordinates over time

Statistical water data Eurostat Different statistical time series on water-related aspects

European water data EU open data portal A range of water-related topics described by time series

Twitter feed Twitter The historical data of a part of the global Twitter feed

Weather data ECMWF The current data and forecasts on the weather conditions

MEDLINE USA national library of medicine The 26 + million biomedical research article abstracts and titles

Microsoft academic graph Microsoft academic Published research articles and patents (including MEDLINE)
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“clean water and sanitation for all” as one of the seventeen
Sustainable Development Goals, aiming for eight targets to
be achieved by 2030 (UN 2022b). The UN secretary-general
points out in April 2020 that SDG 6 is “badly off track”
compromising the progress on the 2030 Agenda (UN 2020).
As noted by the Organization for Economic Co-operation
and Development (OECD), the ‘water crisis’ has often
proven to be a crisis of governance (OECD 2011), where
water scarcity is largely caused by mismanagement of
resources, leading to a global prioritization (Akhmouch et al.
2018).

Added to this, climate change is a global problem that in
recent years has been in the focus of European and World-
wide strategies. The priorities in the European Union are
rapidly changing towards sustainability and environmental
efficiency, covering most domains of action. The European
Commission’s Green Deal (European Commission 2019a)
aiming for a climate neutral Europe in 2050, and boosting
the economy through green technology provides a new
framework to understand and position water resource man-
agement in the context of the challenges of tomorrow
(European Commission 2019b).

In this context, the NAIADES project (NAIADES 2022)
aims to improve the water resource management in a global
context, including European regions where water scarcity is
predicted, also dealing with concerns such as saline intrusion
and groundwater contamination. The current implementation
of the Water Observatory in the context of the European
Commission’s-funded Horizon 2020 project NAIADES on
“Smart Water Management for Sustainable Development

Goals” (Pita Costa et al. 2021) allows users to have a global
perspective on water-related events (e.g. floods), but also to
address specific conditions and priorities. It is ingesting
water-related data both from global agencies (e.g. UN and
World Bank) and local entities (e.g. Swiss open government
data opendata.swiss (Schweizerische Eidgenossenschaft
2022)) to activate an intelligent system distributed through
the following “views”:

– Indicators: adding to the global indicators fed on statis-
tical data provided by the United Nations, the world bank
and other trustworthy agencies, the local installation of
the observatory is ingesting curated open datasets that
have regional information about water topics of interest to
the stakeholder.

– Media: each location has its own news and social media
streams configured to priorities and aspects of the news
that stakeholders define as topics of interest (e.g., floods).

– Research: similar to the media sources, the research
topics allow for some customization to better fit to the
needs of the local user.

– Resources: the natural resources information provided for
exploration is geolocated to the regions of interest to the
user of the platform.

These views change when a new location is selected to
better reflect the priorities of its users. This observatory
allows the user to achieve a multitude of perspectives
aligned with objectives fed by data sources of different
nature, as follows:

Fig. 3 Animated visualization of indicators and their relation
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– Explore the details of the best practices identified in
global and local news on water-related topics, with a
worldwide coverage through multilingual capability
configured to the user priorities;

– Assess the impact of the events of interest from the
reshares on social media (Facebook), as well as explore
the real-time feed of social media itself (e.g., Twitter);

– Observe the evolution in time of local and global indi-
cators related to the usage of water resources to under-
stand the relations and possible implications in own
business;

– Explore the global information of water contamination
from trusted scientific sources and news articles, com-
plemented by the social media input, and the good
practices to deal with local similar problems in focus;

– Reuse open datasets on weather and water levels to have
an assessment on the impact of climate change in avail-
able resources in a window of ten years;

– Align with the input of the observatory with the data
provided by other data platforms and the proprietary data,
enriching the business intelligence.

The NAIADES Global Water Observatory does not only
contribute to the improvement of European sustainability in
water-related matters, but will also provide the local actors
on the water resource management an active role in that. The
typical three main groups with different workflows that can
be users of this technology belong to supported by the
developed technology:

– water resource management: using the provided infor-
mation in the resolution of problems related to weather
events, to understand how their actions are perceived by
the consumers, and to explore successful scenarios in
similar cases.

– local government: to help evidence-based decision-
making using open data, better sync to the Sustainable
Development Goals and other guidelines, and evaluate
commitments in time.

– general public: for water education with a local context, in
aspects that matter to the local population, based on parts
of the Water Observatory that can be open to the public.

The intention to globally monitor water resources is not
new, and by the late 1960s (Freeze and Harlan 1969) the first
spatially-distributed water resources model appeared, with
first operational uses of satellite observations in water
resources developed in the early 1980s (Ramamoorthi 1983).
The reliable management of water resources is only possible
under the condition of availability of adequate qualitative
and quantitative information about the state of the water
body at any moment of time.

Taking advantage of the recent technological progress
enabling much innovation that was unthinkable a few years
ago, the concept of the Digital Twin is increasingly entering
the water sector as an innovation driver. Due to the rapidly
growing awareness of the sustainability challenges that we
are facing in Europe and worldwide in the context of water
resource management, there has been much work done to
develop systems that are able to collect information about
the available water and even simulate and forecast that in the
near future. These are usually geolocation-based systems
ingesting water-related data to enable real-time monitoring
of resources and usage (Idrica 2018). The other typical
approach is the systems focused on workflows in the water
sector, including the management of water distribution net-
works, hydraulic efficiency or leak/fraud detection, better
suited to those companies that already have their infras-
tructure in place and know well what they want to monitor
(Idrica 2019).

The approach proposed in this section is novel in many
ways. It brings a dimension of media and social media to the
analysis of global water events, made possible by the recent
advances in text mining and machine learning to capture
appropriate insight from the data collected worldwide.

As shown in Fig. 3, the user can select over a variety of
indicators each of which represents a time-series of ingested
statistical data that can describe progress on a certain topic
over the years. Moreover, the analysis of the open data
ingested allows us to identify causality relationships between
those indicators (Neuman and Grobelnik 2022) and to
compare regions and countries on resources and measures to
build evidence-based policy-making over data that is often
freely accessible but is not always easy to explore.

The media is also a rich dataset that can be used to
monitor the water-related events in real-time. NAIADES is
using the Event Registry News Engine (Leban et al. 2014) to
analyze more than 300 thousand new articles per day over
more than 60 languages. The NAIADES Water Observatory
is monitoring flood and water contamination events at a
worldwide scale (in Fig. 4, we show the news dashboard
exhibiting the most recent topics on a selected specific focus
in media every second), allowing us to use advanced text
mining capabilities to explore the main concepts and cate-
gories when addressing water-related events (in Fig. 5, we
show the distribution of news categories on a certain
water-related topic over a time window).

This news monitoring perspective is also including a
Twitter observatory that adds a social media perspective
covering the main discussions taking place in related topics,
or the sentiment of those social media posts over time that
can help us to achieve another perspective on the water
event. The current implementation is based on an easily
configured dashboard feeding on the collected data that can
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Fig. 4 SDG 6-focused NAIADES water observatory collecting worldwide news on water-related events

Fig. 5 Weight of news
categories in the context of
“wastewater” during 2021
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also serve as a prototype tool to explore potential and build
useful data visualization dashboards.

One of the valuable aspects of the usage of social media
data is the possibility of using it in order to nowcast public
opinion about the actions taken in a certain water-event, or to
establish customized alerts to monitor those events. The
latter is a much more difficult task due to the noise and low
frequency/amount of data. For those, we can use data from
collected news on similar events covering the main features
to take into consideration.

The important role of scientific research in this context is
revealed by the trends and findings on certain water-related
topics (e.g. water contamination or wastewater) and the best
practices that can be extracted from this data. The observa-
tory is also using other text mining and data analytics
algorithms to analyze simultaneously multiple time-series
providing interactive exploration tools to understand trends
in research over time and how concepts are related with each
other over time (see Fig. 6).

The localization of this global system entails the cus-
tomization of its functionality in news monitoring, ingestion
of local indicators and exploration of scientific research on
observed problems in, e.g., groundwater contamination. In
that, the observatory is synchronizing with the priorities of
regional water providers. These agencies (e.g. Aguas de
Alicante) are collecting data on their water resource man-
agement services to improve the customer satisfaction and
optimize their system.

2.3 Addressing Other Landslides Problems

The development of a Landslide Observatory, refocusing
some of the technologies used in the earlier described
NAIADES Water Observatory, are mostly due to the
acquisition of appropriate data and to the definition of
monitoring priorities. When analyzing the worldwide news
and social media, the usage of appropriate terms, and
eventually the ingestion of news venues that are not yet
considered is fundamental to cover well the topics of interest
and better capture the dynamic perspective they provide. The
Observatory is using Wikipedia terms to activate its multi-
lingual potential (e.g., “Landslide” is an existing term in
Wikipedia covered by 81 languages, while “Mudslide” does
not exist having to be substituted by “Mudflow” as noted by
Wikipedia).

Following the unfortunate mudslide disaster event in the
Shizuoka Prefecture in Japan on July 7, 2021, the news
monitors ingested 2165 related news articles covering the
event and its consequences. Figure 7 shows the entities and
concepts extracted from the sample of news based on the
query defined by the user that will activate other data ana-
lytics algorithms and data visualization modules (as above in
Fig. 5).

When learning over historical data collected on a topic,
the Observatory can leverage text mining methods to auto-
matically classify news records based on labeled text, and
identify related events that the user can recur to in order to

Fig. 6 Main topics in research relating to “precipitation” across time

92 M. Mikoš et al.



explore a certain event. By ingesting a stream of Twitter
data, we are also able to reuse some of these extracted
entities in monitoring similar events in social media, and
relating the frequency of mentions with the intensity of the
media coverage on such events.

Moreover, with the computation of the news sentiment,
they can grasp the perspective of the media on, e.g., the
governmental actions to the event. Figure 8 shows the news
sentiment overview on news regarding the current mudslide
disaster in Ecuador, in a suburb of Quito on January 31,
2022. Although most of the sentiment is negative as
expected due to the nature of the event, part of it is positive
showing some appreciation for, e.g., the reevaluation of
scientists and engineers in the water distribution in Ecuador,
or the reopening of public discussions on the bargain power
of indigenous groups in mining and drilling disputes (New
York Times 2022).

The existing observatory identifies 927,847 articles col-
lected over eight years on the topic of “Landslides” (see
Fig. 9). It allows the user to explore the phases of each event

based on the available news articles and explore constructive
scenarios from other experiences and methodologies, lever-
aging the capabilities of text mining technologies made
available by the Jožef Stefan Institute (e.g. NewsFeed and
Wikifier (Leban et al. 2014)) allowing the use of Wikipedia
terms to perform complex queries across languages, and that
can better acquire detail and reasoning.

Allied with the exploration in media and social media, the
user of the Observatory can explore published research and
patented innovation through a complex data visualization
technology that makes it easier to perform literature review
over a certain topic, allowing for powerful Lucene-based
queries over the article’s metadata aiming to refine search by
moving a pointer over clusters of related topics (see Fig. 10).
Considering that the MEDLINE dataset ingested into the
system includes “Landslides” as one of its descriptor cate-
gories (USA National Library of Medicine 2019), the
exploration of scientific articles covering landslide-related
topics can be explored using the following Lucene query:
MeshHeadingList.desc: “Landslides”.

Fig. 7 Main concepts related to the mudslide disaster in Japan on July 15, 2022
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Finally, the access to the indicators view as a data
visualization tool to make sense of the ingested statistical
data, complements this analysis workflow allowing the user
to investigate on different aspects related to landslides,
from the “water stress level” to the “water exploitation
index”, to name a few of the time series already cleaned
and ingested.

3 Conclusions and Further Work

The results discussed in this article show the potential impact
of the proposed data-driven global observatory in contexts
like water resources and climate change preparedness (al-
ready including a focus on floods as water-related events),

Fig. 8 News sentiment captured from the mudslide

Fig. 9 Exploring a timeline of worldwide news on landslide events throughout 927,847 articles in eight years of collected data
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and the scaling potential to address landslides, as already
demonstrated with the results shown. This integrated system
is capable of monitoring in real-time worldwide news and
social media, statistics, published science, weather and many
other data streams that are identified as useful and can pro-
vide complementary value to those considered already. The
scaling capability of this intelligent system allows it to be
deployed in the context of other global problems where there
is enough data to provide useful and meaningful contribu-
tion, either in other aspects of the climate crisis to better plan
response, in addressing other epidemiological concerns to
serve as early warning, or in addressing a new focus in the
context of data science for social good.

We are now working on extending this system to further
integrate the information retrieved with the focus on
landslide-related topics. The user will be able to explore a
wide range of indicators and compare trends on a global and
local level throughout a meaningful timeline. We will also
be reusing EC-funded open datasets and initiatives in order
to ingest this information as European-level indicators to
complement the analysis.

Moreover, we are investigating the optimal long-term
forecasting and data visualization that can contribute to cli-
mate change preparedness, integrating the knowledge
obtained from the appropriate application of text mining
methods to indicators, research and news, and elaborating on

the impact of that change in landscape monitoring-specific
problems.

Furthermore, we will be further investigating the validity
of the localization of this Observatory, integrating some of
the local data that can be provided by the user, and cus-
tomizing news sources to their own priorities, as well as
making available data exploration dashboards that allow for
further insight and evidence-based policy.

The gained expertise on how to build a web observatory
in the field of water management in order to support the
implementation of the SDG6 “Clean water and sanitation”
will be used to develop a web landslide observatory that may
be used for the implementation of the SDG13 Climate
Change and other SDGs, where landslides are seen as
threatening factor, and other international strategies and
policies, including the Kyoto Landslide Commitment 2020
for Global Promotion of Understanding and Reducing
Landslide Disaster Risk. The observatory development can
also be seen as a contribution to UNESCO Intergovern-
mental Hydrological Programme Phase IX (IHP-IX OIP).
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Fig. 10 Exploring scientific research on landslide assessment and management
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Mapping Post-fire Monthly Erosion Rates
at the Catchment Scale Using Empirical
Models Implemented in GIS. A Case Study
in Northern Italy

Damiano Vacha, Giuseppe Mandrone, Donato Morresi,
and Matteo Garbarino

Abstract

Post-wildfire geological hazards are an emerging problem
for a number of different environments, including areas
not typically associated with these events such as the
Alpine Region. The risk connected with post-fire pro-
cesses such as debris-flows and flood-type events threat-
ens people, infrastructures, services and economical
activities. Apart from a few examples, such as in the
USA and Australia, there is a lack of models available to
quantify the increase in susceptibility of the aforemen-
tioned phenomena as a result of the modification induced
by the wildfires. In this work we test the application of a
modified version of the RUSLE, on GIS, to quantify the
post-fire erosive phenomena for a case study in the
north-western Italian Alps. The results of its application,
taking advantage of high-resolution rainfall series and
data deriving from field surveys, highlight the marked
increase (more than 20 times) in erosion rates, quantified
by expressing both the EI (erodibility index), the A
(monthly soil loss) and the SL (monthly sediment loss)
rise. The months of April, May and June represent the
larger share of the total quantities. This is a consequence
of the noticeable increase of the EI, which for the post-fire
scenario is more than one order of magnitude higher than
the pre-fire one.

Keywords

Wildfires � Erosion � Slope stability �Hazard �Western
Alps

1 Introduction

Climate change is having far-reaching effects ranging from
unprecedented forest fires, heatwaves, droughts and extreme
rainfall events (IPCC 2014a, b). Natural disturbances are
thought to experience a further increase in frequency and
severity, progressively affecting areas not endangered in the
past also due to land use change (Maringer et al. 2016;
Mantero et al. 2020). They can occur alone or in combina-
tion with each other and cause and/or be followed by sec-
ondary hazards, constituting a complex chain of
multi-hazards processes also called cascading effect. As an
example, forest fires lead to new avalanche-prone slopes,
and to a higher risk of rockfall, debris-flow, mudslides, soil
erosion and water quality problems. Recent estimates for the
Alpine region, forecasting an increased impact of the climate
change effects, suggest wildfires and post-wildfire geological
hazards to represent a looming issue in the near future
(Zumbrunnen et al. 2009; Moreira et al. 2011; Wastl et al.
2012; Arndt et al. 2013, Dupire et al. 2019, Barbero et al.
2019).

Amongst other hydrological hazards, debris-flow and
flood-type events represent the most serious concern, as can
be seen in the reports and the scientific literature of the
regions (USA, Australia) which are facing the problem
nowadays (De Graff 2014). The modification of the hydro-
logical properties, due to litter and vegetation removal, ash
deposition, alteration of the physical properties of soil and
rocks results in an increase of the availability of easily
erodible materials on hillslopes and of runoff rates (Moody
and Martin 2001; Parise and Cannon 2008, 2012; Staley et al
2017). In fact, rainsplash, sheetflow and rill erosion
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increases due to the diminished capacity of rainfall inter-
ception by the tree canopies, shrubs and grass. Very soon the
surface runoff may concentrate in hollows and low order
channels carrying the eroded sediment and entraining the
materials deposited in the waterways, eventually exerting a
strong erosive action at the expense of the riverbed sedi-
ments and causing their “in mass” failure. All of these
processes can lead to sediment concentration to levels
associated with debris flows (Tang et al. 2019).

Currently, very few models are available for the estimate
of the hazard and risk of these phenomena. The USGS
preliminary hazard assessment relies on empirical models to
assess the likelihood, volume and combined hazard of debris
flows for selected watersheds in response to a design storm.
These models rely on historical debris–flow occurrence and
magnitude data, rainfall storm conditions, terrain and soils
information, and burn–severity maps (Staley et al. 2016,
2017). In Australia, the Victorian Department of Sustain-
ability and Environment (DSE) developed an empirical rapid
risk assessment procedure for post-fire hydrologic risks,
namely debris flows risk, water quality risk and flooding
risk. The model, in the early stages of development, is based
on available datasets and combines information for terrain,
vegetation, rainfall erosivity, burn severity maps and stream
network (Sheridan et al. 2009). In other countries, such as
the Mediterranean ones, despite an increasing number of
hazardous events (Parise and Cannon 2008; Tiranti et al.
2006; Carabella et al. 2019; Esposito et al. 2013, 2017,
2019), no model for the hydro-geomorphic events suscep-
tibility assessment has been implemented or validated
extensively. Very few examples of model application can be
found in Italy, Greece, Portugal and Spain (Terranova et al.
2009; Fernandez et al. 2010, 2018; Coschignano et al. 2019;
Esteves et al. 2013 Rulli et al. 2013; Lanorte et al. 2019;
Depountis 2020, Efthimiou 2020). The need to quantify the
influence of fires on the propensity for hazardous processes
clashes with the fact that, in many regions outside the United
States, the scientific community has faced the problem in a
consistent way only in recent years and thus the available
post-fire event statistics does not allow for a data driven
approach. In this study, we focused on the application and
validation of a modified version of the RUSLE model
(Revised Universal Soil Loss Equation—Wischmeier and
Smith 1978) to quantify the post-fire erosive phenomena for
a case study in the north-western Italian Alps. In this area,
during October 2017, ten wildfires occurred, burning a total
area of 10,000 hectares of which 7000 were forests; this
value far exceeds the average regional forest burned area
(600 ha/year between 2005 and 2013) (Morresi et al. 2022).
Season fires in 2017 were favored by the exceptionally dry
conditions, high temperatures and the occurrence of several
days with hot and dry winds (Arpa Piemonte 2017; Bo et al.
2020). The largest and most severe fire—almost 4000 ha—

occurred in the Susa Valley, where fourteen catchments on
the left of the Dora Riparia River were involved. Starting
from late April 2018 until the early June, several flow events
originated from the burned catchments. The larger damages
were recorded at the outlet of the Comba delle Foglie, a
small drainage basin overhanging the Bussoleno munici-
pality (Vacha et al. 2021). Ground evidence highlighted a
remarkable increase in erosion rates exerted by the surface
runoff in many sectors within the fire perimeter, in agree-
ment with literature findings (Moody and Martin 2001;
Parise and Cannon 2008, 2012; Staley et al. 2017). Based on
the assumption that these processes represent the key aspect
governing the availability of sediments to be entrained
during rainfalls, and taking into account the available spatial
data, the structure of the RUSLE model proved to be the
most suitable framework to be adopted. In fact, the approach
used is deliberately simple, replicable, improvable and easy
to implement in a GIS environment. It is also possible to
automate it in order to make it available for the rapid pro-
duction of thematic maps to support authorities and for civil
protection purposes. Moreover, it relies mostly on the
available open source spatialized data provided by regional
authorities and other public bodies, which makes it easy to
replicate the conceptual scheme in other areas. The model
has been applied and validated on the Comba delle Foglie
catchment, for which a detailed temporal reconstruction of
the processes and quantification of the volume of mobilized
material has been carried out in a previous work (Vacha
et al. 2021).

2 Study Area

The study area is located in the Susa Valley, an east–west
Alpine valley, located in the western part of Piedmont
(starting * 20 km West of Turin). It was affected by the
largest and more severe of the ten wildfires that occurred in
the region in 2017 (The Bussoleno and Mompantero Wild-
fire) which burned 4000 ha on the left of the Dora Riparia
River, going up the valley from east to west and affecting the
slope almost to the divide (Fig. 1). The fire started on
October 22, 2017 and lasted until November 1, 2017. It
interested an area dominated by European Beech (Fagus
sylvatica L.) and Scots Pine (Pinus sylvestris L.), the forest
cover being the 37.1% and the 26.7% for the Broadleaved
and the Coniferous species, respectively, with 36.2% of the
wildfire surface being represented by non-forested areas
(Morresi et al. 2022). Comba delle Foglie is one of the
catchments affected by this exceptional wildfire. It is located
towards the eastern side of the wildfire area and is a steep,
elongated watershed ranging between 480 and 1747 m a.s.l.,
characterized by an average slope of 35° and an area of
approximatively 1.37 km2 (Vacha et al. 2021). The bedrock
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of the catchment is represented by polimethamorphic rocks
and in particular by Micaschists and gneiss belonging to the
Dora Maira pre-triassic basement (DMb), by calcschists,
marbles and dolomitic marbles belonging to the Dora Maira
Mesozoic cover (DMc) and by calcschists, serpentinites,
serpentinoschists and chloritoschist belonging to the Lower
Piedmont Zone (PZ) (Carraro et al. 2002; Gasco et al. 2011).
The geomorphological setting of the study is both influenced
by its geologic history and by quaternary geomorphic
events. The main valley is dominated by erosional and
depositional landforms of glacial origin, mainly glacial ter-
races, suspended-tributary valleys and lodgement and abla-
tion till. The post-glacial remodeling action exerted by
gravitative and fluvial processes strongly influenced the
landscape. In particular, the left side of the Susa Valley hosts
a series of ravine and canyon-like features in correspondence
of morphological steps at the outlet of suspended valleys
into the main valley. As a result, the quaternary deposits
mantle the study area heterogeneously: the main valley floor
is filled by alluvial deposits, while the slope are patched by
glacial, fluvial and gravity related deposits, often reworked
(Cadoppi et al. 2007).

The vegetative cover of the catchment before the fire was
low with respect to other sectors of the burned area due to
previous wildfires (Ascoli et al. 2011), and it was mostly
dominated by young trees of Populus tremula and Salix
caprea. The most relevant parameters describing the
watershed are given in Table 1, in which the major mor-
phometric descriptors can be found.

3 Materials and Methods

3.1 Burn Severity

The burn severity map of the Bussoleno and Mompantero
Wildfire (Morresi et al. 2022) was adopted in this work. This
map was produced through satellite imagery and field sur-
veys, following a methodology based on US FIREMON
framework (Key and Benson 2006). The analysis of spectral
changes caused by the 2017 wildfires was carried out using
multispectral images acquired by the MultiSpectral Instru-
ment (MSI) onboard Sentinel-2 A/B satellites (European
Space Agency). In particular, the burn severity obtained by
using the uncalibrated RdNBR bi-temporal index (Miller and
Thode 2007, Eq. 1) calculated from reflectance composites
was adopted here. It was generated using all the clear
observations available in the period spanning from 20 May
to 10 September for both 2017 and 2018; the validation of
the map and the classification in severity categories followed
Miller et al. (2009), Miller and Thode (2007) and Parks et al.
(2014). This product was chosen because among all the
other indices calculated by the authors, it was the one with
the best overall accuracy.

RdNBR ¼ dNBRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NBRprefire

�� ��q ð1Þ

RdNBR is based on the definition of the Normalized Burn
Ratio (NBR) (Eq. 2) which is calculated by contrasting the

Fig. 1 Perimeter of the Susa valley wildfire and location of the Comba delle Foglie watershed. The base map is the regional DTM
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reflectance in the near infrared (NIR) and in the shortwave
infrared (SWIR); the delta Normalized Burn Ratio (Key and
Benson 2006) is calculated through Eq. (3).

NBR ¼ NIR� SWIRð Þ= NIRþ SWIRð Þ½ � ð2Þ

dNBR ¼ NBRprefire � NBRpostfire

� �� 1000 ð3Þ

RUSLE—Monthly erosion calculation

Sediment erosion has been assessed implementing the
RUSLE model at a monthly scale through the following
equation:

Amonth ¼ Rmonth�K�L�S�C�P ð4Þ
where A = mean soil loss per month [Mg ha−1 m−1],
R = rainfall erosivity factor [MJ mm h−1 ha−1 m−1], K =
soil erodibility factor [Mg MJ−1 mm−1 h], LS = topo-
graphic factor or slope length factor [dimensionless], C =
soil coverage [dimensionless], and P = erosion control
practices factor [dimensionless]. The value of the sediment
loss (SL) is obtained by multiplying the value of A for the
drainage surface. The R factor quantifies the mechanical
impact energy exerted by a given precipitation and depends
on duration and intensity of the rainfall. Remaining param-
eters in the equation give a measure of the environmental
resistance to erosive phenomena. The K, LS and C factors
are assumed to change in areas affected by wildfires as a
result of fire effect on soil erodibility, vegetative cover and
shift in rill to interrill soil erodibility ratio (Terranova et al.
2009). RUSLE model is intended to quantify soil losses in
the long term, so that processes such as gully and channel
erosion and sediment transport cannot be modelled. Predic-
tion accuracy for individual storm is very low, as contro-
versial is the application on large spatial scale. Despite this,

the model can be used as a solid framework to quantify
high-risk erodible areas (Efthimiou et al. 2020). With this
regard, the product of K, LS and C factor is used to compare
post-fire to pre-fire condition; thus, EI [Mg MJ−1 mm−1 h]
is introduced to describe the erosion susceptibility:

EI ¼ C�K�Ls ð5Þ
P factor has been considered equal to 1, because there are

no support practices for the erosion reduction in the study
area.

Rainfall erosivity factor—R

The rainfall erosivity factor (R) factor has been estimated at
a monthly scale by calculating the summation of the
parameter EI30 of every single erosive event (k) for each
considered month.

Rmonth ¼
Xn
k¼1

EI30k ð6Þ

Following Brown and Foster (1987), EI30 for a single
rainstorm event is defined as the product of the kinetic
energy of rainfall events (E) and its maximum 30-min
intensity (I30):

EI30 ¼
Xm
r¼1

ervr

 !
I30 ð7Þ

where er = unit rainfall energy [MJ ha−1 mm−1], vr = rainfall
volume [mm] during the r-th period of a storm which divided
into m parts and I30 is the maximum 30-min rainfall intensity
[mm h−1]. The unit rainfall energy er is calculated for each
time interval using Eq. (8) (Brown and Foster, 1987):

er ¼ 0:29 1� 0:72e �0:05irð Þ
h i

ð8Þ

Table 1 Morphometrical and hydrological descriptors of the Comba delle Foglie watershed; area Aw [km2], perimeter P [km], watershed length
Lb [km], minimum elevation Emin [m s.l.m.], maximum elevation Emax [m s.l.m.], mean elevation Emea [m s.l.m.], minimum slope Smin [°],
maximum slope Smax [°], mean slope Smea [°], main channel length Lp [km], average main channel slope LpS [°], total streams length L [km],
Fan to watershed area ratio Af_Aw [−], Form factor Ff [−] (Horton 1932), Circularity ratio Rc [−] (Miller 1953; Strahler 1964), Elongation ratio
Re [−] (Schumm 1956), Melton Index Me [−] (Melton 1965), Drainage density Dd [km/km2] (Strahler 1964), Time of concentration Tc [h]
(Kirpich 1940)

Index Unit Value Index Unit Value Index Unit Value

Aw [km2] 1.37 Smax [°] 74.82 Af_Aw [−] 8.14

P [km] 6.1 Smea [°] 35.01 Ff [−] 0.22

Lb [km] 2.59 Lp [km] 2.44 Rc [−] 0.44

Emin [m a.s.l.] 480 LpS [°] 32.22 Re [−] 0.53

Emax [m a.s.l.] 1747 L [km] 4.14 Me [−] 1.02

Emean [m a.s.l.] 1035 Dd [km/km2] 3.19

Smin [°] 1.5 Tc [h] 0.18
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where ir is the rainfall intensity during the time interval
[mm h−1]. High resolution rainfall data (10 min time reso-
lution) were downloaded from Arpa Piemonte database for
three rain gauges located in the surrounding of the watershed,
namely Prarotto, Borgone and Malciaussia (Table 2 and
Fig. 2). Rainfall series covers a period of time ranging from
September 1, 2017 to August 3, 2018. The identification of
the erosive rainfall (n) events for each station record followed
three criteria given by Renard et al. (1997): the cumulative
rainfall of an event is greater than 12.7 mm, or the event has
at least one peak that is greater than 6.35 mm during a period
of 15 min. Individual storms are separated if a rainfall
accumulation is less than 1.27 mm during a period of 6 h.
Those criteria have been developed for the USA countries,
but are also widely accepted in other areas (Panagos et al.
2015a). The Rainfall Intensity Summarisation Tool (RIST)
software (USDA 2014) was used to calculate the R-factor
based on the single station annual series. After that, the single
monthly R factors related to each rain gauge were averaged to
get the final value representative of the watershed. The
obtained results were compared with the average monthly
rainfall erosivity calculated by Ballabio et al. (2017) at
European scale analyzing > 17 years of rainfall data and
downloaded from ESDAC repository (European Soil Data
Centre, European Commission, Joint Research Centre).

Soil erodibility factor—K

The soil erodibility (K) factor has been determined based on
soil textural data. Homogeneous lithological units have been
individuated by grouping the geological units derived from
1:50,000 geological map (Carraro et al. 2002). Soil samples
have been then collected and processed in laboratory for
determining grain size distribution following standard
ASTM procedures. Afterwards, the K factor for each unit
has been then calculated based on the following formulae
(Renard et al. 1997):

K ¼ 0:0034þ 0:0405 � exp �0:5
logDg þ 1:659

0:7101

� �2
" #

ð9Þ

Dg ¼ exp
X

fi ln
di þ di�1

2

� �� 	
ð10Þ

where Dg = geometric mean particle size for each particle
size class (clay, silt, sand), di = maximum diameter (mm), di
−1 = minimum diameter and fi is the corresponding mass
fraction.

Cover factor—C

The C factor has been assessed based on Forestry/Land
Cover Map and by assigning C values according to Panagos
et al. (2015b). Tabulated values for each land cover class are
given in Table 3, whilst land cover classes areal distribution
is given in Table 4.

Length/Slope Factor LS

The LS factor in the original RUSLE model describes the
interaction between standard parcel length (L) and slope (S).
In this study, it is substituted by the unit contributing area
Ls, which takes into account the flow convergence (Mita-
sova et al. 1996; Terranova et al. 2009). Ls is computed for
each 5 m wide DTM cell as follows:

Ls ¼ lþ 1ð Þ a=a0ð Þl sin b=b0ð Þg ð11Þ
where a [m] = the upslope contributing area for each cell
(result of the ArcGIS “flowacc” and “resolution” functions),
b [%] = slope, a0 [m] = 21.1 m (the standard USLE plot
length), and bo [%] = 9% (the standard USLE plot slope).
The parameter l is calculated as a function of b, which is the
ratio of rill to interrill erosion (Miller et al. 2003; Foster et al.
2003):

l ¼ b= 1þ bð Þð Þ ð12Þ
Based on literature, b can be set equal to 0.5 for unburned

areas and equal to 1 for burned areas with high severity. The
parameter η is considered equal to 1.2 following Terranova
et al. (2009) and Coschignano et al. (2020). The cell values
in a buffer of 10 m around the stream network has been
excluded from the calculation since the RUSLE model does
not provide estimates for streamflow erosion. For them, a
default value of 0 has been assigned.

Model implementation

Pre-fire monthly mean soil loss (Apre) and erodibility index
(EIpre) were calculated based on the previous equations on a
5 m resolution raster grid based on DTM cells position.

Table 2 Location of the three rain gauges of Prarotto, Borgone and Malciaussia

Name Elevation (m s.l.m.) WGS84-UTM32N X (m) WGS84-UTM32N Y (m) Basin

Prarotto 1440 361,493 5,000,737 Dora riparia

Borgone 400 361,958 4,997,582 Dora riparia

Malciaussia 1800 354,590 5,007,700 Stura di lanzo
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Then the spatially weighted average of Aw_pre was calculated
over the entire watershed surface.

Finally, the value of the monthly sediment loss (SLpre)
[Mg y−1] for the watershed was calculated multiplying the
value of Aw_pre times the watershed area. Post-fire condition
was modeled by calculating mean soil loss per month (Apost)
and erodibility index (EIpost) following Eqs. (3) and (4). The
single factors of the RUSLE model were adjusted as a
function of fire severity (unburned, low, moderate or high)
following with some modifications the procedures described
in Terranova et al. (2009) and Lanorte et al. (2019). The
metrics used in this work are given in Table 5. For both
scenarios (pre- vs post-fire), A and EI raster cell values have

been subsequently averaged for each watershed giving
Aw-post and SLpost value.

4 Results

The fire severity class distribution over the watershed
(Fig. 3) highlight a predominancy (77.10%) of moderate fire
severity, while unburned/low and high severity cover the
21.98%, and 0.92% of the watershed area, respectively.
Given the fact that the area experienced another fire in 2003,
the burn severity map may underestimate the 2017 situation,
even if a relativized index such as RdNBR has been used.

Fig. 2 Location of the three rain
gauges of Prarotto, Borgone and
Malciaussia with respect to the
Comba delle Foglie watershed
position
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Monthly R factors for each rain gauge from September
2017 to August 2018 have been quantified by calculating the
summation of the parameter EI30 of every single erosive
event for each considered month. The R factor obtained for
each station has been then averaged for assessing the rep-
resentative rainfall erosive power at the watershed scale. For
the Prarotto, Borgone and Malciaussia rain gauges 22, 24
and 22 erosive events, respectively, have been identified. For
the Prarotto rain gauge, the selected storms are characterized
by a mean precipitation value of 30.94 mm, duration of
23.23 h and EI30 of 95.99 MJ mm ha−1 h−1. For the Bor-
gone rain gauge mean precipitation, duration and EI30 val-
ues are 27.67 mm, 20.19 h and 73.06 MJ mm ha−1 h−1. At
the Malciaussia station, mean value recorded are 29.20 mm,
16.02 h and 55.40 MJ mm ha−1 h−1, for precipitation,

duration and EI30. The maximum values of R factor are
reached in May, April and March 2018, and are, on the
contrary, equal to zero for September and October 2017.

R factor distribution over time is consistent with Pied-
mont meteorological data (Arpa Piemonte 2018a, b, 2019),
reporting an extremely dry end of 2017 and very wet month
of January, April and May 2018. In fact, erosive events
registered in these months represents approximatively the
75% of the entire annual R factor, and in particular the
month of May reaching almost the 40%. Erodibility K factor
representative of the pre-fire condition has been determined
based on soil textural data collected during the field surveys.

The pre-fire K values have been calculated following Eqs.
(9) and (10). The post-fire adjusted K values have been then
calculated by applying the correction procedure described in
Table 5. Pre-fire and post-fire K values are reported in Fig. 4
(a, b). Pre-fire c factor (Fig. 4c) has been calculated following
the procedure described above, by using the values reported
in Table 3; post-fire c factor (Fig. 4d) has been then calcu-
lated as given in Table 5. Pre-fire LS factor has been calcu-
lated through Eqs. (11) and (12), while post-fire LS values
have been calculated through Eq. 12 and Table 5. Results are
reported in Fig. 4e, f. P value has been set equal to 1.

Erodibility index values for the pre-fire and post-fire sit-
uation (Table 6) has been calculated following Eq. (5), and

Table 4 Land cover classes areal distribution over the Comba delle Foglie watershed

Land principally used
for agriculture

Broad-leaved
forest

Mixed
forest

Transitional
woodland-shrub

Broad-leaved
forest < 20%

Mixed
forest < 20%

Natural grassland with
trees and shrubs

% % % % % % %

5.5 24.5 38.2 4.2 0.6 26.1 0.9

Table 5 Adjusted cover factors (C), erodibility factors (K) and b value
(used for LS factor calculation) (b) for different fire severity classes

Burn Severity class RUSLE parameters

C K b

Unburned/Low Cpre Kpre 0.5

Moderate Cpre + 0.1 1.8 * Kpre 1

High Cpre + 0.25 2 * Kpre 1

Table 3 RUSLE cover factor proposed for each land cover class (after Panagos et al. 2015b)

CLC
class

Class name C-factor
values

CLC
class

Class name C-factor
values

112 Discontinuous urban fabric 0 313 Mixed forest 0.0013

131 Mineral extraction sites 0 313b Mixed forest < 20% 0.003

211 Non-irrigated arable land 0.23 3211 Natural grassland prevailingly without
trees and shrubs

0.04

221 Vineyards 0.34 3212 Natural grassland with trees and shrubs 0.03

222 Fruit trees and berry plantations 0.1 322 Moors and heathland 0.055

231 Pastures 0.09 322b Moors and heathland 0.055

242 Complex cultivation patterns 0.147 324 Transitional woodland-shrub 0.024

243 Land principally used for agriculture, with significant
areas of natural vegetation

0.124 332 Bare rocks 0

311 Broad-leaved forest 0.0013 333 Sparsely vegetated areas 0.25

311b Broad-leaved forest < 20% 0.003 0 Bare Soil 1

312 Coniferous forest 0.0013

312b Coniferous forest < 20% 0.003
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finally monthly mean soil loss A [Mg ha−1 m−1] and aver-
aged monthly sediment loss SL [Mg m−1] for the entire
watershed have been computed for both the burned and
unburned condition. The post-fire mean erodibility index is
more than one order of magnitude higher than the pre-fire
one, having a pre-fire value of 4.63E-04 Mg MJ−1 mm−1 h
and a post fire value of 1.21E-02 Mg MJ−1 mm−1 h. Also,
the maximum values show a rise of about the same order.

Monthly mean soil loss A [Mg ha−1 m−1] and averaged
monthly sediment loss SL [Mg m−1] comparison for the pre-
and post-fire conditions (Fig. 5, Table 7) results in a post-fire
increase of both the indicators of more than 20 times with
respect to pre-fire. Maximum pre-fire values occur in May,

being 0.307 Mg ha−1 m−1 and 39.86 Mg m−1 for monthly
mean soil loss and monthly sediment loss, respectively; for
the post-fire, these parameters reach values of 8.066 Mg
ha−1 m-1 and 1050.400 Mg m−1, respectively.

5 Discussion

The sediment erosion has been assessed for the Comba delle
Foglie watershed by implementing the RUSLE model at a
monthly scale, including model inputs of a detailed erodi-
bility map, the forestry/land cover map, the LS factor map
derived from GIS elaboration and a R factor value calculated

Fig. 3 Fire severity classes
distribution for the Comba delle
Foglie catchment
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Fig. 4 RUSLE factors
distribution over the catchment:
pre-fire erodibility factor a,
post-fire erodibility b, pre-fire
cover factor c, post-fire cover
factor d, pre-fire LS factor e and
post-fire LS factor f

Mapping Post-Fire Monthly Erosion Rates at the Catchment Scale … 107



by retrieving the erosive power of every significant rainfall
event. Monthly mean soil loss [Mg ha−1 m−1] and averaged
monthly sediment loss [Mg m−1] are the result of the
remarkably R values recorded in the months of January,
April and May; these three months in fact contribute for
about 75% to the annual erosion recorded in the watershed.

Comparing the calculated R factors to average monthly R
factor by Ballabio et al (2017) (Fig. 6) is evident a con-
centration of the erosive events in the post-fire time window,
while the precipitations remained well below the average
values from September to December 2017, barely reaching
the 6% of the cumulated average value. The months of
January, April and May show values eleven, eight and four
times greater, respectively, than the long time series data.
The RUSLE model estimates a SL of approximatively
2430 Mg from the extinction of the fire to June (included),
when the most significant event occurred. To validate this
result, the only available information is related to the char-
acterization of the 7 June event: in that case, the maximum
deposit thickness of the debris-flow reconstructed via pho-
togrammetric modelling was approximatively 2 m and the
invasion area covered about 26,000 m2. The total mobilized
volume for only the coarser fraction of the deposit, was
about 4300 m3, of which about 1500 m3 consisting of
materials entrained just at the fan apex. The volume of the
coarser sediments coming from the watershed was estimated
to be 1300 m3. By applying a simple rule of thumb, con-
sidering a bulk density of 1500 kg/m3, the 7 June flow mass
can be estimated in 1950 Mg. Considering the fact that other
four minor events (one debris/mud flow in April and three
floods in May) happened before the 7 June, it is reasonable
to presume that the remnant part of the total sediment loss
estimated by the model could be related to those events.
Some non-negligible aspects undermine the model robust-
ness and accuracy: in fact, the 7 June event volume esti-
mated via photogrammetrical modeling contrast with the one
suggested by Arpa Piemonte (2018b) , which after expedi-
tive surveys estimates the total event volume to be about
20,000 m3. Another aspect which should be taken into
account when dealing with the model validation is the
remarkable erosion exerted by the debris-flows along all
their paths, which may have increased their volumes con-
siderably. The results of the model are not suitable to predict

streamflow erosion, so when the estimated value is com-
pared to the available surveyed data, this aspect may also
increase the uncertainty. Finally, the current model does not
take into account the ash and combustion residues which, for
sure, contribute to the overall sediment availability to be
entrained. Ash and combustion residues are expected to
constitute a large part of the removable material especially
immediately after the fire, and that they will then be grad-
ually washed away by the runoff as the rainy events occur.
Despite all the model limitations and the uncertainties related
to its validation, the presented procedure can be considered a
reasonable estimator of the amount of material ready to be
eroded during the rainstorm events and conveyed in the
riverbeds. In fact, it is backed up by ground evidence, the
assumption that the considerable amount of sediment
mobilized from the date of the fire have been progressively
delivered towards the bottom of the slopes and inside the
stream network on the repeated rainfalls. In occasion of
some smaller mud-flows and hyper-concentrated flows have
originated. Then, when the progressive increase of sediments
reached a critical threshold in conjunction with a rainy event
of a sustained intensity, the most destructive debris-flow on
7 June occurred. During the field inspections prior to 7 June
a considerable amount of sediments and combustion resi-
dues had been observed inside the channels, especially in the
terminal part of the watershed and at the apex of the fan. The
investigations carried out following the event revealed evi-
dent traces of areal and channeled erosion, starting from the
upper part of the slopes and into the lower-order channels. It
is clear how all this mass of sediments, both coming from
open slopes and being deposited in the drainage network,
has constituted the load of the debris-flow during its transit,
simultaneously increasing its energy.

6 Conclusions

The Piedmont region, and in particular the western Italian
Alps, experienced an unusually severe wildfire season in
2017. The fires occurred in the late autumn and, after a
snowy winter, were followed by spring rains. In particular,
some of the catchments burned in the Susa Valley wildfire
were interested in May and June 2018 by debris/mud-flows
and flood type events. The major debris-flow happened at
the outlet of Comba delle Foglie and struck the Bussoleno
municipality. Based on field evidence, it was found that the
flows mobilized materials and sediments, which were eroded
from the burned hillslopes and subsequently deposited in the
channels. This is consistent with the literature which repor-
ted the main cause of the post-fire debris-flows to be the
generation of increased erosion due to excess runoff rather
than a discrete landslide failure. On the back of these find-
ings, a modified version of the RUSLE model was applied in

Table 6 Post-fire versus pre-fire erodibility index values over the
Comba delle Foglie watershed

EI [Mg MJ−1 mm−1 h] Pre-fire Post-fire

MIN 0.00E + 00 0.00E + 00

MAX 2.83E - 02 3.54E - 01

MEAN 4.63E - 04 1.22E - 02

STD 1.65E - 03 2.16E - 02
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Fig. 5 Monthly mean soil loss
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the area of Comba delle Foglie to quantify the erosive pro-
cesses on a monthly scale. The results of its application,
incorporating high resolution rainfall series and data deriv-
ing from field surveys, made it possible to reproduce and
highlight the marked increase in erosion rates, quantified by
expressing both the EI (erodibility index), the A (monthly
soil loss) and the SL (monthly sediment loss) rise. In par-
ticular, overall A and SL increased more than twenty times
in the post-fire scenario, the months of April, May and June
representing the larger share of the total quantities. This is a
consequence of the noticeable increase of t EI, which for the
post-fire scenario is more than one order of magnitude higher
than the pre-fire one. The intrinsic uncertainties of the model
are related to the fact that it does not consider the
stream-flow erosion in the channels, it does not account for
the material eroded by the debris-flow during its passage and
it does not incorporate the eroded volume of ash and

combustion residues. Some uncertainties are then linked to
the fact that the estimates regarding the actual volumes of the
flows are limited to a single case (the major one, 7th June)
and also do not agree with each other. Despite these
uncertainties, the proposed procedure can be considered a
reasonable estimator of the amount of material ready to be
eroded, especially if it is used to compare different catch-
ments in a relative way; in this case, it can provide useful
guidance to rank the post-fire debris-flow susceptibility and
to establish intervention priorities. It can be applied every-
where on the regional territory because the model make use
on open-source spatialized data and thanks to its structure, it
can be easily implemented into a GIS for thematic map
production.
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Mechanisms of Shallow Rainfall-Induced
Landslides from Australia: Insights into Field
and Laboratory Investigations

Ivan Gratchev, Sinnappoo Ravindran, Dong Hyun Kim, Chen Cui,
and Qianhao Tang

Abstract

This paper presents and discusses the mechanisms of
rainfall-induced shallow landslides that commonly occur
in South East Queensland (SEQ) and northern New South
Wales (NSW), Australia. The major factors causing the
formation of landslide mass such as geology, weathering,
and rainfall patterns were discussed. Results from field
surveys and laboratory testing of rock/soil material from
landslide masses were presented, and relationships
between the material strength and landslide occurrence
were drawn. It was found that most of shallow slides were
related to sandstone deposits. Those failures occurred on
natural slopes and road cuts with the inclination of the
failure plane being in the range of 35–45°. For natural
slopes where the landslide mass mostly consisted of
coarse-grained soil, the relationship between the soil
strength and water content was established. In addition,
the relationship between rainfall patterns such as intensity
and duration, and the landslide occurrence was presented.
Based on the data from field work and laboratory results
including a series of flume tests, the mechanism of
shallow landslides triggered by rainfall events was
identified and discussed.

Keywords

Shallow landslides � Rainfall-induced landslides � Soil
strength � Suction � Geology � Weathering

1 Rainfall-Induced Landslides in Australia

Rainfall-induced landslides are a common natural disaster
that occur in all states and territories of Australia, leading to
environmental degradation as well as millions of dollars in
damage to infrastructure and land. Although large catas-
trophic landslides such as the 1997 Thredbo landslide (18
fatalities and $25 million damage) always draw national
attention (Middelmann and Mazengarb 2007), it is the
overwhelming number of relatively shallow (1–3 m deep)
landslides occurring annually which has led the National
Research Council (2004) to declare that landslides are
responsible for considerably greater socioeconomic losses
than generally recognized. For example, Geoscience Aus-
tralia recorded 963 landslides nationwide within 20 years
between 1990 and 2010, yet this number is believed to be
largely underestimated as several local landslides may not be
captured by the national database. Although it seems rather
difficult to estimate the landslide cost across the whole
country, a study on landslide risk in New South Wales
(Osuchowski and Roberts 2011) indicated that the cost of
landslide remediation may vary from $1 to 3.5 million, and it
can greatly increase by several times when landslides happen
to affect important transportation infrastructure. National
recognition of the landslide problem resulted in several
guidelines for landslide susceptibility, hazard and risk
management published by Australian Geomechanics Society
(2007a, b) and Australian Building Codes Board (2015).
These guidelines were adopted by City Councils across the
country to evaluate landslide hazards, identify areas with a
high landslide risk, and develop strategies for landslide
hazard management. These strategies are mostly oriented at
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avoiding dangerous sites and stabilizing unstable slopes;
however, with the development of civil and mining infras-
tructure, slope stability is expected to become a larger issue
for the safety of local communities, and thus more advanced
methods will be required to deal with this natural disaster.
Unfortunately, there are many uncertainties in forecasting
the time and rate of landslide movements, and for this rea-
son, it cannot be performed reliably at present. Better
understanding of landslide mechanisms is required to
develop more reliable hazard assessment and risk manage-
ment strategies and achieve more accurate forecasting of
landslide movements.

The literature contains several well-documented world
case-studies (for example, Wang et al. 2003; Gratchev and
Towhata 2011; Gratchev et al. 2011); however, most of them
investigated the mechanisms of large-sized catastrophic
failures associated with a number of fatalities and consid-
erable economic loss. The mechanisms of such landslides
were found to be rather complex, involving the process of
soil–water interaction, including changes in soil strength as
landslide mass becomes saturated during rainfall. In com-
parison, limited research into the mechanism of relatively
shallow rainfall-induced slides (1–3 m deep) in Australia has
been conducted to date. The available data (Abeykoon et al.
2018; Cogan et al. 2018; Cogan and Gratchev 2019; Ravin-
dran et al. 2019) indicate that the mechanism of shallow slides
is associated with the behaviour of unsaturated soils, three-
phase (soil, water, and air) interaction, and soil suction.

Unfortunately, experimental data on the properties of
unsaturated soils remains limited as such studies are costly,
time-consuming, and difficult to conduct.

In the past several years, a research group from Griffith
University, Australia, has conducted extensive studies on
shallow landslides that occurred in South East Queensland
(SEQ) and northern New South Wales (NSW) (Fig. 1). This
included field surveys of landslide sites and lab testing of
landslide material. This generated important data on land-
slide characteristics, mechanisms, factors affecting it, and
properties of rock and soil from the landslide mass. The
large study area has also provided a variety of geology,
geomorphology, and soil conditions which were found to be
the key factors causing the formation of landslides. This
work provides a detailed account of major findings which
will be of interest to the international reader as well. This
paper first discusses the geological settings of typical land-
slide sites and the effect of geology and geological structures
on the landslide occurrence. The influence of rock mass
discontinuities and weathering are shown through the anal-
ysis of test results obtained for fresh, weathered, and jointed
rocks. This paper also provides data on rainfall patters prior
to landslides and describes the rainfall intensity threshold
that can be used for landslide hazard assessment. The
mechanisms of shallow landslides are analyzed using

experimental data on properties of soil from landslide mas-
ses, with the focus on relationships between the shear
strength and water content. In addition, insights from a series
of flume tests conducted to simulate the soil mass behavior
under different rainfall patterns are presented and discussed.

2 Factors Causing Landslides

2.1 General Characteristics of Landslides

Several shallow rainfall-induced slope failures were studied
in SEQ and northern NSW in the past several years. Despite
the different locations, those landslides had several similar-
ities that can be described as follows:

1. There were two common types of failures such as slides
in jointed rock mass and failures of heavily weathered
rock material.

2. Many slope failures in rock mass were associated with
geological features such as bedding planes and folds. The
rock mass in such structures was affected by sets of
discontinuities that created pockets of weathering and
accumulation of water which significantly undermined
the strength of natural slopes and road cuts (Shokouhi
et al. 2013; Kim et al. 2015a). Figure 2a gives an
example of slope failure that occurred in the layered
formation of sandstone alternated with argillite/shale.
Steep inclinations of the bedding planes also had an
adverse effect on slope stability.

Fig. 1 Location of the study area: South East Queensland (SEQ), and
northern New South Wales (NSW)
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3. On several occasions, the landslide mass was the product
of weathering of sedimentary rocks such as sandstone or
slightly metamorphized sedimentary rocks such as
greywacke and argillite. Kim et al. (2013, 2015b)
reported that, despite the different location, most of
landslides had similar geological features such as the
relatively soft weathered material overlaying relatively
hard bedrocks (Fig. 2c). In addition, the bedrock was
also deeply weathered while the bedding structure asso-
ciated with the sets of discontinuities was significant
factor contributing to the failure.

4. A few slope failures occurred in weathered igneous rocks
as shown in Fig. 2b, where the landslide mass formed in
heavily weathered volcanic deposits.

5. The failure plane inclination was found to be in the range
of 35 to 45°. This was related to slope cuts along roads

and the bedrock inclination. As shown in Fig. 2c, d, the
shallow landslide mass (about 1 m deep) was a heavily
weathered material, which formed on the slope cut next
to a road. The strength of rock/soil has deteriorated over
time under environmental conditions.

6. Landslide mass consisted mostly of coarse-grained
material such as sand or gravely sand, only few land-
slides occurred in low plasticity fine-grained soils.

7. The mechanism of such shallow landslides is related to
suction. While being stable during dry periods, natural
slopes may experience stability issues during a rainfall
event as the shear strength of soil tends to decrease with
decreasing soil suction (Ravindran and Gratchev 2020,
2021). In several cases, a significant decrease in soil
strength was observed as the moisture content of soil
greatly increased.

Fig. 2 Examples of rainfall-induced landslides: a failure in rock mass
of the Neranleigh–Fernvale Beds formation. The bedding planes of
sandstone and argillite are steeply inclined, producing an adverse effect

on rock mass stability, b landslide in heavily weathered volcanic
deposits, c shallow slide of heavily weathered material caused by the
Cyclone Debbie in 2017, d shallow landslide in weathered material
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2.2 Geology and Rock Weathering

Geology plays an important role in slope stability as it
determines the strength properties of rock. Rock slopes are
considered stable when rock strength is high, which is
mostly the case for fresh and slightly weathered material.
Figure 3 presents a geological map of the Gold Coast area as
an example that would relatively well represent the geo-
logical conditions in SEQ. Several landslides formed in the
Neranleigh–Fernvale Beds formations (Willmott 2010;
Gratchev et al. 2013; Shokouhi et al. 2013), which are
widely spread in SEQ and northern NSW. The Neranleigh–
Fernvale Beds composed of metasediments which are
commonly presented as layered argillite (shale) and grey-
wacke (sandstone). Argillite, which is hardened and slightly
recrystallized shale, is fined-grained rock, bedding, and
fractured in many surface exposures. Greywacke is a typi-
cally dark color, low grade metamorphic rock containing
fragments that formed a detrital matrix. In some areas,
greywacke is replaced with sandstone which is mostly
coarse-grained sediment with dark brown color (Kim et al.
2015a, b, c). In many road cuts and natural slopes, where
these rocks are exposed on the surface, they are found to be
heavily weathered, folded, and steeply inclined.

Towards the continent’s inland, there is a large area of
sedimentary rocks formed at the end of the Triassic period
(Bundamba group, Marburg subgroup). This group consists
primarily of planar to cross-bedded, medium to coarse,
quartz sandstones interbedded with grey shales and/or silt-
stones (Willmott 1981).

Volcanic rocks such as basalt, rhyolite, and tuff are found
in the mountainous part of the area, and they are remnants of
Cainozoic volcanic lava flow deposits. With a relatively high

strength when fresh, these rocks become relatively weak
when heavily weathered.

Figure 4 shows the results of unconfined compression
tests on fresh samples of basalt, argillite, and sandstone from
the Gold Coast area. Rock specimens with a height of
100 mm and diameter of 50 mm were tested in unconfined
compression, following the relevant Australian Testing
Standard. It is evident from this figure that basalt has the
greatest strength compared to different types of sandstone.
Four types of sandstone (S1–S4) of the Marburg subgroup
were collected at different depths from borehole explo-
rations. It was observed that the strength of sandstone
specimens (S1–S4) depended on their porosity. Figure 5
plots the average values of porosity and unconfined com-
pressive strength (USC) for all four types. It is clear that the
strength tends to decrease with increasing porosity.

Analysis of over 100 landslides that occurred in northern
NSW from 2009–2017 showed that the majority of slides
originated in weathered sedimentary rocks (mostly sand-
stone); however, several slides also occurred in weathered
igneous rocks (Ravindran et al. 2019). The reason is that
sedimentary or slightly metamorphized sedimentary rocks
are widely spread in the northern NSW, and when compared
to igneous rocks (for example, basalt), they have relatively
low strength.

Weathering. Weathering significantly contributes to the
formation of landslides in the study areas. When rock is
exposed to environmental conditions, its strength deterio-
rates over time, resulting in a relatively thick (1–2 m) mass
of weathered rocks. A study on the strength of common rock
types from SEQ at different levels of weathering was con-
ducted by Gratchev and Kim (2016) and Gratchev et al.
(2019). Table 1 summarizes that data from point load tests

Fig. 3 Geological map of the Gold Coast area (part of SEQ) showing the major geological units
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conducted on six different rock types, which gives an idea
about changes in the rock strength caused by weathering.
Visual examination of rock samples was conducted
according to the ISRM (1981) guidelines to determine the
weathered grade.

It can be inferred from this table that the strength of
sedimentary rocks (sandstone and shale) is relatively low
compared to the metamorphic greywacke and argillite and

igneous rocks. Also, for all rock types, there is a significant
difference between the strength of fresh specimens and
heavily weathered ones.

In summary, the relatively low strength of sandstone,
compared to other geological units, and its wide distribution
in the study area seem to be the major factors for the large
number of landslides that occurred in sandstone or
sandstone-related material.

2.3 Rock Mass Discontinuities and Strength
of Jointed Rock

Another important factor that must be considered in slope
stability assessment is joints and discontinuities that affect
the stability of rock mass (Gratchev 2019). Rock mass often
contains sets of discontinues that generally undermine the
overall strength and create planes of weakness (potential
failure zones), and it is thus important to estimate the
strength of jointed rock mass (Cui and Gratchev 2020). As
several slope failures were associated with sandstone, a
series of shear box tests were conducted on jointed and intact
core samples of sandstone (Cui et al. 2019) to study the
effect of joints on rock strength. For the jointed rock spec-
imens, the surface roughness described by the joint rough-
ness coefficient (JRC) before and after each test was
recorded and compared.

Figure 6 shows typical results from those tests that indi-
cate the effect of joints and joint surface roughness on rock
shear strength. The intact rock pieces exhibited much greater
strength (almost twofold) compared to the jointed speci-
mens. It is interesting that the specimens with a rougher
surface (JRC of 10–12) exhibited greater shear strength
compared to the specimens with a relatively low JRC of 6–8.
The importance of JRC on the strength of jointed rock mass
was discussed by Kim et al (2013, 2015b) who showed,
through a series of numerical analysis, that when the JRC
increased, the slope stability safety factor also increased.

2.4 Rainfall Patterns Prior to Landslides

Bordoni et al. (2015) noted that landslide occurrence can be
related to rainfall characteristics such as rainfall duration and
intensity. There have been a few studies where the rainfall
threshold associated with landslides has been reported by
researchers for different areas. Similar type of analysis was
conducted by Ravindran et al. (2019) for the mountain
passes in northern NSW where the rainfall data prior to
landslides in the period of 2009–2017 was collected and
analyzed. Figure 7 presents an example of the rainfall data

Fig. 4 Results of unconfined compression tests on common types of
rock from the Gold Coast area. S1–S4 denote four different types of
sandstone from the Marburg subgroup

Fig. 5 Results of unconfined compression tests on four different types
of sandstone plotted as the unconfined compressive strength
(UCS) against rock porosity
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Table 1 Change in rock strength with weathering grade (WG). F–fresh, SW–slightly weathered, MW–moderately weathered, HW–highly
weathered

Rock WG Point load index Is(50), MPa

Test no Min Max Mean SD

Sandstone F 4 1.25 2.50 1.72 0.54

SW 10 1.10 2.20 1.53 0.42

MW 12 0.60 1.40 1.01 0.24

HW 8 0.30 0.80 0.58 0.17

Shale F 2 1.57 2.26 1.92 0.49

SW 3 1.20 1.67 1.37 0.26

MW 3 0.86 1.20 0.99 0.19

HW 5 0.21 0.95 0.63 0.28

Greywacke F 5 3.47 6.10 4.73 0.99

SW 8 3.52 4.20 3.83 0.23

MW 6 2.90 3.50 3.21 0.22

HW 6 1.80 2.50 2.21 0.26

Argillite F 4 4.10 5.40 4.54 0.51

SW 7 2.50 3.42 2.95 0.33

MW 18 1.22 4.00 2.12 0.77

HW 6 0.20 0.80 0.48 0.21

Basalt F 5 7.50 9.10 8.38 0.62

SW 7 5.00 6.40 5.32 0.49

MW 8 3.10 4.60 4.00 0.45

HW 9 1.13 2.50 1.79 0.46

Tuff F 1 − 2.40 − −

SW 2 1.40 2.04 1.72 0.45

MW − − − − −

HW 3 0.28 0.85 0.64 0.32

Fig. 6 Results of shear box tests on intact and jointed specimens of
sandstone. The core samples with a diameter of 50 cm were used. Note
that JRC is the joint roughness coefficient

Fig. 7 Rainfall data prior to the occurrence of 4 landslides in the
Gibraltar range area in NSW
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obtained before the occurrence of four landslides in the
Gibraltar range area of NSW in 2013. Analysis of several
rainfall events revealed that most of landslides (about 88%)
occurred when the cumulative rainfall was between 100 to
600 mm, and it was then suggested the cumulative rainfall
amount greater than 300–500 mm would be sufficient to
trigger landslides in northern NSW (Ravindran et al. 2019).

Further analysis of the rainfall threshold revealed the
relationship between the rainfall intensity and duration as
given in Eq. 1.

I ¼ 22:6D�0:554 48\D\ 432 hrsð Þ ð1Þ
where, I is the rainfall intensity (mm/hrs), D is the duration
of rainfall (hrs).

Through analysis of flume test results that simulated
different slope and rainfall conditions, combined with the
analysis of published data on the rainfall intensity and
duration prior to the landslide occurrence in tropical regions,
Cogan and Gratchev (2019) suggested the rainfall-intensity
threshold that can be used for SEQ Australia conditions as
given in Eq. 2

I ¼ 80:065Dð�0:596Þ ð2Þ
It is noted that although these relationships provide useful

tools for landslide hazard assessment, they are considered as
general estimations, and thus engineering judgement must be
exercised while using them.

2.5 Characteristics of Soils from Landslide Sites

Soil samples were collected from several landslide sites to
study the index properties and strength of soil material. As
reported by Ravindran and Gratchev (2020), most of soil
samples were classified as coarse-grained material, pre-
dominantly sand. Only small amount of fines (usually less
than 5%) were present in the tested soil samples.

Several triaxial tests on saturated soil specimens were
conducted to estimate the undrained strength of soil under
loads (Ravindran and Gratchev 2021). In addition, a series of
shear box tests on soil specimens at different values of water
content were carried out to investigate the effect of moisture
on soil strength.

Figure 8 presents the results of undrained triaxial tests
conducted on coarse-grained soil specimens plotted as the
effective stress path. It is clear from these graphs that the
excess pore water pressure generated in the specimens under
loads (i.e., a decrease in p′); however, the amount of excess
pore water pressure wasn’t sufficient to cause liquefaction
(note that the liquefaction conditions would likely occur
when p′ drops to almost 0). These typical results suggest that
the failure in shallow landslides may not be triggered by the

extremely large values of pore water pressure. In fact, as
suggested by Krahn et al (1989), shallow slope failures
generally occur during rainfall due to the loss of suction.

The test results from a series of shear box tests on 15
different soils from several landslide sites in northern NSW
showed that the shear strength of soil decreased as the initial
water content of the shear box specimens increased (Fig. 9).
It was found that although the friction angle of soil remained
almost the same in spite of the increasing amount of mois-
ture in the soil, the apparent cohesion drastically decreased.
The experimental data in Fig. 10 indicated that for the range
of water content used, there was a pronounced decrease in
the apparent cohesion with an increase in water content. This
change in the apparent cohesion was mainly attributed to soil

Fig. 8 Results of undrained triaxial tests on coarse-grained soil from a
landslide site presented as the effective stress path for different
confining pressures

Fig. 9 Results from shear box tests on soils from landslide sites in the
northern NSW plotted as the shear strength against the initial water
content
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suction, which was the greatest at a low range of water
content and then dropped to zero when the soil specimens
became saturated (or very close to saturation) (Fig. 11).

This data has been utilized to draw a relationship between
the values of apparent cohesion and water content (Eq. 3)
which can be used to estimate changes in strength for similar
soil types. Note that Eq. 3 was obtained for the range of
water content of 0–30%, and the effective vertical stress of
28.5 kPa.

c
�
co ¼ 1:1� 4:7hþ 5:9h2 ð3Þ

where, c is the apparent cohesion at any water content
between 0 and 30%; c0 is the cohesion at zero water content;
and h is the water content.

3 Mechanisms of Shallow Rainfall-Induced
Landslides

Flume tests provide great opportunities to study the mech-
anism of rainfall-induced shallow landslides by controlling
important factors that contribute to failure. In such tests, it is
possible to vary soil types, initial soil conditions, slope
geometry, and rainfall intensity. Cogan and Gratchev (2019)
conducted a series of flume experiments on sandy slopes
with various surface inclinations and rainfall rates, and
provided insights into the mechanism of landslide initiation
and development. Those tests were equipped with a range of
sensors that allowed changes in soil water content, suction,
pore water pressure, and displacements to be accurately
measured and monitored. It has been found that at a rela-
tively high rainfall intensity, the wetting front formed at the
base of the flume. The soil suction decreased as the water
content of soil mass increased, resulting in the development
of excess pore water pressures through the slope. The pore
water pressures then gradually increased until failure.
According to visual observations reported by Cogan and
Gratchev (2019), at high pore water pressures, the excess
water began to wash out the soil particles at the toe, which
gradually caused larger collapses to occur.

Rainfall intensity plays an important role in slope sta-
bility. It was experimentally observed that an increase in
rainfall intensity could lead to more rapid failure. Figure 12
shows the behaviour of a sand slope under different rainfall
rates. For 100 mm/hour, failure at the toe occurred about
60 min from the beginning of the experiment while a
somewhat similar outcome occurred in the slope after
90 min when the rainfall rate decreased to 70 mm/hour. At a
rate of 40 mm/hour, no failure occurred, even after 320 min
(with the exception of some minor soil particle erosion at the
toe). At this relatively low rainfall intensity, the drainage of
water along the slope surface was sufficient to keep the
excess pore water pressure at a low value, at which no failure
could occur.

3.1 Discussion

Analysis of experimental data from shear box and flume tests
reveals the strong influence of water content on soil strength.
At a low range of water content, the shear strength of soil
appears to be relatively high, and thus sufficient to keep the
soil mass stable. Soil suction developed in the soil mass, as
evident from the suction and shear box tests, seems to pro-
vide the additional strength component in terms of the
apparent cohesion. As the water content increases during a
rain event, the apparent cohesion along with the total shear

Fig. 10 Results from a series of shear box tests plotted as the apparent
cohesion against the initial water content

Fig. 11 Results from a series of suction tests showing the relationship
between the water content of soil specimens and suction
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strength of soil begin to decrease. If the rainfall intensity is
relatively high, greater amounts of water will permeate the
slope and cause the development of a wetting (moisture)
front. As the wetting front expands across the soil mass,
generating excess pore water pressures, the stability of soil
mass will decrease. A relatively low rainfall intensity may
not be sufficient for this purpose as the water drainage on the
slope surface may exceed the water influx in the slope. In the
former case, the slope may become unstable, resulting in the
occurrence of landslide. In the latter case, the slope mass can
still retain its strength and no slope failure will occur.

4 Concluding Remarks

The paper has summarized and discussed the major findings
obtained by the authors in relation to the mechanisms of
common landslides in SEQ and northern NSW, Australia,
and factors that affect them. The following major conclu-
sions can be drawn:

• Geological factors such as rock type, bedding planes and
their inclination, discontinuities of rock mass, and
weathering play an important role in the formation of
landslides in the study area. It was found that most of the
slides were related to jointed, bedded, and weathered
sandstone deposits.

• The rainfall intensity and duration have significant effects
on slope stability. Cumulative rainfall of greater than
500 mm might be associated with the landslide occur-
rence. The rainfall threshold described in this study can
provide engineers and decision makers with an important
tool for more accurate landslide hazard assessment.

• The strength of soil from the landslide mass depends on
water content. The apparent cohesion existing in the soil
at a low range of water content due to suction tends to
disappear when the water content increases towards soil
saturation. This correlates with a drop in shear strength of
soil, a process that leads to slope instability.

• Considering the results from flume tests, the mechanism
of shallow rainfall-induced landslides can be attributed to
the formation of wetting (moisture) front, increases in
water content, and the excess pore water pressure
generation.
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Design Protection Barriers Against Flow-Like
Landslides

Sabatino Cuomo, Angela Di Perna, and Mario Martinelli

Abstract

The interaction of flow-like landslides with protection
barriers is analyzed for their design. Three recent analysis
approaches are briefly presented and applied to different
landslide geometries. Approach no. 1 (empirical) allows
estimating the impact force andflowkinetic energy over the
time. Approach no. 2 (analytical) additionally provides the
displacement of the barrier due to the impact. Approach no.
3 (numerical) fully simulates the Landslide-Structure-
Interaction (LSI) also including the estimate of the amount
of landslide volume overtopping the barrier. The required
input parameters and the results achievable through the
three approaches are illustrated and compared.

Keywords
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1 Introduction

The analysis of the Landslide-Structure-Interaction (LSI) is a
difficult yet crucial task, especially in the case of a flow-like
landslide impacting a protection barrier.

The first fundamental step is the landslide triggering and
propagation analysis in the mountain catchment. This issue
was recently reviewed by Cuomo (2020), where the readers
can find the details about the engineering analysis methods

applicable to detect the potential landslide source areas and
the following propagation zones.

In other words, to study the LSI, we need as an input the
“reference landslide” (a single landslide or a set of
landslides).

The latter must be characterized in terms of velocity,
thickness, shape and length. It is worth noting that all those
features are extrapolated (using the expert judgement) from
the results of the landslide propagation analysis. For
instance, soil velocity will be not same all over the landslide
body and we will refer to a representative value for the
whole landslide just before the LSI starts. The same applies
to the landslide thickness and so on.

If the landslide input data are given such as velocity,
thickness, unit weight, length, shape and volume, then we
can apply one of the empirical methods in the literature to
estimate the peak pressure (or force) expected at the impact
against the barrier.

Some (hydro-static) methods require only the flow unit
weight and thickness (Scotton and Deganutti 1997; Scheild
et al. 2013); other (hydro-dynamic) methods use as inputs
the flow density and the squared velocity of the flow
(Bugnion et al. 2012; Canelli et al. 2012); other (mixed)
methods consider both the static and the dynamic compo-
nents of the flow (Arattano and Franzi 2003; Cui et al.
2015). However, none of them allow assessing the evolution
of the impact force over the time.

Recent research tried to overcome these limitations. Di
Perna et al. (2022) proposed an enhanced empirical method,
first calibrated via numerical analyses and then validated
referring to a large dataset of real debris flows. This method
allows estimating the impact duration (not only the peak
impact pressure), which regulates the deformation of the
protection barrier. Cuomo et al. (2022) casted an analytical
method to simulate the inelastic collision of the impacting
landslide and the protection barrier. From there, the landslide
energy release and the deformation plus the eventual dis-
placement of the barrier are determined. Finally, Cuomo
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et al. (2021a, 2022) applied an advanced numerical code
based on Material Point Method (MPM), i.e., the Anura 3D
code (and related developments done by Deltares), to
entirely reproduce the LSI including the mutual actions
between the landslide and the barrier as well as the landslide
propagation during the LSI, i.e., the eventual barrier over-
topping by some landslide volume.

This paper intends to provide a practical framework to be
used in a contest of landslide riskmitigation, consistentwith the
aims of the Kyoto Landslide Commitment 2020 (Sassa 2021).

2 Methodological Approach

We assume that a flow-like landslide mass impacts against a
rigid barrier, fixed or unfixed to the base ground (Fig. 1), as
proposed by Cuomo et al. (2020a).

The landslide body has unitary width, length L1, depth h,
density of the mixture qm, initial uniform velocity v0,
pore-water pressure pL and base friction coefficient tanub.
The barrier has a bottom base B, top base b, height H,
inclination of the impacted side b.

The LSI develops from the initial configuration (t ¼ t0),
then landslide propagation (t0\t\timp) leads to the impact
of the landslide front (t ¼ timp) and to the peak impact force
(t ¼ T1) until the end of the LSI (t ¼ tf ).

Before the landslide reaches the barrier (t0\t\timp), i.e.,
during the propagation stage, the LSI problem is governed
by the basal frictional force F1, which acts along the bottom
of the flow (L1) and controls the reduction in flow velocity,
resulting in a decrease of the impact force.

Once the flow starts to interact with the barrier
ðtimp\t\T2Þ, additional stresses (mostly orthogonal to the
impacted surface, hence horizontal in many applications) are
produced on the impacted side of the barrier. Many studies
(e.g., Cui et al. 2015; Song et al. 2017) demonstrated that the
impact force–time history can be simplified as a triangular
force impulse, usually with a rise time (t ¼ T1) much shorter
than the decay time (T2 � T1).

For the action-reaction principle, the mutual impact for-
ces between the landslide and the barrier are equal and
opposite. Such mutual stress causes: (i) the flow to decel-
erate and (ii) the barrier to slip along the base, if unfixed.
The evaluation of the impact forces applied on the inclined
side of the barrier (L2) is fundamental to design the structural
characteristics of the barrier.

It is also worth noting that the flow may overtop the
barrier during the impact, generating an additional force F3

on the structure, mainly dependent on the flow-barrier fric-
tional contact (tan d).

After the impulsive stage of the LSI (T2\t\tf ), the
problem is mostly governed by the inertial resistance force
F4, which depends on the amount of friction mobilized along
the base (b) of the barrier (tan db). The displacement Dx of
the barrier at the end of LSI (Dxf ) depends on both the
amount of energy transferred to the barrier and that dissi-
pated by shear friction along the base.

3 Alternatives for Design

3.1 Design Approach No. 1: Empirical

In a simplified approach, the barrier is assumed as fixed to
the base ground and high enough to retain all the landslide
volume behind the barrier (Fig. 2).

The landslide is schematized as rectangular with mass m1,
length L1, depth h, unitary width, density qm, initial velocity
v0 and it is supposed that the landslide is completely stopped
by the barrier (i.e., v T2ð Þ ¼ 0).

Once the Froude number (Eq. 1) is computed, as repre-
sentative of the landslide kinematics, we compute the coef-
ficient a from Eq. 2. Then, based on previous studies (Hungr
et al. 1984; Scotton and Deganutti 1997; Kwan 2012), the
peak lateral force Fpeak (Eq. 3) exerted by the flow on the
barrier is calculated by the sum of a dynamic component
Fpeak;dyn (Fig. 2a) and a height-dependent static component
Fpeak;stat (Fig. 2b), as in Eqs. (4–5).

Fig. 1 General conceptual
scheme for Landslide Structure
Interaction (LSI)
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Fr ¼ v0
. ffiffiffiffiffi

gh
p

ð1Þ

a ¼ a1Fr
a2 ð2Þ

Fpeak ¼ Fpeak;dyn þFpeak;stat ð3Þ

Fpeak;dyn ¼ aqmv
2
0h ð4Þ

Fpeak;stat ¼ 1
2
jqmgh

2 ð5Þ

The impact period T2 is obtained by using the impulse
theorem, since the integral over time of the impact force (i.e.,
the impact impulse) is equal to the variation of linear
momentum of the landslide (Eq. 6). The landslide mass is
supposed to be constant during the impact. Once T2 is
known through Eq. 6, for timp = 0, T1 can be achieved in
Eq. 7, by fixing the ratio s ¼ T1=T2 (for example from
experimental evidence). The description of the impact
dynamics is now complete. In fact, the reduction in landslide
velocity Δv(t) is obtained from Eq. 8, and the flow velocity
over time v(t) from Eq. 9. The corresponding kinetic energy
Ek,1(t) (Eq. 10) can be computed.

T2 ¼ 2m1v0
�

Fpeak þFpeak;stat � sFpeak;stat
� � ð6Þ

T1 ¼ sT2 ð7Þ

Dv tð Þ ¼
Fpeak

2m1T1
t2 timp\t\T1

Fpeak

m1
t - Fpeak;dyn

2m1 T2�T1ð Þ t
2 T1\t\T2

(
ð8Þ

v tð Þ ¼ v0 � Dv tð Þ ð9Þ

Ek;1 tð Þ ¼ 1
2
m1v

2 tð Þ ð10Þ

All the details of this approach are reported in Di Perna
et al. (2022), and a suggested set of model parameters are:
a1 = 1.781, a2 = − 0.515, s = 0.14, j = 0. The main
advantage of this method is the simple applicability and the
reduced number of parameters. The main limitation is the
inability to give information about the dynamics of the
barrier if the latter is left free to shift along its base. In some
cases, in fact, it could be convenient to introduce an addi-
tional energy dissipation mechanism related to the barrier
movement and deformation.

3.2 Design Approach No. 2: Analytical

A more elaborated analytical model is set up where the
landslide and the barrier are considered as two colliding
bodies. The approaching flow has a volume V1, mass m1,
length L1;0, depth h, unitary width, density qm, and initial
velocity v1;0.

The barrier is rigid, with its own mass m2 and it is free to
slide along the base. The frictional contact at the base is
equal to tan dbð Þ, which can be set as the 80% of the strength
properties of the subsoil base material (Cuomo et al. 2020a).
As a special case, a barrier fixed to the base ground can be
also considered, by setting the mass of the barrier to a very
high value compared to that of the flow (i.e., m2=m1 ! 1).

The landslide-barrier interaction (impact stage in Fig. 3a)
is schematized by an inelastic collision. After the impact, the
two bodies reach the same velocity vCM , applied in the centre
of mass (CM) of the system.

Fig. 2 Scheme in the empirical
method
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The impact force F is a spatio-temporal function since the
approaching volume of the landslide increases with time
until T1 and then diminishes due to the dissipation of flow
energy. The quantity s1 represents the change (shortening) of
the landslide body after the impact and it is computed as
positive in the direction opposite to the flow movement.
Since the impacting mass is saturated, the expected beha-
viour is that a part of the landslide mass will overtop the
barrier and the remaining volume will interact with the
barrier.

The mathematical steps are reported in Cuomo et al.
(2022), while the main equations are written below. The
maximum value s1;max is reached when the impact force is
equal to the peak value. This means that only a part of the
total volume of the landslide contributes to the interaction

with the barrier. This concept is relevant. The quantity K1 ¼
m1m2

m1 þm2

� �
� v1;0

s1;max

� �
is a model parameter referred to the body

1 (landslide), while the quantities q1 (Eq. 11) and T2
(Eq. 12) are the primary model unknowns. For timp = 0,
once both T2 and T1 (Eq. 7) are known, which can be
achieved by fixing the ratio s ¼ T1/T2 (e.g., from experi-
mental evidence), the impact dynamics description is
complete.

q1 ¼ 3
4
K1v1;0ffiffiffiffiffiffiffiffiffiffiffi
s1;max

p ð11Þ

T2 ¼ 8
3
s1;max

v1;0
ð12Þ

F tð Þ ¼ 1
2
q21
K1

t

s

� �
0\t� T1 ð13Þ

F tð Þ ¼ 1
2
q21
K1

T2 � t

1� s

� 	
T1 � t\T2 ð14Þ

The kinematics of the landslide during the impact is
described by the velocity of its centre of mass v1(t) (Eq. 15)
and kinetic energy Ek,1(t) (Eq. 16).

v1 tð Þ ¼
v1;0 � q21

4K1m1

t2

s

� �
0\t\T 1

v1;0 þ q21
4K1m1

t2�2T2tþ T1T2
1�s

� �
T1\t\T2

8<
: ð15Þ

Ek;1 tð Þ ¼ 1
2
m1v

2
1 tð Þ ð16Þ

Similar equations are derived for body 2 (i.e., the barrier).
Here, the frictional contact along the base of the barrier
causes its deceleration and therefore, it must be considered in
the velocity formulation. The deceleration is equal to the
ratio between the frictional contact force and the mass of the
barrier and remains constant during the interaction with the
flow. It implies that the velocity v2(t), displacement Δx(t) and
kinetic energy Ek,1(t) of the barrier can be approximately
computed (if landslide shear stresses along the impacted side
of the barrier are neglected) as:

v2ðtÞ ¼ v2ðtÞ

¼

q21
4K1m1

Sinbþ cos b tan dbð Þ t2 � t�2

s

� 	
�g tan cb t � t�ð Þ t�\t\T1

q21
4K1m1

Sinbþ cos b tan dbð Þ t2 � 2T2tþ T1T2
1� s

� 	
�g tan cb t � t�ð Þ T1\t\T2

t� ¼ 2K1m2sg tan db
q21 sin bþ cos b tan dbð Þ

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð17Þ

Fig. 3 Conceptualization in the
analytical method: a during
impact, b after impact
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v2ðtÞ ¼ Dxf ¼

q21
12K1m2

sin bþ cos b tan dbð Þ

t3 � 3t�2tþ 2t�3

s

� 	

� g

2
tan db t � t�ð Þ2 t�\t6T1

q21
12K1m2
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T1 � tð Þ2 3T2 � 2T1 � tð Þ
1� s

 !
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>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð18Þ

Ek;2 tð Þ ¼ 1
2
m2v

2
2 tð Þ ð19Þ

After the impact, the landslide-structure-interaction
between the two bodies can be neglected since the motion
is mostly governed by shear friction along the base. In this
stage, the change in velocity over time can be calculated
referring to the uniformly decelerating motion equations.
The final displacement Dxf of the barrier is reported in
Eq. (20).

Dxf ¼ q21
12K1m2

sin bþ cos b tan dbð Þ ðT1�t�Þ2 T1 þ 2t�ð Þ
s þ 2ðT2�T1Þ3

1�s

h i
� g

2 tan dbð Þ ðT1 � t�Þ2 þðT2 � T1Þ2
h i

ð20Þ
In this analytical model, two quantities s1;max and s must

be evaluated. From numerical calibrations performed by
Cuomo et al. (2022) for a set of cases, it emerges that the

ratio k ¼ s1;max
�
L1;0 was equal to 0.72 for barriers fixed to

the base ground and 0.41 for unfixed barriers. Suggested
values for s are 0.17 (fixed) and 0.25 (unfixed).

The proposed analytical model reproduces the global
behaviour of the landslide body in the LSI process and
implicitly disregards some local mechanisms, such as the
formation (behind the barrier) of a dead zone, over which the
rear part of the landslide body propagates (Ng et al. 2018).
This is one of the limitations of the model.

3.3 Design Approach No. 3: Numerical

Among the many numerical techniques applicable to the
complex problem of LSI, the Material Point Method is a
particularly suitable tool. In fact, MPM is an appropriate
modelling alternative for large deformation problems.

The Lagrangian points (named Material Points) are free to
move across a fixed mesh (an example is shown in Fig. 4),
which schematizes the domain where the materials are at the
start and where they will move during the deformation
process. At each time step, the governing equations are
solved on the mesh, but then all the stress–strain variables
are saved in the MPs.

To schematize the LSI problem in a more realistic way
than in the previous methods, the build-up of pore water
pressure in the flow material during the impact is considered
as well as the hydro-mechanical coupled behaviour and the
yielding of the flow material.

For a saturated porous material, each MP reproduces a
volume of the mixture V , given by the sum of the solid VS

and liquid VL phases volumes. Each MP stores the infor-
mation about both the solid and liquid phases. This is called
two-phase single-point formulation (Jassim et al. 2013;
Ceccato et al. 2018). The primary unknowns are the solid
(aS) and the liquid acceleration (aL). From there, the veloc-
ities of the solid and liquid phases are obtained. The MPs are

Fig. 4 Example of geometrical schematization in MPM
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moved with the kinematics of the solid skeleton during the
computation. Instead, the so-called “one-phase single-point”
formulation can be opportunely adopted for dry materials,
that is the case of the rigid barrier.

The governing equations are the conservation of mass
(Eq. (21), with q being the density), automatically satisfied
as the solid mass is constant in each MP during deformation,
the conservation of linear momentum (Eq. 22), and the stress
(r)–strain (e) dependency (Eq. (23)). The latter is simulated
through the Jaumann stress rate ( _r) that can handle large
deformations, unlike the Cauchy tensor for small strain rates.

dq
dt

þ qr � v ¼ 0 ð21Þ

q
dv
dt

¼ rrT þ qg ð22Þ

d _r ¼ D � d_e ð23Þ
The time integration scheme is explicit, since most of the

dynamic problems, including wave or shock propagation,
cannot be treated properly by an implicit integration which
tends to smooth the solution (Fern et al. 2019). Hence, there
is a critical time step Dtcr during which a wave with speed
c crosses the smallest element length d (Eq. 24 with E being
the soil stiffness). The critical time step defines the biggest
time increment which can be used for a stable calculation,
but often it cannot be estimated in the case of non-linear
problems. For this reason, the critical time step is multiplied
by an additional factor CNB (namely Courant number) to
reach stability. The Courant number has values between 0
and 1. Generally, the smaller the Courant number and the
smaller the time step, improving the accuracy of the
numerical results.

Dtcr ¼ d

c
¼ dffiffiffiffiffiffiffiffiffi

E=q
p ð24Þ

The interaction force between solid and liquid phases is
governed by Darcy’s law. Numerically, these equations are
solved at grid nodes considering the Galerkin method (Luo
et al. 2008) with standard nodal shape functions and their
solutions are used to update MPs velocities and momentum
of each phase. The strain rate _e of the MPs is computed from
the nodal velocities obtained from the nodal momentum.

In the two-phase single-point formulation the liquid mass,
and consequently the mass of the mixture, is not constant in
each material point but can vary depending on porosity
changes. Fluxes due to spatial variations of the liquid mass are
neglected and Darcy’s law is used to model solid–liquid
interaction forces. For this reason, this formulation is generally
used in problemswith small gradients of porosity, and laminar
and stationary flow in slow velocity regime. However, this

formulation proves to be suitable for studying flow-structure-
interaction (Cuomo et al. 2021a). The water is assumed to be
linearly compressible via the bulk modulus of the fluidKL and
shear stresses in the liquid phase are neglected.

With reference to the critical time step, the influence of
permeability and liquid bulk modulus must be considered as
well (Mieremet et al. 2016). In particular, the time step
required for numerical stability is smaller in soil with lower
permeability (Eq. 25).

Dtcr ¼ min
dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EþKL=nð Þ=qm
p ;

2 qm þ 1=n� 2ð ÞqLð Þksat
qLg

 !

ð25Þ
The sliding model of the flowing mass on the rigid

material is handled by a frictional Mohr–Coulomb strength
criterion. The contact formulation is used to ensure that no
interpenetration occurs, and that the tangential forces are
compatible with the shear strength along the contact. The
reaction force acting on the structure at node j is calculated
as in Eq. 26.

Fj tð Þ ¼ mj;SDaS;contact þmj;LDaL;contact ð26Þ
The terms DaS;contact and DaL;contact are the change in

acceleration induced by the contact formulation, for both
solid and liquid phase, and mi;S and mi;L are the corre-
sponding nodal masses, respectively. The total reaction force
is the integral of the nodal reaction forces along the barrier.
Details of the contact formulation are described in Martinelli
and Galavi (2022).

4 Design Examples

4.1 Landslide and Barrier Schemes

The initial landslide configuration is meant to represent the
shape of the flow at a certain time during propagation
(Fig. 5), but it strongly depends on the site-specific
flow-path topography and geomorphological conditions.

However, shear friction along the ground topography
often results in a stronger, higher front, a weaker, lower body
and a tail of the flow mixture (Iverson 1997; Pudasaini and
Fischer 2020; Thouret et al. 2020).

Here, we consider a 45°—inclined front and a tail of
length equal to three times the flow height. For varying the
flow volumes, i number of squares are placed between the
head and tail portions.

Given this shape, the landslide has the same volume of an
equivalent paralepidid with the same height h, unitary width
and a length Lm ¼ 2þ ið Þ � h (Fig. 2).
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The landslide is assumed to approach the barrier with a
fixed geometric configuration and constant velocity, until the
LSI starts. For the sake of simplicity, the flow basal frictional
force F1 (Fig. 1) is assumed equal to zero in all the cases, by
means of a smooth contact. Although simplified, the land-
slide scheme resembles its main characteristics such as
velocity, impact height, non-zero interstitial pressures and
elasto-plastic behavior. The distribution of pore water pres-
sure is simplified as hydrostatic along the vertical at the
beginning of LSI. Then, pore water pressures change
because of LSI.

The mechanical parameters of the landslide material are:
qm (density of the mixture) = 1800 kg/m3; n (poros-
ity) = 0.5; u′ (effective friction angle) = 20°; c′ (effective
cohesion) = 0; E′ (Young modulus) = 2 MPa; m (Poisson’s
ratio) = 0.25; k (hydraulic conductivity) = 10−4 m/s; lL
(liquid viscosity) = 10−6 kPa s; and KL (liquid bulk modu-
lus) = 30 MPa. These properties are used as inputs in the
MPM model, whereas for the analytical and empirical
approaches only the density of the mixture is considered.

Some landslide typologies (impact scenarios) are chosen
as examples for the design of the protection structure.

Table 1 reports the geometric features, the different values of
v1,0 and h, and even some of the related quantities V1, m1 and
Ek1,0. In the engineering practice, all these quantities are
accurately estimated through specific analyses of landslide
triggering and propagation (Cuomo et al. 2019, 2021b).

For the barrier it is assumed: non-porous material, base
fixed to the ground (empirical approach) or free to sliding
(analytical and numerical approaches) with rigid behaviour.
This last hypothesis relates to the construction mode typi-
cally used for such barriers (Cuomo et al. 2020a, b).

Table 2 outlines the features of some barrier options
considered in the following sections to apply the three
methods for LSI analysis.

4.2 The (Empirical) Method No. 1: Results

The time trend of the impact force F(t) is computed for the
landslide cases L1, L2 and L3 reported in Table 1 and
assuming a different steepness (b) of the impacted side of the
barrier. In this novel, yet simplified method, (Di Perna et al.
2022), the impact action is mainly related to the landslide

Fig. 5 Geometric schematization
for the LSI numerical simulations
with a rigid barrier

Table 1 Landslide cases L1 (m) (−) h (m) Lm (m) V1 (m
3/m) m1 (kg) v0,1 (m/s) Ek1,0 (kJ)

L1 21 3 3 15 45 81,000 10 4050

L2 21 3 3 15 45 81,000 5 1013

L3 20 1 4 12 48 86,400 10 4320

L4 15 1 3 9 27 48,600 10 2430

L5 27 5 3 21 63 113,400 10 5670

L6 47 43 1 45 45 81,000 19 4050

L7 21 3 3 15 45 95,400 10 4770

Table 2 Examples of protection
barriers

H (m) b (m) B (m) b (°) m2 (kg)

B1 6 4 11 57 90,000

B2 7.5 3.63 8.38 72 90,075

B3 6 6.5 8.50 80 90,000
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features. Indeed, the effect of the steepness (b) of the
impacted side of the barrier is also considered, with the
“reference velocity” for the impact computed as the com-
ponent of landslide velocity orthogonal to the barrier facing.

It is evident that the landslide case L3 causes the highest
peak impact force (Fig. 6a) due to the largest initial landslide
kinetic energy (Fig. 6b). However, this is also the case with
the shortest duration due to the most rapid release of kinetic
energy Ek(t). For L3, a differently steeped barrier facing also
plays a role toward the impact force reducing from 1000
kN/m (b = 80°) to 700 kN/m (b = 60°).

Once the plot of Fig. 6a has been computed, then the
design of the barrier can be pursued.

A first step is to preliminarily individuate the geometry
features (Fig. 1) of the barrier, i.e., the top base (b), the
bottom base (B) and the height (H).

Then, the barrier safety analyses for shifting and tilting
can be performed based on a simple dynamic model of a
rigid block with a base frictional contact (e.g., Newmark
model). Alternatively, a complete stress–strain analysis can
be performed via Finite Element Method (see for instance,

Cuomo et al. 2020a) or Finite Difference Method (refer to
Cuomo et al. 2020b), thus individuating any Ultimate Limit
State (ULS) of the barrier (i.e., shifting, global/local defor-
mation, combination of the previous ULSs).

4.3 The (Analytical) Method No. 2: Results

The temporal evolution of the impact force (F) and landslide
kinetic energy (Ek) are computed for landslide cases L1, L2
and L3 of Table1 and for the three barriers of Table 2.
Comparing the results of Fig. 7 (analytical) to those in Fig. 6
(empirical method) is useful.

The empirical method provides an overestimation of the
impact forces obtained by the analytical method, especially
for the landslides with large kinetic energy. The latter decays
more rapidly according to the empirical method than for the
analytical one. Hence, the analytical method provides similar
or lower impact force with a similar or longer time for the
landslide energy decay. These differences were expected
because the effects of the landslide-structure interaction are

Fig. 6 Empirical model results: a time trend of the impact force; b kinetic energy of the landslide over the time

Fig. 7 Analytical model results: a time trend of the impact force; b kinetic energy of the flow over time
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included in the analytical method, but not in the empirical
method.

In addition to this assessment, the displacement (Dxf ) of
the barrier is computed over time during the LSI. The final
displacements of the selected cases are reported in Table 3. It
is worth noting that in the scenario no. 8, the displacement is
about nil, while in the other cases, the barrier is displaced of
few meters during the landslide impact. However, such
performance is insufficient in some circumstances.

In fact, if the site-specific field conditions ensure limited
space for the barrier or in presence of buildings just behind
the barrier, then a requirement for the barrier is to allow
low/moderate displacement during the LSI.

In those cases, an inverse use of the analytical method is
suggested. Hence, given the landslide features (e.g.,
Table 4), once the steepness of the impacted side (depending
on the construction mode and materials used), and the
maximum tolerable barrier displacement (e.g., 0.5 m in
Table 4) is established, then the minimum required mass
(m2) for the barrier can be computed. From that value, dif-
ferent design options correspond to different sets of H, B and

b. In this design procedure, the barrier is assumed to be rigid,
which is generally a safe assumption. Once the impact action
and geometry of the barrier is known, then barrier safety
analyses can be done as for method no. 2.

4.4 The (Numerical) Method No. 3: Results

What is the main limitation of the previous approaches? It is
that any possible landslide overtopping cannot be assessed.
The latter is not a secondary LSI mechanism in the case of
flow-like landslides. Moreover, the barrier was not consid-
ered as deformable. Both these limitations are overcome by
the MPM numerical method. Here, the barrier is still con-
sidered as rigid to better compare the results of the three
approaches.

Some landslide and barrier cases are considered in Fig. 8,
which shows the peak forces are similar (Fig. 8a) to those
achieved by the analytical method. Such general agreement
among those results is encouraging. This is also reflected by
the similar barrier displacements computed analytically

Table 3 Analytical results: final
displacement of the barrier

ID Landslide Barrier m1 (kg) m2 (kg) b (°) Δxf (m)

1 L1 B1 81,000 90,000 60 0.64

8 L2 B1 81,000 90,000 60 0

7 L3 B1 86,400 90,000 60 1.17

5 L1 B2 81,000 90,075 70 1.10

4 L1 B3 81,000 90,000 80 1.24

Table 4 Mass (m2) to limit the
final displacement to 0.5 m

Landslide m1 (kg) b (°) Δxf m2 (kg)

L1 81,000 70 0.5 135,363

L2 81,000 70 0.5 39,015

L3 86,400 70 0.5 190,752

Fig. 8 MPM numerical results: a time trend of the impact force; b kinetic energy of the flow over time

Design Protection Barriers Against Flow-Like Landslides 131



(Table 3) or numerically (Table 5). However, a slightly
slower decay of F(t) and a slower energy release (Fig. 8b) are
simulated with respect to the analytical trends. In addition, in
the cases no. 5 (L1–B2) and 4 (L1–B3) the analytical and
numerical results differ much more. This means that a com-
bined use of multiple methods is always recommended.

The spatio-temporal distribution of the soil velocity and
deviatoric (shear) deformation inside the landslide body is
plotted in Fig. 9. The above-mentioned complexity of the
LSI is outlined and it is clearly shown that velocity and
deformation are not uniform in the landslide body during the
LSI, because the barrier is displaced away.

Table 5 MPM numerical results: barrier final displacement

ID Landslide Barrier m1 (kg) m2 (kg) b (°) H (m) B (m) Δxf (m)

1 L1 B1 81000 90000 60 6 11 2.06

8 L2 B1 81000 90000 60 6 11 0

7 L3 B1 86400 90000 60 6 11 3.15

5 L1 B2 81000 90075 72 7.5 8.38 4.28

4 L1 B3 81000 90000 80 6 8.50 4.74

Fig. 9 Velocity during the impact for L1-B2 (a) and L1–B3 (b), Deviatoric strain for L1-B2 (c) and L1-B3 (d)
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Fig. 11 Deviatoric strain distribution during the impact for L1–B1 (a), L2–B1 (b), L3–B1 (c)

Fig. 10 Velocity distribution during the impact for L1–B1 (a), L2–B1 (b), L3–B1 (c)
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Further insights come from the results shown in Figs. 10
and 11. Soil deformations are relevant in the proximity of the
impacted barrier side, pointing out the marginal role of the
tail during the impact.

5 Comparison and Discussion

For the nine examples proposed in Table 6, a substantial
agreement of at least two out of the three methods is shown
for the peak impact force and for the impact duration
(Table 6 and Fig. 12). This is important for design
purposes.

For the final displacement of the barrier, the empirical
method alone does not give information, while the other two
methods are in many cases in very good agreement. How-
ever, some discrepancies are also possible (e.g., cases 3, 4
and 5) when LSI is very complex.

The numerical method considers the elasto-plastic soil
behavior and the hydro-mechanical coupling between the solid
skeleton and soil porosity water. These features are not present
in the two othermethods. It isworth noting that the increment of
pore water pressure at the impact is recognized as an important
factor of LSI (Cuomo et al. 2021a). That increment in pore
water pressure is also the possible overtopping mechanism and
the final amount of landslide retained behind the barrier.

Table 6 LSI examples analysed through different methods

ID 1 2 3 4 5 6 7 8 9

Landslide L1 L4 L5 L1 L1 L6 L3 L2 L7

L1 (m) 21 15 27 21 21 47 20 21 21

i (−) 3 1 5 3 3 43 1 3 3

h (m) 3 3 3 3 3 1 4 3 3

Lm (m) 15 9 21 15 15 45 12 15 15

V1 (m3/m) 45 27 63 45 45 45 48 45 45

q (kg/m3) 1800 1800 1800 1800 1800 1800 1800 1800 2120

m1 (kg) 81000 48600 113400 81000 81000 81000 86400 81000 95400

v0,1 (m/s) 10 10 10 10 10 10 10 5 10

Ek1,0 (kJ) 4050 2430 5670 4050 4050 4050 4320 1012.5 4770

Barrier B1 B1 B1 B3 B2 B1 B1 B1 B1

B (m) 11 11 11 8.5 8.38 11 11 11 11

b (m) 4 4 4 6.5 3.63 4 4 4 4

H (m) 6 6 6 6 7.5 6 6 6 6

b (°) 60 60 60 80 72 60 60 60 60

L2 (m) 6.95 6.95 6.95 6.08 7.87 6.95 6.95 6.95 6.95

m2 (kg) 90000 90000 90000 90000 90075 90000 90000 90000 90000

Results

F2x,emp (kN/m) 491 491 491 676 620 123 705 175 578

F2x,analyt (kN/m) 387 477 325 500 467 129 500 193 420

F2x,MPM (kN/m) 444 402 444 526 425 333 528 221 513

T2,emp (s) 2.47 1.48 3.46 2.04 2.15 9.85 1.84 3.46 2.47

T2,analyt (s) 1.65 0.99 2.31 1.65 1.65 4.96 1.32 1.64 1.65

T2,MPM (s) 2.59 2.1 3.00 2.19 2.59 4.50 2.643 4.00 3.00
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6 Conclusions

A general conceptual scheme and three different methods
have been presented in this paper for the analysis of LSI
(Landslide-Structure Interaction).

The results of the distinct methods are generally in good
agreement, because they are all adequate to reproduce the
physical processes of the LSI. Hence, different tools and
options to design a protection barrier have been provided.
The combined use of multiple methods is fully encouraged.
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Landslide Warning Systems in Low-And
Lower-Middle-Income Countries: Future
Challenges and Societal Impact

Irasema Alcántara-Ayala and Ricardo J. Garnica-Peña

Abstract

There is a growing body of literature that recognises the
importance of warning systems to reduce landslide
disaster risk and avoid the occurrence of disasters. Recent
developments in landslide disasters around the world
have heightened the need for the implementation of
Landslide Early Warning Systems (LEWSs) particularly
in low-and lower-middle-income countries (LICs and
MICs), where levels of vulnerability and exposure are
very high. However, no previous study has systematically
evaluated the use of LEWSs in LICs and MICs. By means
of a systematic review on the scientific literature this
chapter explores the ways in which LEWSs have been
implemented in LICs and MICs. This research seeks to
address the spatial distribution of LEWSs in the world,
specifically in LICs and MICs. Special attention is given
to reviewing the development of LEWSs in terms of their
inclusion in integrated disaster risk reduction (DRR)
strategies or as standalone initiatives, and the type of
approaches followed, either as top-down or bottom-up.
The chapter has three key components: (1) to prepare a
search and inclusion criteria strategy for systematic
literature review to collect a set of articles on LEWSs
using the ISI Web of Science database; (2) to organize the
literature review set to extract and analyse quantitative
and qualitative data and information on LEWSs in LICs
and MICs; and (3) to provide insights on a future LEWSs
research agenda concerning critical issues and gaps in the
literature and identifying main challenges with high
societal impact. A noteworthy remark about this review is
that only 12.4% of the total publications that met the
specified criteria are from LICs and MICs. These papers

address diverse dimensions of LEWSs in different
degrees, but despite that, the actual use or implementation
of LEWSs was addressed only by five papers. This
suggests a potential disadvantage in the development and
successful systematic implementation of LEWSs in these
countries.

Keywords

Landslide early warning systems � Low-and
lower-middle-income countries � Implementation �
Community-based approaches � Challenges � Societal
impact

1 Introduction

In the international sphere, the establishment of the Sendai
Framework for Disaster Risk Reduction 2015–2025
(UNISDR 2015) and the call for science and technology to
support its implementation (UNISDR 2019) have helped
science-evidence policy making and practice to be visualised
as a high priority, but also, have opened up opportunities to
improve science and to promote wider interaction among all
disaster risk relevant stakeholders. Particularly, in the field of
landslide research, initiatives such as the Sendai Landslide
Partnerships 2015–2025 (Sassa 2015, 2016) and the Kyoto
Landslide Commitment 2020 (KLC 2020) (Alcántara-Ayala
and Sassa 2021) have created and set in motion solid and
effective projects to promote landslide research in benefit of
society, and foster relations between institutions and land-
slide research networks from different regions of the world.
These developments have helped some countries make
progress towards informed decision making and practice.

Among other significant actions, the KCL (2020) pro-
motes greater awareness of the importance of people-centred
early warning. Therefore, and in order to secure some pos-
itive progress in aspects relating to the development of
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people-centred early warning systems, this new initiative
calls for an increased precision and reliable prediction
technology for landslides in both time and space, especially
in a changing climate context (Sassa 2019, 2020).

Landslide early warning systems (LEWSs) is a major area
of interest within the field of landslide research and one of
the most critical key elements for disaster risk reduction
(DRR). In the light of such circumstances, there is increasing
concern that some low-and lower-middle-income countries
(LICs and MICs), are being disadvantaged in the develop-
ment and successful systematic implementation of LEWSs.
Accounting specifically for the varying experiences these
countries have at different scales is unknown.

Recent evidence suggests that owing to their complex and
operational landslide forecasting character, LEWSs remain a
difficult and uncertain task, which require conceptual
developments and technological improvements along with
open standards for the design, implementation, management,
and verification (Guzzetti et al. 2020). This is of uttermost
relevance in LICs and MICs where obstacles for science for
action should not be underestimated.

Drawing upon a systematic literature review, this study
attempts to provide insights on the development and
implementation of LEWSs in LICs and MICs from 2000 to
2021. Especially important is to identify whether those
reported cases are included into a comprehensive disaster
risk reduction strategy, or they are standalone initiatives.
Furthermore, finding out if they follow a top-down or a
bottom-up approach will be particularly valuable.

The remaining part of the chapter includes a brief section
on Early Warming Systems (EWSs), the methodology, and
results. Finally, recommendations derived from this sys-
tematic literature review are presented.

2 Early Warning Systems (EWSs)

Building on the work of Smith (1996), Twigg (2002) argued
that in addition to the three known inter-related stages of
EWSs, which comprised evaluation and forecasting; warn-
ing and dissemination; and response, the significance of
appropriate communication of timely and accurate hazard
warnings, based on the comprehensive understanding of
perceptions and needs of communities at risk, is key for the
success of an EW system.

Accordingly, in an effort to implement people-centred
early warning systems, four elements of effective EWSs
were established (Fig. 1), and EWSs defined as “the provi-
sion of timely and effective information, through identified
institutions, that allow individuals exposed to hazards take
action to avoid or reduce their risk and prepare for effective
response” (UNISDR 2006). After a decade, its meaning was

redefined, but hardly changed in practice, in terms of “an
integrated system of hazard monitoring, forecasting and
prediction, disaster risk assessment, communication and
preparedness activities systems and processes that enables
individuals, communities, governments, businesses and
others to take timely action to reduce disaster risks in
advance of hazardous events” (UNISDR 2016).

Alcántara-Ayala and Oliver-Smith (2017) claimed that
despite the evolution of definitions through time, EWSs are
not yet articulated or integrated systems, but segments of the
capacity-building process required to achieve DRR through
DRM. One of the main reasons for this is a lack of disaster
risk understanding as a social construct, which implies that
not only hazard occurrence, but the spatial and temporal
scales of the dimensions of vulnerability and exposure must
be considered.

It is beyond the scope of this study to identify and analyse
the strengths and serious weaknesses of both EWSs and
LEWSs. However, it is important not to forget that despite
the fact that, due to uncertainty, determining the occurrence
of hazards in space and time is technically challenging, the
performance of EWSs is often constrained by a lack of
integrated transdisciplinary approaches, sustainability of
financial and human resources, sound strategies of risk
communication and most importantly, due to disarticulated
institutional arrangements and weak disaster risk governance
(Alcántara-Ayala 2021). These issues are of great concern to
the international community and have important implica-
tions for LICs and MICs.

Fig. 1 Four elements of people-centred Early Warning Systems
(Source adapted from ISDR-PPEW 2005)
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3 Methodology

This study employed a systematic review methodology,
which involved definition of the review scope, literature
search, literature analysis and synthesis, and perspectives on
challenges and societal impact of LEWSs. The central area
of interest of the review scope was focused in categorising
the spatial extent of the research institutions that have been
involved in the development of LEWSs and to identify,
when possible, whether these have been included into a
comprehensive disaster risk reduction strategy, or they were
built as standalone initiatives, following either top-down or a
bottom-up approaches.

With respect to the literature search, most suitable key-
words and search criteria were chosen in order to extract the
required set to be analysed from the ISI Web of Science
database. The search was conducted between January and
February 2022. The system was requested to search the
words “landslide”, “warning system”, and “early warning”
in the title and abstract of the articles. In this way, the search
results included a total of 1709 papers. Results were sorted
by year of publication within 1990–2021 range, to avoid the
inclusion of the work in progress in 2022. During the
evaluation phase, following filtering to include papers which
did not have the full abstract available, search results were
reduced to 1691 papers. Additional filtering excluded all
works which were not published in English language, and
number of papers was reduced to 1669. Additional filtering
aimed at eliminating papers which were not suitable for the
review scope as well as data papers, retracted publications,
editorial material, and letters. The use of these criteria
involved the exclusion of 540 papers. Number of papers was
cut to 1129. Final filtering involved the classification of
papers based on countries of publication. Categories of Low,
Lower middle, Upper middle and High income were con-
sidered. Final selection was concentrated on Low and Lower
middle-income countries. Therefore, number of papers
examined for this study was 141 (Fig. 2).

Literature analysis and synthesis involved geographic
analysis, time, institutions, areas of research, methodological
typology, and approaches. After articles were selected, two
researchers review them and further discussed differences to
ensure relevance. Data management and analysis were per-
formed using Excel and HistCite. Perspectives on challenges
and societal impact of LEWSs in LICs and MICs were
building on the relevant experiences included in the analysed
set of papers and based on the practical knowledge of the
authors.

4 Results

A noteworthy remark about this study is that 141 articles, the
equivalent of only 12.4% of the total publications that met
the specified criteria, were published by researchers working
in institutions situated in LICs (N = 3) and MICs (N = 20).
LICs included Malawi, Uganda and Rwanda, whereas MICs
involved Bangladesh, Bhutan, Egypt, El Salvador, Ghana,
India, Indonesia, Iran, Kenya, Nepal, Nicaragua, Nigeria,

Fig. 2 Search strategy for systematic review
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Pakistan, Philippines, Sri Lanka, Tanzania, Ukraine,
Uzbekistan, Vietnam and Zambia.

Although the first publication addressing LEWSs world-
wide was issued in 1991, only from 2000 LICs and MICs
countries researchers started publishing their work on this
topic. Therefore, the range of years analysed was established
as 2000–2021 (Fig. 3).

During the first seven years, only one publication was
produced annually. The largest percentage of publications
(52.4%) was concentrated in 2019, 2017 and 2020, with 29,
25 and 20 publications, respectively. During the last two
years of the analysis, a clear decrease in number of publi-
cations was identified.

Types of documents in which research on LEWSs was
published comprised articles (N = 81), conference proceed-
ings (N = 56), book chapters (N = 2) and reviews (N = 2).
These were included in publications from a wide and diverse
range of research fields in the many subject areas relevant to
landslides. However, a major concentration of publications,
equivalent to 43% of the total, was identified in the fields of
engineering, engineering geology and geology (Fig. 4).
Only one publication was issued in a social science journal.
This indeed mirrors the predominance of technical
approaches.

Articles on these themes were published, to a major
extent, in the Landslides Journal (N = 14), followed by
Natural Hazards (N = 6) and Water (N = 6) journals.
Additional publications were included in Advancing Culture
of Living with Landslides, Vol 3 (N = 4), Geomatics, Nat-
ural Hazards & Risk (N = 4), Journal of Mountain Science
(N = 3), International Journal of Disaster Risk Reduction
(N = 3) and the International Journal of Geomate (N = 3)
(Fig. 5).

Researchers from 179 institutions, from LICs, MICs and
other income countries participated as contributors in the

analysed publications. Top institutions in terms of partici-
pation in highest number of publications included Amrita
Vishwa Vidyapeetham University (N = 15), the Indian
Institute of Technology Indore (N = 14), the Indian Institute
of Technology Roorkee (N = 12), and the University of
Technology Sydney (N = 11). They were followed by
Sejong University (N = 7), the University of Tokyo (N = 7)
and the Chinese Academy of Sciences (N = 6) (Fig. 6).

The review suggested that research associated with
LEWSs in LICs, and MICs is built around three main lines
of work, the first focused on studies of hazard analysis for
LEWSs (N = 53, 37.5%), the second, on technological
developments for potential LEWSs (N = 49, 34.7%), and the
third, concerning the design, development, calibration and
validation of models and prototypes for LEWSs (N = 21,
14.8%) (Fig. 7).

Fig. 3 Time analysis: number of publications analysed concerning
LEWSs in LICs and MICs

Fig. 4 Research areas concerning the publications analysed on LEWSs
in LICs and MICs

Fig. 5 Journals of publications regarding LEWSs in LICs and MICs
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Regardless of the information provided in the title and
abstract, out of the total number of papers analysed produced
in LICs and MICs (Fig. 8) and represented through a series
of study cases (Fig. 9), only five publications included the
implementation of an actual LEWS (5, 3.5%) as a main
development in the text. Other publications were focused on
different aspects to stress the need of implementing LEWSs
in different countries (5, 3.5%) (see Fig. 7).

In a lower proportion, other articles focused on various
areas, from the proposal of a standard for community-based
landslide early warning systems (Fathani et al. 2016, 2017)
(2, 1.4%), to addressing the significance of indigenous
knowledge for climate change adaptation and warning sys-
tems as communities are experiencing the consequences of
climate change through the occurrence of landslides and
other hazards (Nelson et al. 2019) (1, 0.7%) (see Fig. 7).

In the reviewed publications, other topics of interest from
a technical approach, included the establishment of a
national system for data collection (1, 0.7%) (Devoli et al.
2007) (see Fig. 7).

From a social science perspective, a publication empha-
sised and exemplified the architecture of landslide manage-
ment programmes, which should include social vulnerability
(N = 1, 0.7%) (Karnawati et al. 2009). Likewise, based on a
survey, an assessment on the extent to which landslide dis-
aster risk reduction policy measures have been implemented
in Uganda was carried out (1, 0.7%) (Masaba et al. 2017). By
means of stakeholder mapping, focus group discussions and
key informant interviews, insights derived from the assess-
ment of capacities and vulnerabilities of communities were
provided for the design of community-based early warning
system for deep-seated landslides (N = 1, 0.7%) (Gumiran
et al. 2019). Furthermore, a traditional notion of LEWSs was
developed by introducing the concept of non-structural mit-
igation measures through mitigation mapping; this described
in terms of the definition of the landslide high-risk area and
community evacuation plan based on place-cantered map-
ping in order to promote community participation (N = 1,
0.7%) (Hidayati and Noviana 2018) (see Fig. 7).

4.1 Description of Operational LEWSs
from Publications

Colleagues from Amrita Vishwa Vidyapeetham University
designed and developed an integrated wireless sensor net-
work system for real-time monitoring and early warning of
landslides, which includes three levels of warning. Results
obtained from the deployment of the LEWS in Western
Ghats and North-Eastern Himalayas in India were satisfac-
tory. This beneficial contribution increased the emphasis on
the necessity of implementing LEWSs nationwide. There-
fore, the Government of India considered its adoption, and a
starting step of the strategy was a second LEWS deployment
to the North-eastern Himalayas (Ramesh et al. 2017).

Along the side of the installation of a LEWS in Ledoksari
Village in Indonesia, Karnawati et al. (2011) reinforced the
preparedness of the communities at risk. A partnership
between the University and the key person from the Village,
under the coordination of the local regency authority was
sought as a main mechanism of interaction for the effective
implementation of the developed LEWS. Inputs for hazard
mapping included landslide susceptibility derived from the
assessment of conditions of slope inclination, types and
engineering properties of existing lithologies and soil, along
with the incorporation of land-use types.

Fig. 6 Research and academic institutions to which the authors of the
analysed publications are affiliated

Fig. 7 Thematic lines of research associated with LEWSs in LICs and
MICs, based on the systematic literature review
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In a comprehensive study, Thapa and Adhikari (2019) led
to the development of a LEWS in the central Nepal Hima-
laya region. This comprised extensometers, soil moisture
sensors, rain gauge stations, and solar panels. The protocol
involves transmission of data generated through a Global
System for Mobile Communications (GSM) network to

responsible organizations in real-time to issue the warning to
local residents. Successful experiences with the implemen-
tation of the LEWS included saving 495 people from 117
households in August 2018. However, they also found out
that landslide monitoring, and dissemination of warnings
remains a complex process where a convergence of technical

Fig. 8 Countries of the research and academic institutions to which the authors of the analysed publications are affiliated. The number inside the
circle represents the number of publications per country

Fig. 9 Study case countries reported in the analysed publications. The number inside the circle represents the number of study cases per country,
including those which are not categorised as LICs and MICs
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and communications skills is required to guarantee suc-
cessful practise.

In the context of the Development and Deployment of
Early Warning System for deployment of the monitoring
system in ten different sites across the Philippine
Deep-Seated Catastrophic Landslides and Slope Failures
(DEWS-L) program of the University of the Philippines and
the Philippines Institute of Volcanology and Seismology
(PHIVOLCS), Marciano and colleagues (2014) set up a
series of enhancements in the design of an alternative
instrumentation for monitoring deep-seated landslides using
tilt and soil moisture sensors.

Experiences derived from the deployment of the LEWS
in ten different sites across the Philippines highlighted the
need to creating awareness in the community and fostering
active community involvement in understanding the risks of
landslides. For this reason, engaging the community and
other stakeholders was identified as one of the main chal-
lenges of effective community and technology based
LEWSs. Training members of communities at risk was
conducted to establish a Local Landslide Monitoring Com-
mittee (LLMC). Integrated by volunteers, the LLMC
acquired basic knowledge and skills to accurately monitor,
map and survey the visual indicators of ground movement,
and to maintain the continuous operation of the sensor col-
umns (Marciano et al. 2014).

The SATREPS project is an example of a regional
cooperation project between Japanese and Vietnamese
researchers which was developed in a way that can be
considered as key stepping stone towards disaster prevention
and reduction in Vietnam in the future. Major contributions
included development of human resources, research equip-
ment and development of a standard system of landslide
investigation, monitoring, forecast and LEWS, which was
implemented based on real-time landslide monitoring in the
Hai Van Station landslide (Tien et al. 2017).

4.2 Hazard Analysis for LEWSs

Examining the content of the analysed publications, it
emerged that although the title and abstract reference
LEWSs, 53% of the publications focused on diverse per-
spectives of hazard analysis that were considered significant
for posterior development of warning systems. This category
included papers regarding the following topics: landslide
field monitoring, laboratory strength tests and experiments,
determination of landslide rainfall thresholds, development
of landslide susceptibility maps, numerical simulations,
modelling, geological and geomorphological approaches,
characterization of exposed buildings, artificial neural net-
works, and neuro-fuzzy approaches for prediction of

landslides. Additional strategies involved the use of slope
mass rating, hydrological-geotechnical and factor of safety
modelling, satellite-based rainfall estimation, soil moisture
changes and deformations in slope surface by means of
elastic wave propagation in soil, high resolution SPOT
panchromatic and airborne images for landslide recognition
and digital terrain modelling in GIS platforms.

4.3 Technical Developments for Potential
LEWSs

To summarize the evidence emerging from the literature
review about the reported technical developments for the
potential developments of LEWSs, the following insights
can be listed: learning adaptive neuro-fuzzy inference sys-
tems, application of sliding force remote monitoring systems
as a diagnostic tool for a rapid assessment of open pit slope
stability and prediction of landslides, electrical resistivity
techniques, cellular mobile infrastructure for using
geo-spatial data, monitoring based on micro-electro-
mechanical systems, landslide detection system based on
flat coil and coil sensors, coupling of landslide simulation
models and a hydrological models, and very importantly,
utilisation of hazard and risk information for spatial planning
and zoning, indicating areas where landslide hazard is too
high for planning future developments.

4.4 Models and Prototypes for LEWSs

Indeed, from the systematic literature review concerning
LEWSs, it was observed that the spread of models and
prototypes in LICs and MICs have some shared features.
These included the efforts to develop cheap LEWS, appli-
cations for smartphone devices, dynamic web-based alert
systems, machine learning algorithms for wireless sensor
networks, the use of Wireless Sensor Networks, electrical
resistivity tomography techniques, field monitoring data and
risk evaluation model using fibre-optic based transducers,
tools for improving connectivity. Additionally, great sig-
nificance was given to the promotion of proven and inno-
vatory techniques and technologies of early warning systems
based on monitoring ground surface deformation using
Synthetic Aperture Radar, artificial neural networks based on
rainfall forecasting models, simple monitoring systems and
using micro electromechanical systems concerning tilt and
volumetric water content sensors. What is more, the exten-
sive use of social media users as potential contributors to
landslide hazard monitoring and as providers of additional
support for landslide prediction and decision making was
also considered.
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4.5 Implementation of LEWSs: An Urgent Task

The need to implement LEWSs has been regarded as an
urgent endeavour. To this regard, five of the examined
publications were concerned with diverse perspectives on
this matter. In Bangladesh, for instance, interviews on the
methods local-level institutions follow to mitigate landslide
hazards in terms of structural and non-structural measures
were sought. Since structural measures are insufficient due to
the financial constraints, mechanisms of sustainable hillslope
management and LEWSs were suggested (Sultana and Tan
2021). Likewise, based on a quantitative estimation of ele-
ments at risk to landslides, the implementation of LEWSs in
India was put forward (Sajinkumar et al. 2014). Similarly in
Indonesia, a series of interviews were focused on analysing
awareness and preparedness of primary stakeholders (i.e.,
government and non-departmental government institutions)
to mitigate landslide disaster risk and disasters (Susanto et al.
2018). In a similar manner, in Japan, attention has been
given to LEWSs as the major non-structural measures which
are based on judgment and action of local people. The latter
being highly influenced by information provided by mass
media (Fujita and Shaw 2014).

4.6 Scientific Collaborations

It can be said that there needs to be more integrated action
leading to successful practice concerning the implementation
of the Sendai framework, which includes “to promote and
improve dialogue and cooperation among scientific and
technological communities, other relevant stakeholders and
policymakers in order to facilitate a science policy interface
for effective decision-making in disaster risk management”
and “to enhance the scientific and technical work on disaster
risk reduction and its mobilization through the coordination
of existing networks and scientific research institutions at all
levels and in all regions” (UNISDR 2015).

In the same spirit, through the systematic review of lit-
erature it was possible to identify that international scientific
cooperation enabled numerous collaborations between LICs
and MICs and other countries to understand and manage
landslide disaster risk, and most importantly to advance the
research on LEWSs and their potential implementation
(Fig. 10). Such collaborative efforts can build trust and
facilitate progress in landslide disaster risk reduction.

Therefore, indicators of future progress on landslide dis-
aster research, should include number of LICs and MICs
with implemented LEWSs, number of long-term scientific
collaborations, and number of people at risk who benefited
from their use.

5 Discussion

The analysed publications provided an overview of the
existing literature on the different dimensions of LEWSs in
LICs and MICs. This was useful to highlight the key gaps in
the published studies and allowed the possibility to offer
suggestions for future research.

In the international arena, scientific cooperation has
enabled numerous collaborations in different fields among
LICs and MICs and other countries. One of the thirteen
guiding principles of the Sendai Framework for DRR has
pointed out that (the so-called) “developing countries, in
particular the least developed countries, small island devel-
oping States, landlocked developing countries and African
countries, as well as middle-income and other countries
facing specific disaster risk challenges, need adequate, sus-
tainable and timely provision of support, including through
finance, technology transfer and capacity building from
developed countries and partners tailored to their needs and
priorities, as identified by them” (UNISDR 2015). However,
in the area of LEWSs, attempts have not been largely
focussed yet on such endeavour.

The majority of efforts continue to be centred in hazard
perspectives. This was clearly demonstrated by the large
number of publications on hazard analysis, technical devel-
opments and models and prototypes for the potential
implementation of LEWSs. Contrastingly, only five articles
reported the actual successful implementation of LEWSs in
LICs and MICs, and very few considered the diverse
dimensions of community participation as a key element.

Consequently, as one of the main challenges ahead
argued here is that LEWSs should not focus on people’s
response to purely technical systems in terms of hazards, but
rather rely on the participation of communities as a funda-
mental component of Early Warning Articulated Systems
(EWAS). This of course requires an understanding of land-
slide disaster risk by the communities themselves and by the
other relevant DRR stakeholders. A more substantial
approach to the significance of EWAS can be found in
Alcántara-Ayala and Oliver-Smith (2017, 2019).

A full discussion of the existing obstacles for the estab-
lishment and operationalisation of LEWSs in LICs and
MICs at different scales lies beyond the scope of this study.
However, it would be a vital consideration in any future
regional and/or international comprehensive strategies or
frameworks, to consider difficulties such as high prices of
most devices; loss of property, and loss of valuable data
derived from vandalism and insecurity conditions; inacces-
sibility of remote mountain sites; frequent power interrup-
tions; absence of interest of local authorities to collaborate
with the scientific community; bureaucratic procedures to
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obtain permits; lack of information databases regarding
hazards, vulnerability and exposure; limited or non-existent
technical capacities at national and local scales; lack of
sustained financial resources for the design, development,
implementation and maintenance of LEWSs; lack of politi-
cal will and sustained political support; and high expecta-
tions and failure to provide the required means.

Certainly, lack of human and financial resources poses
special challenges to science, DRR and particularly to the
implementation of LEWSs in LICs and MICs. Tackling
these challenges effectively requires modern, innovative, and
integrated approaches based on sharing financial resources in
the best possible way to bridge the gap between science,
policy making and practice.

Last, but not least, the setting up of LEWSs aimed at
reducing disaster risk in LICs and MICs requires actions
from the entire society to support the development of ade-
quate strategies of disaster risk communication, a challenge
that should provide some orientations to design appropriate
and effective integrated measures in favour of the commu-
nities at risk.

6 Concluding Remarks

Derived from the impact of large disasters, especially after
the tsunami of Southeast Asia in 2004, particular attention
has been given to the establishment and/or evaluation of
EWS at international and national levels.

Since 1991, a considerable amount of literature has been
published on LEWSs, and although studies have recognised
the significance of LEWSs around the world (Guzzetti et al.
2020), these studies have been concentrated to a major
extent on Upper middle-and High-income countries.

This systematic literature analysis provided an important
opportunity to advance the understanding of the use of
LEWSs in LICs and MICs and it is also hoped that the
findings could make an important contribution to the field of
policy formulation and practice on landslide disaster risk
reduction.

The literature to date provides interesting insights into the
way that research on LEWSs has been gradually evolved
through time from engineered perspectives into more
community-based approaches that can be used for solving
pressing societal issues. However, such advancement in LICs
and MICs has either taken place at a very slow rate or has not
properly been reflected in peer reviewed literature. Beyond
analytical lenses, what is clear is that landslide disasters
continue to occur around the globe and consequences are of
greater adverse impact in countries of lower income.

Up to now, the use of LEWSs in LICs and MICs has been
limited due to diverse restraints. Prominent among these is
the high costs of equipment, their limited usability in the
long-term associated with vandalism and insecurity, and lack
of sustained financial and human resources. The absence of
human resources also suggests that there are no structured
strategies for capacity building in the medium and long
terms.

Fig. 10 Regional and international collaborations among LICs and MICs and other countries

Landslide Warning Systems in Low-And Lower-Middle-Income … 145



Over and above all, the role of communities at risk has
been often neglected in the implementation of LEWSs. This
aspect is not less important than technical challenges, but a
core ingredient in the design and implementation of efficient
LEWSs.

The demand for effective regional and international col-
laborations with the DRR scientific community in terms of
LEWSs advancement is out there, and it is growing. Cer-
tainly, this is a critical time to focus on the implementation
of LEWSs in LICs and MICs.
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The Role of Translational Landslides
in the Evolution of Cuesta Topography

Shinro Abe, Daisuke Higaki, and Kazunori Hayashi

Abstract

In recent years, large-scale earthquakes such as the 2004
Mid-Niigata Prefecture Earthquake in Japan and the 1999
Chi-Chi Earthquake in Taiwan have caused rockslides on
the back slopes of cuestas. These rockslides in cuestas
appear not only in earthquakes but also during rainfalls.
This study focuses on the rockslides on cuesta’s back
slopes. From field surveys in Japan, Taiwan, Switzerland,
and Nepal, we extracted geological, structural, and
morphological features common to them. We examined
the relationships between these features and triggers, such
as pore pressure increases and earthquakes. The majority
of landslides initially occur as primary landslides; the
forms of these masses then change gradually over a long
period. However, our results show that landslides on
cuesta’s back slopes slide over and over along the same
laminar rock joints and thus hardly change their landscape
essence. We demonstrate that rockslides on cuesta’s back
slopes play a vital role in the evolution of cuesta
landscapes.

Keywords

Cuesta � Rockslide � Earthquake-induced landslides �
Rock cracks

1 Introduction

Landforms with differential geometries, such as cuestas and
hogbacks, are susceptible to frequent landslides. An asym-
metrical cuesta terrain is featured by a steep escarpment on
one side and a gentle slope on the other (Davis 1915; Peterek
and Schrôder 2010). Multiple landslides occurred in a cuesta
landscape with folded laminar structures during the 2004
Mid-Niigata Prefecture Earthquake, Japan (Chigira and Yagi
2006). Previous research on landslides in cuesta landscapes
has primarily focused on rock falls on cuesta escarpments or
small-scale slump-style slides (Cruden and Hu 1999; Gro-
zavu. et al. 2010; Schmid and Meitz 2000). On the other
hand, only a few studies, such as Kuroda (1964), addressed
landslides on the cuesta’s back slopes. This is perhaps
because landslides occurring on the escarpments of cuestas
have been much more than those on the back slopes.
However, translational slides on the cuesta’s back slopes are
basically bedrock slides; they are fast, regardless of the
cause, and can be as large as 1 km in width and length.
Therefore, these landslides can pose significant risks of
severe damage to their slopes and areas at their feet.

We focused on the intrinsic features of the cuesta’s back
slopes, such as layers coming off and sliding down one after
another along the rock’s bedding planes and cracks. In this
study, we analyzed the relationship among geology, geo-
logical structure, cracks, and bedding planes associated with
these landslides; the development of rivers and landslides;
the triggers of landslides, such as earthquakes rainfalls, and
snowmelt; and the recurrence of landslides. The primary aim
of this study was to create valuable guidelines for engi-
neering plans, prediction of landslides, and understanding
the landslide mechanisms by focusing on the relationship
between the landslide occurrence processes and the evolu-
tion of cuesta landscapes. This research shows that transla-
tional bedrock slides, which recur on the cuesta’s back
slopes as part of the denudation processes, play an essential
role in the evolution of cuesta landscapes.
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2 Methodology

Cuesta’s back slope landslides of concern were surveyed
between 1998 and today. They are landslides in the Hijiori
region and Higashi-Naruse area, the Hijirigahana, Yoko-
watashi, and Nunomata landslides of Japan, the Goldau
landslide of Switzerland, landslides along the Tamakoshi
River in Nepal, and the Chiu-Fen-Erh-Shan and Tsaoling
landslides in Taiwan. This study defines the cuesta’s back
slope as the gentler slope of the asymmetric cuesta with an
inclination of 5 to 30° (Cruden and Hu 1999, and other
references).

During the survey, we primarily recorded the geologies,
geological structures, strikes and dips of bedrock, slope
inclinations, landslide movement types (Varnes 1978; Cru-
den and Varnes 1996), and the directions of movement. We
measured the cracks in bedrocks in the landslides and their
surrounding areas. We targeted cracks in bedrocks that
extend more than 1 m and measured their strikes and dips.
These values are presented on a rose diagram or a stereo net.
The analysis of cracks in the Chiu-Fen-Erh-Shan landslide of
Taiwan is based on Wang et al. (2003).

The widths and directions of visible cracks on an outcrop
can vary remarkably. Therefore, when the outcrop area was
limited, the entire extent of the outcrop was explored,
whereas, in large outcrops, we targeted valleys and rivers
where base rocks are exposed. Here, we assume that a crack
direction at a particular site is a dominant direction on a Rose
diagram of the crack azimuths observed there.

We analyzed the movement of the Yokowatashi land-
slides in the time domain using MIDAS GTS for BESSRA
software to discuss the detachment sequence of elastoplastic
landslide masses.

3 Results

3.1 Descriptions of Featured Landslides

This chapter shows case histories by their causes, i.e.,
rainfalls/ snowmelt and earthquakes.

3.1.1 Cuesta Landslides Triggered by Rainfalls
and Snowmelt Landslides in the Hijiori
Region, Japan

The Hijiori region encompassing Okura village in Yamagata
prefecture is approximately 15 km long and 10 km wide,
extending from the Quaternary Hijiori caldera (about 4 km in
diameter) northward to the Mogami River. It is a zone of
frequent landslides (Fig. 1).

This region can be roughly divided into two sections: an
area of Neogene sedimentary rocks that make up most of the

region’s northern half and a southern area consisting of
pyroclastic-flow deposits formed by the ejecta of the Hijiori
caldera. The area of the Neogene sedimentary rocks in the
north is hilly, with ridges between 50 and 300 m in relative
height. Their ridgelines and rivers align in north–south
direction, following azimuths of fold axes. Cuesta topogra-
phy is well developed here. The steep slopes on the western
sides of the ridges incline 30° or more prominent, and the
eastern sides have gentle slopes of 5 to 20°. The Toutazawa
landslides are in this region (T in Fig. 1).

The activities of the Toutazawa landslides are dominant
on the cuesta’s back slopes, where a homoclinal folding
structure dipping to the east features the terrain.

The cuesta’s gentle back slope steps down. These steps
control the movements of the landslide masses perching
above ((a) in Fig. 2). The upper landslide masses on the
stepped back slope move along these steps about 50 to 60°
off the direction of the maximum dip. Due to
erosive/depositional actions, these landslide masses can
gradually be leveled ((b) in Fig. 2). Eventually, each trans-
verse cross-section of these landslide masses has an asym-
metric inverted triangle shape.

The maximum snow depth here exceeds 200 cm. Many of
these landslides occur during the snowmelt season, perhaps
due to increased pore water pressure associated with melt-
water infiltration into the landslide masses with the asym-
metric inverted triangle cross-sections.

The Toyomaki landslides are in the area containing
Quaternary pyroclastic flow deposits (P in Fig. 1). The

Fig. 1 The topography and landslide distribution in the Hijiori region
(data added to a shaded relief map)
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landslides with Pyroclastic flow deposit covers are more
extensive than those with no pyroclastic soil cover (such as
the Toutazawa landslides). The landslide masses with the
pyroclastic soil covers are as thick as 150 m. The Toyomaki
landslides consist of five landslides that occurred close to
each other within a 5 km wide and 1 km long area. The
entire terrain features and the estimated age of the pyro-
clastic flow deposits suggest significant displacements
occurred first as a primary rockslide. Then, the pyroclastic
flow covered the whole landslides (Abe et al. 2002), fol-
lowed by repetitive sliding events. As revealed by borehole
drillings on the sliding surface, the transverse cross-section
of the landslide is an asymmetrical inverted triangle resting
on the sliding surface dipping to the north. The landslide
mass moves about 10° off the maximum dip of the strata (b
in Fig. 2). All landslides in the Toyomaki landslides
occurred during snowmelt, suggesting that a large amount of
groundwater has played a role in the occurrence mechanism
of landslides with asymmetrical cross-sections on their
sliding surfaces.

3.1.2 Landslides in the Higashi-Naruse Region,
Japan

Higashi-naruse, an area of frequent landslide occurrences, is
located in the Ou Mountain range in the Tohoku region of
Japan. Many landslides here occur as translational rockslides
in Miocene siliceous mudstones formations. They are
roughly divided into two groups: the Yachi landslides on the
left bank of the Naruse River and the Yanagisawa landslides,
the toe section of which is on the right bank of the Naruse
River (Fig. 3). In the Yachi landslides, a cluster of multiple
landslides is seen on the cuesta’s back slopes region, cov-
ering a 7 km by 3 km area. The adjacent Okamizawa and
Yanagisawa landslides cover a 4 km by 2.5 km area on the
cuesta’s back slopes (Fig. 3).

Large-scale landslide topography covering a 6 km by 3
km area is present in the Yachi landslides. The west side of
the crown of this vast landslide topography is a cuesta
scarp. The landslides are on the cuesta’s back slopes, dip-
ping between 5 and 23°. Excavation of the head section of
the landslide and drilling of test pits have identified the

Fig. 2 Model of the Toutazawa
landslides (a) and the
cross-section of the Toyomaki
landslides (b)
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sliding surface of the Yachi landslide as a tuff layer within a
siliceous mudstone layer. The Okamizawa and Yanagisawa
landslides are translational rockslides that slide on a seam of
tuff or black mudstone within a highly developed level
containing siliceous mudstones.

These two landslides can be further subdivided into
smaller slides. Data obtained from field mapping, borehole
drilling, and geological investigations for the construction of
catchment wells have revealed that cuesta’s steps separate
these landslide masses, and each landslide mass moves
individually on its sliding surface.

3.1.3 The Goldau Landslide, Swiss Alps
The Goldau landslide (Fig. 4) in the Swiss Alps occurred in
1806 on a cuesta’s back slope located 1500 m above sea
level following heavy rainfall (Thuro and Hatem 2010).
A massive volume of rock (10–50 � 106 m3) plunged into
Lake Lauerz (Lauerzersee), generating a landslide tsunami
that claimed 457 lives and left 206 missing persons (Zehnder
1988). Three such events are known to have happened from
geomorphic and historical evidence (Fig. 4). Currently, a
discernible displacement can be identified on the east side of
the region, causing yet growing fear of another large-scale

rockslide. The past slides dipping 20 to 30º are 200 to 700 m
wide and 1000 to 2000 m long. The flank of each displaced
mass shows a steep escarpment.

The area’s geology alternates between conglomerate with
sandstone and intercalated marl in a Miocene molasse. The
sliding surface is presumed to have developed within the
marl section, where fragmented marl has become clay.

The dips of the sliding surfaces are 20–30°. In the newest
landslide that moved in 1806 ((3) in Fig. 4), the joints are
mainly parallel or orthogonal to the direction of the landslide
movement. The inclination of the sliding surface becomes
steeper from 20 to 30° as we move up stepwise slopes from
(1) to (3) in Fig. 4. The step between slopes (1) and (2) is
approximately 1 m high, while the 0–20 cm high step
between (2) and (3) inclines gently. These steps resemble the
stepwise slide surfaces observed in the Higashinaruse area
described above and the Hijirigahana landslides in the
Niigata-ken Chuetsu-Oki Earthquake of 2007 in Japan. The
prominent 3 to 5 m scarp is at the uppermost part of the
landslide ((3) in Fig. 4). The stationary remains of the slide
lie above this scarp. Many cracks observed on the soil
remains can be an early sign of a coming landslide. In some
places, the orientation of displacements obliquely crosses the
maximum dip of the strata. Therefore, the surface water on
this landslide mass flows towards the eastern flank of the
landslide, where a stream emerges. Part of this water flows
into the base of displaced material ((4) in Fig. 4) adjacent to
the eastern side and may act as one of the triggering factors
of the next sliding event.

3.1.4 Landslides along the Tamakoshi River,
Nepal

Many landslides in Nepal are attributed to the steep Hima-
layan terrain as well as geological features such as the Main
Central Thrust (MCT) and Main Boundary Thrust (MBT),
which are large-scale thrust faults with nappe structures (Abe
et al. 1999). Charikot, on the Tamakoshi River, is situated in
the Lower Himalayas of central Nepal. The area has an
average altitude of approximately 1000–2000 m, and the
bedrock is Precambrian to Paleozoic low-grade Augen
gneiss (Fig. 5).

Unlike the landslides in the fractured sections of the
large-scale tectonic lines in Nepal, many landslides in this
region are influenced by rock characteristics such as schis-
tosity, joints, and cracks. There is an area of synclines with
an east–west axis around Charikot, and cuestas with dip
slopes of 10–20° form on the limbs of these folds, dipping
north and south. The steps have developed in an east–west
direction on the slopes.

The Tamakoshi River flows from north to south at the
toe of these landslides. Streams flowing into the Tamo-
koshi River have cut both sides of each landslide down to

Fig.3 Landslides of the Higashinaruse region (after Moriya et al.
2008)
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lower elevations. Translational landslides along the schis-
tosity and circular landslides are in the weathered layers on
the cuesta’s back slopes. Similar landslides on the cuesta’s
back slopes are also found in the Precambrian phyllite

along the Sunkoshi River and the Roshi River, one of the
tributaries of the Sunkoshi. Both are located around 50 km
northwest and southwest of the said translational slides
near Charikot.

Fig. 4 The Goldau landslide: (1)
Prehistoric landslide, (2) the 1222
Rothen slide, (3) the 1806
rockslide, (4) future event?
(Photo by Google Earth. History
of landslide activity is after Thuro
and Hatem 2010)

Fig.5 Schematic diagram of the
cuesta landscape on the banks of
the Tamakoshi River and
landslides
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3.2 Earthquake-Induced Landslides

3.2.1 The Yokowatashi Landslide, Japan
Japan’s 2004 M6.8 Mid-Niigata Prefecture Earthquake was
a significant inland earthquake claiming 68 lives. Many
landslides occurred in the vicinity of the epicenter of this
earthquake (e.g., Chigira and Yagi 2006; Kieffer et al. 2006),
which is located in a mountainous region 25 to 400 m above
sea level. Geological features in this area include alternating
beds of Pliocene sandstone, mudstone, and siltstone with a
highly developed north–south trending composite fold
structure.

The Yokowatashi landslide (Fig. 6), one of many that
occurred during the 2004 Mid-Niigata Earthquake, is located
on a cuesta 50 to 100 m above sea level, where an alluvial
plain of Shinano River opens up at the western end of the
hilly terrain.

Within a lateral distance of 250 m, three landslides of
Pliocene muddy siltstone moved together towards the Shi-
nano River. The sliding surface is a seam of sandy tuff
intercalated within siltstone. The surface stretching from A
to F in Fig. 6 is terraced with 1 to 2 m high southeast
trending steps. In addition to the displaced locations in the
2004 Mid-Niigata Prefecture Earthquake (B, D, and F in
Fig. 6), other locations (A, C, and E in Fig. 6) also show
planar dip-slopes that presumably resulted from past rock-
slides. Incidentally, no landslides have been identified on the
cuesta scarp here. The conglomeratic strata that make up the
topmost layer of the Yokowatashi landslide (see the

conglomerate layer in Fig. 6) are key to understanding the
history of past slide events here. The translational rockslides
are assumed to have taken place in succession from north to
south.

The northernmost stream initially developed along cracks
and cut the slope down to the lower elevation to expose a
loose plane along the creek. This process reduced the
resisting force against the landslide mass south of the stream,
which eventually caused the translational landslides.

A large planar piece of rock remains partially atop
Slope B and over a large portion of Slope C. Large rock
blocks on Slopes E and F are perhaps the remnants of the
ridge section left by an earlier slide. As described later, the
above is one of the most often identified features of the
earthquake-triggered cuesta landslides, and Fig. 7 shows a
chronological summary of the Yokowatashi landslides.

3.2.2 The Hijirigahana Landslide, Japan
Three years after the 2004 Mid-Niigata Prefecture Earth-
quake, the 2007 M6.8 Niigata-ken Chuetsu-Oki Earthquake
occurred off the coast of Kashiwazaki near the epicenter of
the earlier earthquake. This earthquake triggered a landslide
on a cuesta’s back slope in hilly coastal terrain.

The Hijirigahana landslide move along the slope at high
speed and are 100 m wide, 200 m long, and 10 m thick.
Some of the sliding masses have remained at the crown of
the slope, but most of them slid down as translational
rockslides, reaching the foot of the slope in one movement.
Their slip surface was a bedding plane between Pliocene
siltstone and coarse sandstone layers.

3.2.3 The Nunomata Landslide, Japan
In the 1914 M7.1 Senboku Earthquake, another inland
earthquake, eight rockslides were reported in Akita Prefec-
ture, northeast Japan (Ohashi 1915). They included the
translational Nunomata landslide on the cuesta’s back slope.
It traveled 70 to 80 m down a slope of approximately 8°,
creating a landslide dam. The landslide mass was 100 m
wide, 300 m long, and 20 m thick. Our observations and
analysis of this slide in a test pit at the head of the landslide
confirm that the sliding surface lies within an intercalated
sandstone between Pliocene siltstone layers. This sliding
surface consists of a sandstone layer with the same softness
as the sandy tuff in the Yokowatashi landslide.

3.2.4 The Chiu-Fen-Erh-Shan Landslide
and the Tsaoling Landslide, Taiwan

The 1999 M7.3 Chi-chi Earthquake in central Taiwan trig-
gered many landslides. Among those quake-induced land-
slides, the Chiu-Fen-Erh-Shan and the Tsaoling landslides
are massive and occurred on the cuesta’s back slopes of
Neogene sedimentary rock units.Fig. 6 Displacement model of the Yokowatashi landslide
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The Chiu-Fen-Erh-Shan landslide is a 1100 m-wide, 1300
m-long translational rockslide that slid rapidly down the
cuesta’s back slope at a dip angle of 20 to 35°. The slide
occurred in Miocene sandstone and shale formations, and its
sliding surface corresponds to a transition in layering from
silty mudstone to clay (Wang et al. 2003).

The Tsaoling landslide is a high-velocity translational
rockslide approximately 1000 m wide and 1000 m long on
the cuesta’s back slope, dipping at 10 to 20°. This landslide
mass is primarily Pliocene sandstone and shale, with its
sliding surface on a seam of silty mudstone. The Tsaoling
landslide is known to have moved four or five times after
being triggered by earthquakes and precipitation (Chigira
et al. 2003). At the time of our observations conducted seven
years after the 1999 earthquake, about 2 m-deep longitudinal
gullies had developed within the displaced material.

This cuesta landslide is rare in its cause, i.e., rainfall and
earthquakes.

4 Discussion

4.1 Geological Properties and Geomorphic
Features of Cuesta Landslides

Many examples of cuesta landscapes shown in this paper are
in relatively hard Neogene mudstones with intercalated
layers (a few centimeters to a meter thick) of soft sandstone,
mudstone, marl, or tuff. Some are in gneisses with
well-developed schistosity. This feature indicates that land-
slides on these cuesta’s back slopes occur as translational
rockslides on sliding surfaces developed through the weak
and thin layers of soft mudstone, marl, tuff, or sandstone.
Moreover, as discussed below, the relationship between
relatively systematic cracks closely related to the extent and
direction of movement and occurrence history of landslides
are often observed in such strata. These cracks are attributed
to bedrock joints and folds as well as weathering.

Fig. 7 Schematic model of crack
directions and the history of
activity of the Yokowatashi
landslide
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4.2 Behaviors of Landslides, Dips of Strata,
and Orientations of Rock Cracks

This section highlights the ranges and directions of rock-
slides’ movements and the relationship between the direc-
tions of valleys and the cracks in base rocks. We analyzed
the directionality of the cracks in the bedrock in each
landslide area (Fig. 8).

In the Toutazawa landslides, where landslide masses
move toward Mogami River, the orientation of the crown
scarp is constrained by an E-W trending crack, while an N-S
crack constrains the flank of the landslides. The direction of
movement tends to be almost identical to the direction of the
maximum dip of the strata. Conversely, for landslides
moving eastward, the orientation of the escarpment is con-
strained by a crack trending NW–SE, while NE-SW cracks

Fig. 8 Rock cracks and landslide
behavior a–d: landslides triggered
by rainfalls and snowmelt, e, f:
earthquake induced landslides
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constrain the orientation of the frank. The direction of
movement of the landslide is 50–60° oblique to the direction
of the maximum dip of the strata. Therefore, the
cross-section of each sliding landslide mass is asymmetric,
deepening toward the north (a in Fig. 8).

The Yachi landslides are divided into three areas, with the
E-W trending valley as the boundary. Each area has a
direction of movement that agrees with the direction of the
maximum dip of the strata. The orientation of the crown
scarp is constrained by NW–SE cracks (b in Fig. 8).

In the Yanagisawa landslides, the orientation of the crown
scarp is constrained by an NW–SE trending crack. An N-S
trending fault partially constrains the flank orientation of the
landslide. The direction of movement in the Okamizawa
landslide agrees with the maximum dip of the strata but is
partially oblique in the Yanagisawa landslide (c in Fig. 8).

The areas of the Goldau landslide of 1806 have the ori-
entation of the crown scarp constrained by NW–SE trending
cracks. An N-S trending crack partially constrains the flank
orientation of the landslide. The landslide moved toward the
most significant inclination at the center. However, the
greater part of the landslide mass moved south 30–40° off
the maximum dip of the strata (d in Fig. 8).

The direction of movement of the Tsaoling landslide in
Taiwan agrees with the maximum dip of the strata. The
orientation of the crown scarp somewhat matches the
direction of an E-W trending crack (e in Fig. 8). Wang et al.
(2003) reported that though cracks constrained the mass
movement of the Chiu-Fen-Erh-Shan landslide in the 1999
Chi-chi earthquake, the landslide mass moved toward the
maximum dip of the strata.

In the Yokowatashi landslide, the orientation of the
crown scarp is constrained by NE-SW trending cracks, while
E-W trending cracks constrain the flank orientation of the
landslide. The direction of movement of the landslide mat-
ches the direction of the maximum dip of the strata (f in
Fig. 8).

These results indicate that cracks in the bedrock on the
cuesta’s back slopes control the orientations of the
crowns/heads and flanks of the landslides. The direction of
landslide movement is generally in the direction of the
maximum dip of the strata when caused by earthquakes. On
the other hand, when the cause is rainfall/snowmelt, the
direction of movement tends to be oblique to the direction of
maximum dip (Table 1).

The reasons why a landslide mass in a cuesta terrain can
move oblique to the azimuth of the stratum’s maximum dip
are the followings:

• Difference in the azimuths of the maximum dip of the
bedding plane, i.e., the slip surface and the stepwise
offsets exposed on the strata.

• Difference between the river’s flow direction scouring the
slope toe to form a free surface at the slope’s toe and that
of the maximum dip of the bedding plane, i.e., the sliding
surface.

In short, regardless of the direction of the maximum dip
of the strata, a landslide mass tends to move towards rivers,
i.e., where there are free surfaces with less resistance. Also,
steps on the cuesta’s backslope guide the landslide masses in
their direction. Among landslides that moved off the direc-
tion of the strata’s maximum dip, the landslide masses at
Toutazawa and Toyomaki had asymmetric reverse triangular
cross-sections.

4.3 The Behavior of Pore Water Pressure
in a Landslide with a Laterally Asymmetrical
Slide Surface

To understand the effect of groundwater on
rain/snowmelt-induced landslides at Totazawa and Toy-
omaki with asymmetrical cross-sections, we focused on the
Yokomichizawa B landslide at the southern end of the
Toyomaki landslide (Figs. 1 and 2). We drilled six boreholes
to measure the pore water pressures. The results showed that
the pore water pressure was highest where the sliding surface
was the deepest (Fig. 9). Unlike ordinary landslides where
the increasing pore water pressure causes the effective stress
over the whole sliding surface to decrease, the pore water
pressure reaches its most significant value at the deepest
point of the sliding surface. Since no landslide occurred
during our measurement, we could not capture the move-
ment of the landslide in relation to the pore water pressure
buildup. Perhaps, groundwater drainage from the base of the
reverse triangular cross-section through the drainage tunnels
in the adjacent Yokomichizawa C and Toyomaki landslides
certainly lowered the amount of landslide movement.

4.4 Mechanical Behavior of a Landslide
on the Cuesta’s Back Slope at the Time
of an Earthquake

Tanaka et al. (2008) and Wakai et al. (2008) conducted 3D
dynamic elastoplastic F.E.M. analyses on the
Hitotsu-Minesawa landslide and Yokowatashi Landslides
during the 2004 Mid-Niigata Prefecture Earthquake, where
landslides are known to occur frequently. They reported that
seismic acceleration was relatively high in ridges, and thus the
shear stress was relatively high at the toes of these landslides.

An elastoplastic time-domain analysis was performed for
the Yokowatashi landslides using MIDAS GTS for BESSRA
software (Fig. 10). The underground input seismic motion for
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the 3D model (91 m below sea level) was obtained to adjust
the observed strong ground motion at the Takezawa obser-
vatory (J.M.A.) (Wakai et al. 2008). The rock sliding
sequence realized in the numerical simulations was:

1. The amplified acceleration forcibly shook the cuesta
ridge.

2. Shear stress was first concentrated around the toe part of
the landslide mass.

3. Then the intense shear stress developed along the base of
each exposed step (escarpment) of the cuesta.

4. Then rapid rockslides followed.

Table 1 The characteristics of the featured landslides

Triggering
factor

Country Region Landslide
area

Slide units Main
geological
property

Sliding
surface

Slope
angle

Relation betweeen
the slide direction
and the maximum
dip of the strata

Lateral
topography

Rainfalls
or snow
melt

Japan Hijiori Totazawa Totazawa
others

Pliocene
mudstone
sandstone

Clay
seam

5−20° Closs oblique Laterally
asymmetry

Toyomaki Toyomaki
Takamori
Yokomitizawa
and others

Pliocene
mudstone
sandstone

Clay
seam

5−10° Closs oblique Laterally
asymmetry

Higashi
naruse

Yanagisawa Yanagisawa Miocene
hardshale

Clay
seam

10
−15°

Closs oblique parallel Laterally
asymmetry
symmetry

Okamizawa Parallel Laterally
asymmetryYachi Yachi others

Clay
seam

5−20° Parallel Laterally
asymmetry

Swiss Rigi Goldau Miocene
conglomerate
sandstone and
marl

Clay
seam

20
−30°

Closs oblique Literally
asymmetry

Nepal Charikot Along Tamakoshi river Precambrian
to Paleocene
gneiss

Clay
seam

18
−25°

Closs oblique Literally
asymmetry

Parallel Laterally
symmetryEarthquake Japan Tyuetsu Yokowatashi Pliocene

mudstone
sandstone

Seam of
sandstone

20
−25°

Tyuetsu
oki

Hijirigahana Pliocene
mudstone
sandstone

Clay
seam

25
−30°

Senboku Nunomata Pliocene
mudstone
sandstone

Seam of
sandstone

8−10°

Taiwan Nantou
ken

Chiu-fen-erh-shan Miocene
mudstone
sandstone

Clay
seam

20
−35°

Parallel Wang W.N.
et al.(2003)

Yunlin
ken

Tsaoling Pliocene
mudstone
sandstone

Clay
seam

10
−20°

Parallel

Fig. 9 Cross-sectional profile and the water head level of the
Yokomichizawa B landslide ((b) in Fig. 2)
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As seen in the cases of Yokowatashi, Hijirigahana, and
Chiu-Fen-Erh-Shan, earthquake-triggered translational land-
slides can leave parts of their moving masses atop the cuesta’s
back slopes. This finding suggests that shear stress acting at the
toe and flanks of the landslide, rather than horizontal

acceleration, is most strongly associated with sliding. The
step-like offset along the neighboring landslide masses’ edges is
essential for understanding the retrogressive sequence of sliding
events (Fig. 7). The stream cutting down the northern end of the
Yokowatashi landslide area likely initiated the primary landslide.

Classification of young's modulus Poisson's ratio Internal frictional Cohesion Unit weight
strata (m) (GL-m) E(kN/m2) γ angle ( ) C(kN/m2) r (kN/m3)
Flood plane 5 0-5 58860 0.45 25 9.81 15.696
sediments 25 5-30 235440 0.40 35 9.81 17.658

50 30-80 5209110 0.30 40 981.00 19.620
Engineering base 80-Engineering base 5209110 0.30 40 981.00 19.620

pliocene 5 0-5 117720 0.40 30 9.81 17.658
siltstone 25 5-30 1353780 0.35 35 98.10 19.620

50 30-80 5209110 0.30 40 981.00 19.620
Engineering base 80-Engineering base 5209110 0.30 40 981.00 19.620

Thickness of strata
Applied physical value

Engineering base is EL-91m

Fig. 10 The 3D dynamic elasto–plastic response FEM analysis of the Yokowatashi landslide area
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4.5 Movement of Landslides and the Cuesta
Landscape

Many landslides on the cuesta’s back slopes of
well-developed sedimentary rock units -especially mud-
stone- that dominate cuesta landscapes occur as translational
rockslides. These landslides touching each other can form a
step-like landscape. Bedding, cracks, and stepwise bound-
aries of these masses can control the movements of the
landslide masses, causing directions of these mass move-
ments to differ from each other and thus affect the detaching
sequence. River erosion at the slopes’ toes also contributes
to the landslide mass movement (Fig. 11).

As the fluvial erosion develops, retrogressive detaching
of landslide masses occurs repeatedly, and intact sliding
surfaces appear one after another.

When a landslide mass has an asymmetric inverse trian-
gular transverse cross-section, underground water gathers
around the deepest vertex of the triangle. Thus, the landslide
initiation can differ from a generally observed landslide.
Earthquake-induced large landslides on cuesta’s back slopes
may have repeated over a long geological time. Therefore,
knowing landslide histories is an essential subject of study to
be prepared for the next.

According to the current view, cuesta landscapes are the
product of differential erosion. However, the cyclic pro-
cesses of geomorphological evolution, i.e., the development
of cracks and the consequent formation of a river, followed

by denudation and landslides, also have an essential role in
the processes that lead to the formation of cuesta landscapes.

5 Conclusions

In this study, we focused on the mechanisms of landslides on
the cuesta’s back slopes, which are the most commonly
occurring as large-scale landslides in cuesta landscapes. We
also examined the role of these landslides on the geomor-
phological evolution of cuesta terrains. We came to the
following conclusions:

1. The extents, forms, and movement directions of many
landslides in the cuesta’s back slopes depend on the
bedding of strata, bedrock cracks, and rivers formed
along the cracks. The landslides occur as slab-shaped
translational slides moving on a bedding plane.

2. In general, landslides occur on slopes where the same
mass moves over a long time and undergoes weathering
and fracturing. Whereas most landslides on the cuesta’s
back slopes recur, causing an intact bedding plane to
appear as a new sliding surface, thus maintaining the
overall form of the cuesta’s back slopes.

3. Direction of a rain/snowmelt-induced landslide mass
movement often differs from the direction of the maxi-
mum dip of the strata. Conversely, an
earthquake-induced landslide mass tends to move in the
same direction as the strata’s maximum dip.

4. When a landslide mass has an asymmetric
reverse-triangular cross-section, underground water
gathers the deepest vertex of the triangle, affecting the
detaching process. Earthquake-induced landslides are
often a sequence of detaching events of landslide masses
touching each other. The sequence is affected by the river
erosion of the landslide toe and intense shear forces
localized at the toes and lower flanks of landslide masses.

The results suggest that these translational bedrock
landslides occurring on the cuesta’s back slopes have
repeatedly denuded intact sliding surfaces over the long term
while maintaining the cuesta landscape.
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Application of Spectral Element Method
(SEM) in Slope Instability Analysis

Ram Chandra Tiwari and Netra Prakash Bhandary

Abstract

Spectral element framework for slope instability analysis
includes Spectral Element Method (SEM) formulation,
system requirements for serial and parallel computations,
model preparation with hexahedral meshing in Cubit
or Trelis, meshing and mapping technique (h- and
p-refinement techniques) according to SEM, applying
boundary conditions for 2D and 3D, defining inputs for
material model, ground water table, seismic loading as
well as processing and visualizing the results in Tecplot
and ParaView. Within this framework, the safety factor in
slope stability is computed and visualized with greater
spectral accuracy and stability.

Keywords

Spectral element method � Slope � Stability

1 Introduction

Spectral element method (SEM) along with meshing and
mapping technique is discussed by Patera (1984), Canuto
et al. (1988), Serini (1994), Faccioli et al. (1997), Koma-
titschi and Vilotte (1998), Komatitsch and Tromp (1999),
Peter et al. (2011), Gharti et. al. (2012) and Tiwari et al.
(2013), and so on. In this article, we introduce and discuss
SEM techniques and tools required for the use of a SEM
program called ‘Specfem_Geotech’ developed by Gharti

et al. (2011, 2012). This program is parallelized using
message passing interface (MPI) according to Gropp et al.
(1994) and Pacheco (1997), based on the domain decom-
position method and implements open-source graph parti-
tioning library ‘SCOTCH’ to separate the domain according
to Pellegrini and Roman (1996). The program employs some
of the codes from the ‘Programming the finite element
method book’ written by Smith and Griffiths (2004) and the
element-by-element preconditioned conjugate gradient
method according to King and Sonnad (1987) and Barragy
and Carey (1988) to solve linear equations. The Mohr–
Coulomb failure criterion in the visco-plastic strain method
has been implemented as per Zienkiewicz and Cormeau
(1974). Along with these techniques and tools, the meshing
tool ‘Cubit’ or ‘Trelis’ (www.cubit.sandia.gov) is used for
hexahedral meshing, and visualization tools like ‘Tecplot
Focus2016R1’ (www.tecplot.com) and ‘ParaView’ (www.
paraview.org) are used to visualize the results in 2D and 3D.
The following numerical tools are used to compute safety
factor in slope instability analysis (Table 1).

2 SEM Approach

The FEM (i.e., Finite Element Method) is not efficient to
integrate high-order polynomial equations and demands a
more sophisticated computing facility since it requires
solving a whole mass matrix. Fine meshes are required for
the numerical convergence and consideration of progressive
failure also demands an increased number of iterations. In
this context, a high-order FEM, known as SEM, is employed
to evaluate the stability of slopes.

SEM employs nodal quadrature, namely, Gauss-Legendre-
Lobatto quadrature. In nodal quadrature, interpolation nodes
coincide with integration points. The coincidence of integra-
tion and interpolation points has two main advantages:
(1) interpolation is not necessary to determine nodal quantities
from quantities at quadrature points and vice-versa, thus
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simplifying the computation of the stiffness matrix, strain,
stress, etc. and (2) interpolating functions become orthogonal
on quadrature points, resulting in a diagonal mass matrix,
thereby simplifying the time-consuming algorithm (Fig. 1).
SEM method adopts the geometric flexibility of finite ele-
ments and implements high order polynomial equations,
which lead to high numerical stability as well as reliable
spectral accuracy in less computing time.

3 Model Tests

3.1 H-Refinement

H-refinement refers to the change in the mesh size of a
numerical model. In FEM, the H-refinement technique is

often employed in the region having irregular geometry.
However, Cubit/Trelis does not have the ability to refine
mesh in a particular region. Hence, the mesh size of the
entire model is varied and tested for variation of factor of
safety (FOS) and computation time. The H-refinement
technique is shown in Fig. 2, and the models with varied
mesh sizes (i.e., Element size: 2–4 m and Elemental budget:
1968–268 Nos.) are illustrated in Fig. 3a–d. The overall
SEM approach is shown in Fig. 4, which also includes
numerical tests. Spectral and elastoplastic tests are also
indicated. The spectral test includes (1) modelling domain,
(2) boundary condition, (3) h- and p-refinement, and
(4) spectral accuracy while the elastoplastic test includes
phi-nu inequality, elastic modulus, poisson’s ratio, and
material dilation.

To evaluate the stability of landslide slopes the numerical
scheme shown in Fig. 4 needs to be followed. The numerical
and computational scheme accommodates hexahedral
meshing and mapping techniques along with material and
model preparation.

The results from the H-refinement test are shown in
Table 2 and Fig. 5.

The test showed that a mesh size of 2.5 m yields factor of
safety (FOS) accurately with the least computation time.
Hence, a mesh size of 2.5 m has been adopted in batch
processing.

3.2 P-Refinement

Accurate numerical computation can be varied by varying
the degree of the polynomial of the shape function.
A P-refinement test is performed to determine the GLL value
that yields FOS with reasonable accuracy with the least
computation time. The mapping technique in SEM is shown
in Fig. 6.

The results obtained from the test are as illustrated in
Table 3 and Fig. 7.

Table 1 Numerical tools
employed for SEM program

Stage Tool Function

Input Cubit or Trelis Create 3D model
Create and refine mesh
Assign boundary conditions
Export to Exodus file format

Processing Cygwin, Scotch,
MPI/openMPI
Specfem3D_Geotceh

Cygwin: to simulate Unix environment within Windows
Scotch: graph partitioning
MPI: message passing interface for parallel simulations
Specfem3d_Geotech
Converts Exodus to ASCII Input format
Performs all computations

Output Tecplot Focus2016R1
ParaView

Tecplot: preparation of various charts in 2D and 3D
ParaView: visualization of stress and displacement contours
in 3D

Fig. 1 Comparison between FEM and SEM
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3.3 Partitioning

To understand the effect of parallel processing on compu-
tation time, a domain having 2568 elements is decomposed

into various partitions, as visualized in Fig. 8. Domain is
decomposed such that the number of partitions is equal to
the number of cores intended to be used for simulation. The
results obtained from the simulation are shown in Table 4
and Fig. 9.

From the P-refinement test, GLL 3 was found to yield
FOS with reasonable accuracy in the least time. Hence, GLL
3 was adopted batch processing.

Figure 9 shows that parallel processing is significantly
faster than serial processing. There is almost a one-fourth
reduction in computation time while using four cores as
compared to a single core. However, the rate at which the
computation time decreases onwards is very gradual. Hence,
an increase in the number of processors does not necessarily
mean a reduction in computation time. It depends on system
configuration and must be tested independently for each
system for optimum results.

Procedure for the computation of factor of safety for all
the model combinations is carried out as shown in the flow
charts below (Figs. 10 and 11). The procedure is divided into
two stages. In the first stage, the basic slope models are
prepared and various tests such as H, P refinements, and
quality checks are performed in the local PC. Once the
models are found suitable for the purpose of computation of
FOS, they are uploaded to the server. The codes are executed
in the order as shown in the flowcharts to generate the
simulation files for Specfem3D_Geotech, to generate a batch
file for the execution of the simulation, and to extract FOS
after all the simulations are completed. Figures 10 and 11
show respectively the detailed procedure followed on a local
PC and a server.

Fig. 2 Spectral meshing technique (as per Tiwari et al. 2013)

Fig. 3 Model showing various
elemental size and budget:
a element size 4 m numbers 268,
b element size 3 m numbers 550,
c element size 2.5 m numbers
1074, and d element size 2 m
number 1968
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Fig. 4 SEM approach with Specfem3D_Geotech

Table 2 Computation time for various element budget

Element size/number 2 m (1968) 2.5 (1074) 3 m (550) 4 m (268) 5 m (135)

Time (seconds) 4995 2439 915 334 250

Fig. 5 H-refinement tests: a Umax versus SRF and b NL_ITR versus SRF
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The function of each code is listed below:

• Code-1: Generates simulation files Specfem3D_Geotech,
generates batch file to execute all simulations without
human intervention.

• Code-2: Checks the results of the completed simulation
and determines if models have undergone plastic defor-
mation. Generates Batch file for the models that are yet to
undergo plastic deformation.

• Code-3: Extracts FOS from the results and generates
Charts for Tecplot focus2016R1 or Tecplot 360 for all
models.

In this method, we have employed strength reduction
technique to get critical value of factor of safety (Griffiths
and Lane 1999; Chen et al. 2007). Stability by strength
reduction is a procedure where the factor of safety is
obtained by weakening the soil in steps until the slope
“fails.” The factor of safety is deemed to be the factor by
which the soil strength needs to be reduced to reach failure.
This method allows systematic reduction in soil strength by

introducing SRF to reduce the frictional and cohesion
component of shear strength of the basic equation of

s ¼ r tan/
0 þ c

0
.

/0
f ¼ tan�1 tan/0

SRF

� �
ð1Þ

c0f ¼
c0

SRF
ð2Þ

where, /0
f and c0f are known as reduced angle of internal

friction and cohesion. In this method, a nodal displacement
is significantly observed at a failure point and the points after
failure initiation need several iterations to converge to a

Fig. 6 Spectral mapping techniques (Tiwari et al. 2013)

Table 3 Variation of computation time with GLL points

GLL 2 3 4 5

Seconds 3.8405 132.4453 2419 24,180

Fig. 7 P-refinement tests: a SRF versus displacement at various GLL
points and b variation of computation time with increase in GLL points
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solution. Boundary conditions have significant effects on
stability of slopes. FOS varies as per boundary conditions. In
general, there are four kinds of boundary conditions
(Fig. 12).

(1) Vertical rollers at left, right as well as front and rear
faces, and fixed boundary at the bottom face,

(2) Vertical rollers at left, right, and rear faces and fixed at
front and bottom faces,

(3) Vertical rollers at left, right, and front faces and fixed at
rear and bottom faces, and

(4) Vertical roller boundary at left and right faces and fixed
boundaries at front, rear, and bottom faces.

4 Modeling with Specfem3D_Geotech

It is a free and open-source command-driven program for 3D
landslide slope stability analysis based on the SEM. The
program can run in a serial and parallel or in multi-core
machines or in large clusters. The program is written in
FORTRAN 90 and parallelized using message passing
interface (MPI or openMPI) based on the domain decom-
position method. The open-source graph partitioning library
SCOTCH is used for the domain decomposition. This pro-
gram does not have inbuilt meshing. It does not automati-
cally determine the FOS of slope stability. After plotting the
series of safety factors versus maximum displacement, FOS
can be determined for the given slope.

4.1 System Requirement

To run the serial and parallel version of Specfem3D_Geo-
tech program, Linux working environment is required by

Fig. 8 Domain decomposition for 4 cores visualized using ParaView

Table 4 Variation of computation time with the number of processors
(Pro(s)) employed

Pro (s) 1 4 8 16 20 24

Seconds 724.8906 200.0078 138.9648 106.3828 98.9352 106.6576

Fig. 9 Computation time with no. of processors
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either installing Cygwin program on computer of window
operating system or making Linux operating system. While
installing the Cygwin, the following platforms are selected
accordingly (www.cygwin.com).

Base (automatically selected)
Gcc-core–GNU Complier collection (C, openMP)
Gccfortran
Make-The GNU version of make utility
Automake 1.10
Openssl-openssl
Openssl devel
Openssl100
Ssh-(autossh, libssh2-devel, libssh2_1, openssh)
Vim-(gvim, vim and vimcommon)
Scp
Ftp-(lftp, tftp, tftp Server)
Shell-xterm-emulator and
Utilities-cygutilities

Fig. 10 Procedure carried out on a local PC

Fig. 11 Procedure carried in server

Fig. 12 Boundary conditions for 2D and 3D problems in slope
stability analysis
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To assure the correctly installation, type ‘gfortran’ in a
command prompt and make sure that there is a display of
text ‘no input found.’ If Command prompt does not display
such text, the program is not installed correctly.

4.2 Model Preparation

Exact topography is needed to make a realistic model. The
surface complexity of the model depends on the contours
available. Therefore, contours of the suitable interval must
be chosen to simplify the model. A total station survey
would be good enough to capture the detail topographic
features by producing contours of suitable intervals of the
area. Based on those contours, both 2D and 3D models are
prepared. If there is no such case of doing a topographic
survey and producing exact contour maps, topographic data
can be explored from Google Earth or any other similar tools
and techniques.

4.3 2D Models

Following three steps must be followed to prepare 2D
models.

(1) Extracting the topographic data from Google earth. To
extract topographic data from Google earth, following
steps must be followed.
(i) Create path in Google Earth within the study area

(set distance in meter),
(ii) Name the drawn path in step (1) and click on

‘ok’
(iii) Right click on the path of temporary location and

save as my places in ‘.kml’ format in required
location (for example: Jure.kml, Jure landslide,
Sindhupalchowk, Nepal (27° 46′1.55″ N latitude
and 85° 52′17.10″ E longitude))

(2) Save extracted ‘.kml’ file to ‘.csv’
To save the extracted ‘.kml’ file to ‘.csv,’ following
steps must be followed.
(i) Open TCX converter,
(ii) Open the file in TCX converter (open Jure.kml),
(iii) Click on track modify and then update altitude

(the altitude initially shows zero value after
updating the RL above mean sea level appears),
and

(iv) Export the file in ‘.csv’ format (for example:
Jure.csv).

(3) Preparing model in AutoCAD CIVIL3D
The 2D models must be prepared in AutoCAD
CIVIL3D program in the following manner.

(i) Open AutoCAD CIVIL 3D,

(ii) Import the file in keep point format NEZ (The
latitude and longitude degree should be multi-
plying by 111000 m) (Zoom extents if imported
points not visible),

(iii) Create TIN surface,
(iv) Add points to surface and manage surface

properties to display the contour interval,
(v) Create alignment with alignment creation tools.

We created left section (1-1), Middle (2-2),
Right (3-3) in case of Jure landslide,

(vi) Create profile,
(vii) Draw polyline above profile line. Draw the

closed polyline as per the required strata of the
model,

(viii) Move the polyline drawn in step (vii) to the
origin, and align with ‘xz’ face by rotation, so
that it is easier to give dimensions,

(ix) Extrude the 2-D surface to required depth and
(x) Save the solid extruded volume to ASCI ‘.sat’

format (for example: Jure.sat).

4.4 3D Models

To create 3D model, three major steps of 2D model i.e.,
(1) Extracting the topographic data, (2) how to save
extracted data and (3) model preparation in AutoCAD
CIVIL3D up to 1–4 steps each would be same and then
follow the following steps:

(1) The prepared surface is in 3D surface, view it in dif-
ferent styles like isometric or any custom view by 3D
orbit rotator,

(2) Choose the contour interval accordingly as the size of
the study area (for example 20 m intervals in Jure
landslide),

(3) Draw splines over contour with best fit,
(4) Copy the drawn contour to the new location, visualize

them and found match with original contour, Creates
the surface of the contours with loft command. Select
cross-section only for lofting option,

(5) Use thicken command to convert surface to volume
(Because the import of cubit should be volume object
and .sat format),

(6) Then draw a box using ‘BOX’ command of exact
model size (The model size should be less then counter
surface to operate subtract command),

(7) Move the box to volume created so that volumes
clearly intersect the box,

(8) Use ‘SUBTRACT’ command to subtract volume cre-
ated in ‘7)’ from the box (1st select the box and then
the volume),
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(9) Then use ‘SEPARATE’ command to separate the
subtracted volume,

(10) Delete the upper surface,
(11) Extend the box in z-direction to get the model

according to the required depth of the model,
(12) Move the object or align the object with co-ordinate (0,

0, 0) with front face left side bottom vertex as origin
and

(13) The model prepared in AutoCAD 3D is exported to ‘.
SAT’ file format.

4.5 Models in Cubit/Trelis

The process of preparing 2D and 3D models in Cubit is more
or less similar except in selecting their boundary conditions.
The 2D model can also directly be prepared in Cubit if (x, z)
coordinatse of each profile points are known. The easiest
way to prepare model here would be by creating solid model
in AutoCAD in the following manner (Figs. 13 and 14).

(1) The SAT file prepared in AutoCAD 3D is imported in
cubit (Jure.sat) and

(2) To prepare meshable body and to check mesh quality,
following works must be done.
(i) Run heal analyzer to remove invalid topology,
(ii) Remove small surfaces,
(iii) Modify blend surfaces,
(iv) Decompose volume,
(v) Set sources and targets and
(vi) Force sweep topology.

Above work can be done form power tool, command panel
and command line. Next steps of this process are as follows.

(3) ‘Imprint all’ command merges all for sharing of same
surface if adjacent volume,

(4) Meshing operation can be done with the following
steps: command panel—meshing—volume—intervals
—selecting volume—constant size and giving the size
of mesh,

(5) To check mesh quality, following steps would be fol-
lowed: command panel—meshing—volume—mesh
quality—quality metrics—selecting volume—quality
metric (shape)—picking the choice display graphical
summary,

(6) By seeing the graphical summary of the mesh quality,
number of mesh of that quality, we decided the way to
decompose the model i.e., orientation of cutting,

(7) To decompose the volume, there is a different method
of cutting in Cubit: command panel—volume—web

cut: we use the various web cut method according to
suitability of orientation and location of cutting plane,

(8) If the mesh quality is not found good enough then steps
5–7 would be repeated with different meshing and
mapping scheme,

(9) Then do ‘Compress all,’
(10) Then, define all volumes of blocks,
(11) Define surfaces as sideset for the implementation of

boundary condition,
(12) Define boundary condition according to the real field

scenario.

Fig. 13 3D Model of Jure, Sindhupalchowk landslide without
Meshing (27° 46′1.55″ N latitude and 85° 52′17.10″ E longitude)

Fig. 14 3D Model of Jure Sindhupalchowk landslide with Meshing
(27°46′1.55`̀ N latitude and 85°52′17.10''E longitude)
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(13) Then the model is exported as exodus file (.exe) to
Directory/text/utilities and saved as .e file.

The SEM program reads text files only. The exodus files
from Cubit/Trelis need to be changed to a text file. Then, the
.SEM file is edited as per requirement according to process
mentioned in editing .SEM file.

Figure 14 shows the hexahedral meshing in the 3D
domain along with quality meshing and mapping. Inaccu-
racy of the result and termination of the program is mainly
due to the lack of quality meshing and mapping. Thus, h-
and p- refinement techniques are employed to limit the
numerical and computational errors. The numerical and
computational stability can only be achieved if proper h- and
p- refinement efforts have been employed in the model.

5 Inputs for Specfem3D_Geotech

5.1 Material Properties

The material model is prepared with six soil parameters.
They are gamma, ym, nu, phi, coh, and psi. Here, ‘gamma’
is the unit weight of the soil, ‘ym’ is the Young’s Modulus
of soil, ‘nu’ is the Poission’s ratio, ‘phi’ is the angle of
internal friction of soil, ‘coh’ is the cohesion coefficient, ‘psi’
is the dilation angle.

5.2 Ground Water Table (GWT)

To prepare the input file of ground water table, position of
GWT at borehole locations should be identified.

5.3 Seismic Input

The horizontal seismic acceleration in Nepal varies from 0.1
to 0.5 g. Direction of acceleration may vary with respect to
the orientation of slope. After the completion of computa-
tions, ‘.case’ and ‘summary’ files can be viewed in Tecplot
and Paraview. Tacplot and Paraviews are the powerful
visualization tools for 2D and 3D.

5.4 Output Visualization

The output of the SEM program can be visualized in dif-
ferent forms .DAT file is prepared based on summary file in
the form of ‘SRF,’ non- linear iterations (NL_ITERs)
(numbers) and maximum displacement (UMAX) (m). DAT

file is then sopened to Tecplot focus2016 R1 program to plot
the graph of SRF versus maximum displacement and SRF
versus NL_ITERs. Scaling and sizing different features of
graph are edited with various tools as per requirements.

The factor of safety is then determined as per the judg-
ment on critical factor of safety. The critical value of SRF is
a point where displacement is abruptly changed to maxi-
mum. It can be further correlated with non-linear iteration.
At certain SRF, the non-linear iteration is also suddenly
changed to maximum value. The factor of safety is then
interpreted with different variables like dry condition, fully
saturated conditions, and seismic motion condition. The
progressive failure can be visualized in 3D visualization tool
Paraview by opening ‘.case’ files. The results can be cap-
tured or exported to ‘.jpg’ file format.

Tacplot is used to visualize results in 2D. Data manage-
ment and further editing, if any, would be possible in Tac-
plot focus program. As an example, notepad or text file ‘.txt’
can be prepared in for two variables: (1) strength reduction
factor (SRF) and (2) maximum Displacement (m). SRF
varies from 0.1 to 1.2, altogether inserted 12 values in case
first. Similarly, displacement values in each SRF are needed
in each case of modeling.

The material model presented in Table 5 below for debris
is taken from USCS soil classification system as adopted by
Krahenbuhl and Wagner (1983). The material model for
rock is taken as: (1) Material: Schist inter bedded with
Phyllite, (2) Failure Criteria: Mohr–Coulomb, (3) Unit
weight = 27 kN/m3, (4) Modulus of elasticity of rock
mass = 29,903,000 kPa �30 MPa, (5) Poisson ratio = 0.3
and (6) Angle of internal friction = 32.50° (as per Hoek and
Diederichs 2006; Hoek 2007). The pseudostatic seismic
stability of the slope is proposed. In Jure area, the maximum
PGA is 250 gal according to the seismic hazard map
developed by Department of Mines and Geology (Pandey
et al. 2002). So, the seismic loading PGA of 0.1 to 0.5 g are
varied in the models accordingly.

Figure 15 shows the computational results in varying
groundwater and seismic slope condition: (a) Displacement
(m) versus SRF at dry and GWT at the surface and
(b) Displacement (m) versus SRF seismic loading condition
in case of Jure landslide model, Nepal. The abrupt change
in slope as noticed would be the critical SRF. Similar
results can be obtained in 2D domains. However, the
complexity of the domain can be well captured in 3D
domains as compared to 2D. The safety factor thus obtained
in 3D models seems to be more accurate than the 2D if the
complexity issue of the modelling domain is well addressed.
In this way, the SEM scheme replaces the huge computa-
tional burden in FEM. SEM approach can be employed for
soil and rock slopes.
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6 Conclusions

Spectral element method is an elegant formulation of the
FEM with a high degree piecewise polynomial basis. In this
method, the interpolation nodes of an element and the
numerical integration points are cited in the same points.
Here, with the coincidence of integration and interpolation
points, the interpolating functions become orthogonal,
resulting in a diagonal mass matrix, which significantly
simplifies the computational procedures and drastically

reduces the computational costs. The SEM procedure has
three major benefits over the existing FEM procedures:
(1) geometrical flexibility, (2) high computational efficiency,
and (3) reliable spectral accuracy (i.e., exponential reduction
of errors with increasing degree of polynomials). The higher
spectral degree in SEM replaces the huge computational
burden of FEM. Then, the safety factors thus obtained seems
to be accurate values as per the material properties and slope
model supplied which can encouragingly be used in effective
design and implementation of various landslide slope sta-
bility works.

Table 5 Debris parameter according to USCS as adopted by Krahenbuhl and Wagner (1983)

Group Soil condition c (kN/m3) C (kN/m2) / (Degree)

GM-CL Dry 19.0 6.0 30.0

Saturated 21.0 3.0 29.0

Fig. 15 Computational results in
varying ground water and seismic
slope condition: a displacement
(m) versus SRF at dry and GWT
at surface and b displacement
(m) versus SRF seismic loading
condition
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Climate Change-Induced Regional Landslide
Hazard and Exposure Assessment for Aiding
Climate Resilient Road Infrastructure
Planning: A Case Study in Bagmati
and Madhesh Provinces, Nepal

I Putu Krishna Wijaya, Peeranan Towashiraporn, Anish Joshi,
Susantha Jayasinghe, Anggraini Dewi, and Md. Nurul Alam

Abstract

Nepal’s hilly and mountainous regions are highly suscep-
tible to landslides triggered by extreme precipitations. The
prevalence of such landslides has increased due to climate
change-induced extreme hydro-meteorological conditions.
These recurring landslides have significantly impacted the
road transport infrastructure, which is the economic lifeline
for cities and socio-economic mobility of rural communi-
ties in the hilly and mountainous regions of the country.
This study modelled extreme rainfall scenarios for the
current 1976–2005 baseline and future horizons of 2030,
2050, and 2080 to develop high-resolution 1 km � 1 km
mean precipitation datasets under RCP4.5 and RCP8.5.
Based on these extreme precipitation scenarios, we devel-
oped high-resolution landslide hazard models adopting
integrated weighted index by combining the Frequency
Ratio (FR) and Analytical Hierarchical Process (AHP)
methods using multi-variate factors. The multi-variate
factors included three terrain parameters—slope, aspect,
and elevation; two soil parameters—lithology and soil
type; two Euclidean distance parameters from the likely
sources—distance from the lineaments and distance from
the stream/river; an anthropogenic parameter—land use;
and the climate parameter—the mean annual rainfall for
four-time horizons and two RCPs. These parameters were
spatially modelled and combined using the weighted
overlay method to generate a landslide hazard model. As
demonstration case studies, the landslide hazard models
were developed for Bagmati and Madhesh provinces. The
models were validated using the Receiver Operating
Characteristic curve (ROC) approach, which showed a
satisfactory 81–86% accuracy in the study area. Spatial
exposure analysis of the road network assets under the

Strategic Road Network (SRN) was completed for seven
landslide hazard scenarios. In both Bagmati and Madhesh
provinces, the exposure analysis showed that the propor-
tion of road sections exposed to landslide hazard signif-
icantly increases for the future climate change scenarios
compared to the current baseline scenario.

Keywords

Climate change-induced landslide � Landslide hazard �
Exposure assessment

1 Introduction

According to Thapa (2015), from 1971 to 2015, landslides
killed approximately 200 people in Nepal each year, with
one of the most severe landslide events in July 1993, killing
1336 people in central Nepal. The risk of slope failure has
been further exacerbated due to the extreme rainfall events
caused by climate change. We studied landslide hazards
owing to extreme rainfall events in Bagmati and Madhesh
provinces under several climate change scenarios. We
developed high-resolution 1 km � 1 km downscaled
extreme rainfall projections under selected extreme Global
Climate Models (GCMs) from the Coupled Model
Inter-comparison Project Phase 5 (CMIP5), GCMs, with
representative concentration pathways (RCP4.5 and
RCP8.5) scenarios for 1976–2005 (baseline) as well as the
2030s, 2050s, and 2080s. Based on these extreme rainfall
scenarios, we modelled and mapped rainfall-triggered
regional landslide hazards by merging the Frequency Ratio
(FR) and the Analytical Hierarchy Process (AHP) tech-
niques. The developed approach applies Geographic Infor-
mation System (GIS) as a tool along with open data to
develop the regional landslide hazard models. The study
aims to understand better the spatial distribution of landslide
hazard levels for current climate conditions and future time
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horizons and the potential exposure levels of the road
transport infrastructure to the landslide hazard scenarios.

Exposure to climate-related extremes and hazards is the
first step in assessing the vulnerability and risk of the system.
In the context of a transport system, if an asset or system is
located in a region directly affected by climate change and
climate-induced hazards, it is referred to as “exposure”
(Filosa et al. 2017).

2 Description of the Study Area

Bagmati and Madhesh Provinces are situated in the central
region of Nepal, bordering Provinces 1 to the east, India to the
south, Gandaki Province to the west, and China to the north.
Bagmati and Madhesh Provinces are located in between lat-
itudes of 27° 4′ and 28° 19′ N, and longitudes of 83° 56′ and
86° 59′ E (Fig. 1). Bagmati Province has thirteen districts and
encompasses a total area of 20,300 km2. Madhesh Province
has eight districts and covers an area of 9661 km2.

The road network in Nepal comprises the Strategic Road
Network (SRN), which is maintained by the Department of
Roads (DoR), and the Local Road Network (LRN), which is
maintained by local governments (GoN/World Bank 2013).
The spatial distribution of SRN is shown in Fig. 1. The total
lengths of SRN roads in Bagmati and Madhesh Provinces
are 2544 km and 1466 km, respectively (GoN/DoR 2018).
The road density (km/100 km2) of SRN roads in Bagmati
and Madhesh Provinces are 12.5 and 15.21, respectively
(GoN/DoR 2018).

The study area is divided into five physiographic regions:
the High Himalaya, High Mountain, Middle Mountain,
Siwalik (Chure), and the Terai zones (Upreti and Dhital
1996). Land area in Bagmati Province spans from Siwalik
region characterized by highly dissected sloping terrain,
Middle Mountain with steep terrain, and High Mountain and
High Himalayas with very steep mountainous terrain and
very high prevalence of landslides. The majority of land in
Madhesh Province is located in the flat Terai Region with
northern areas in the Siwalik Hills, where the majority of
landslides occur. Tectonically, those physiographical zones
are separated by three thrust faults, viz. the Main Boundary,
Main Central, and Main Frontal Thrust. The regional geol-
ogy of the study area is divided into four tectonic zones, viz.
Terai, Sub-Himalayan, Lesser Himalayan, and Higher
Himalayan zones (Dhital 2015).

According to Dahal (2015), small and large-scale land-
slides occur in Nepal. The majority of small-scale landslides
are discovered to develop on large-scale landslides. In many
cases, the shallow rotational and translational landslides
merge into the mainstream valley, resulting in devastating
debris flows at nearby highways or communities.

3 Analysis Input Data

Three important datasets were compiled to map and analyze
the landslide hazard viz the landslide inventory data, land-
slide controlling factors dataset, and landslide triggering
factor (rainfall) dataset.

Fig. 1 Digital map shows the
location, topography, and
distribution of strategic road
network (SRN) of the study area
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3.1 Landslide Inventory Map

The landslide inventory data was generated by Durham
University and the National Society for Earthquake Tech-
nology of Nepal (NSET) under a project funded by the
Department for International Development of the United
Kingdom (DFID) - DFID/NERC SHEAR project number:
201844, in collaboration with the Durable Solutions 2 pro-
ject. In this study, the data is on polygon shapefile, and we
used the post-monsoon data of 2020 as landslide datasets.
The landslides in the landslide inventory were randomly
divided into two subsets, i.e., the training set area (80%) and
the test/validation set area (20%), as suggested by Getachew
and Meten (2021). The landslide size in the study area varied
from 0.01 to 1.3 km2.

3.2 Landslide Controlling Factors Map

Pawluszek and Borkowski (2017) mentioned that there are
no specific rules for defining the number of controlling
factors sufficient for the landslide hazard analysis. With the
combination of the works of literature mentioned above and
the nature of the study area, nine different thematic layers
together with terrain slope (°), distance from lineaments (m),
distance from streams (m), elevation (m), lithology, soil,
rainfall, land use, and terrain aspect were taken into con-
sideration. The landslide controlling factor maps were ras-
terized with 12.5 m � 12.5 m pixels, and each raster was
reclassified into appropriate thematic classes.

3.3 Rainfall Datasets and Projected Scenarios

Climate projections are widely used to understand climate
extremes and their probability of occurrence in the future.
Development of climate change projections, including
regional and national level projections for climate extremes,
could be accessed from four sources such as the Global
Climate Models (GCMs), the Regional Climate Models
(RCMs), from an understanding of the regional and national
climate influences, and from the historical climate change

recently observed (Seneviratne et al. 2012; Knutti et al.
2010; Christensen et al. 2007). As illustrated in Fig. 2, the
suggested climate impact modelling methodology for iden-
tifying extreme events in the study area comprises six
methodological steps.

As the current study focuses on identifying future
extreme occurrences to determine the maximum hazardous
levels for the study area, it is essential to choose those GCMs
that give extreme conditions in the targeted areas in the
future. The future climate scenarios for 2030 (averaging
2016–2045), 2050 (averaging 2036–2065), and 2080 (av-
eraging 2066–2095) are developed in the study area based
on current climate (rainfall and mean temperature from 1976
to 2005) across the same study region during the wet season.
Because landslides are more common during the rainy
(monsoon) season, it is thought to be the best time period to
choose suitable GCMs. Then a skills test is suggested for the
identification of the models. The Skill Test entails calculat-
ing the change in annual mean temperature (ΔT) and percent
change in yearly precipitation (ΔP%) from each of the
models (CMIP5 models).

4 Analysis Methods

The integrated weighted index method was used in this
study. The integrated weighted index method was applied by
merging the analytical hierarchy process (AHP) and the
Frequency Ratio (FR) method. The integration between
these two methods has been peer-reviewed by Yi et al.
(2019), Mondal and Maiti (2013), and El Jazouli et al.
(2019). There are four important processes in the integrated
weighted index method. The first step is to determine the
relative importance of landslide controlling and triggering
parameters using the AHP technique (Fig. 3). The second
step is to describe a mutual relationship between the location
of landslides and the controlling & triggering parameters by
using the FR method. In the third step, landslide hazard
maps were created using the weighted overlay tool in a GIS
environment. In the fourth and last step, the operating
characteristics curve (ROC) technique was used to validate
the results of landslide hazard model predictions (Fig. 3).

Fig. 2 Climate impact modeling
for evaluating risks from severe
landslides utilizing downscaled
GCMs
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4.1 Frequency Ratio Method

Frequency ratio (FR) values represent the connection
between the landslide occurrence and the classes of every
single controlling and triggering parameter. In terms of
landslide evaluation and prediction, the frequency ratio
approach is one of the most widely used statistical methods
(Mandal and Mondal 2019). The FR relates the likelihood of
the presence to the absence of landslide occurrence (Lee and
Pradhan 2007). The landslide hazard can be evaluated from
the spatial relationship between the controlling factor and
landslides occurrences. The greater the FR ratio is the
stronger is the link among the landslide controlling and
triggering parameters and the incidence of landslides (Lee
and Pradhan 2007).

The frequency ratio value is computed as described in the
following formula:

FRi ¼ Ncell Sið Þ=Ncell Nið ÞP
Ncell Sið Þ=PNcell Nið Þ ð1Þ

where, Ncell (Si) is the number of grid cells in class I that
have been identified as landslides, and Ncell (Ni) is the total
number of grid cells in class I in the entire area. The total
number of grid cells that have been identified as landslides in
the entire area is

P
Ncell (Si), while the total number of grid

cells in the entire area is
P

Ncell (Ni).

4.2 Analytical Hierarchy Process (AHP) Method

The analytical hierarchy process (AHP) method was first
proposed by Saaty (1982, 1991, 2000) and is widely applied
in the decision-making paradigm. AHP avoids the difficul-
ties associated with random weights and rating systems by
allowing judgment to influence relative importance features
or weights rather than randomly assigning those features
(Yalcin 2008).

CR stands for the likelihood that the matrix judgments
were created at random, as follows:

CR ¼ CI
RI

ð2Þ

Based on the arrangement of Malczewski’s matrix
(1999), RI is the average of the resultant consistency index,
and CI is the consistency index and may be represented as:

CI ¼ kmax � nð Þ
n� 1ð Þ ð3Þ

where kmax is the matrix’s largest value, which may be easily
computed from the matrix, and n is the matrix’s order. R is a
value that ranges from 0 to 1. A consistency ratio near one
implies that the matrix’s rating was most likely generated
randomly. A decent level of consistency is one with a con-
sistency ratio of 0.10 or less (Malczewski 1999).

Fig. 3 Flow chart with study
approaches
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4.3 Integrated Weighted Index Method

FR is a statistical model based on data that can determine the
spatial correlation between landslide locations and the con-
trolling and triggering parameters (Yi et al. 2019). The FR
technique, on the other hand, does not take into account the
interdependence of controlling and triggering parameters.
The AHP technique is a critical multiple-criteria decision-
making method to address this problem. To a certain degree,
the integrated approach retains the benefits of the FR and
AHP methods while reducing their limitations.

By combining the FR and AHP techniques, the integrated
weighted model examined the connection among the con-
trolling and triggering parameters as well as the effect of
each landslide controlling and triggering parameters on
landslide frequency. The following formula can be used to
obtain the integrated weighted index:

I ¼
Xm

i

Wi x FRið Þ ð4Þ

where m is the number of controlling and triggering factors,
Wi denotes the weight assigned to each controlling and
triggering factor using the AHP method, and FRi denotes the
FR value assigned to the ith controlling and triggering factor
using the FR method.

4.4 Validation Method

Validation of the model predictions is critical for landslide
hazard mapping. The receiver operating characteristics curve
(ROC) technique (Brenning 2005) was used to assess the
effectiveness of the integrated weighted index model.
The ROC curve is a plot of the model prediction’s sensitivity
(percent of true positives) against the complement of its
specificity (proportion of false positives, Jaiswal 2011). The
true positive rate (TPR) was plotted in contradiction of the
false positive rate (FPR) on the ROC curve, with TPR on the
y-axis and FPR on the x-axis.

Specificity is the probability that a mapping unit with no
landslide is correctly classified 1-specificity is the false
positive rate measured along the curve’s x-axis (Jaiswal
2011). The area under the curve (AUC) ranged between 0.5
and 1.0, where a value of 1.0 suggested that the model
performed perfectly, but a value near 0.5 indicated that the
model performed poorly.

4.5 Exposure Assessment Method

The exposure of roads under the SRN is assessed as the
physical exposure which is spatially exposed to the landslide

hazard areas. The physical exposure of the road network is
assessed as “the ratio or the proportion of road section length
potentially affected by landslides in the current climate sce-
nario and future climate change scenarios to the total length of
the road,” the landslide being represented by the landslide
hazard and the severity represented by the hazard classes. The
exposure index for a road segment is calculated as

Ei ¼ Lr

Li
� 100 ð5Þ

and the road exposure index for entire region (province) is
calculated as

E ¼
Pn

i¼1 LriPn
i¼1 Li

� 100 ð6Þ

where, Ei is the exposure index of road segment i with the
total length of Li and landslide exposed length of Lr. E is the
exposure index of the road in the entire geographic region
calculated as the proportion of the total length.

The landslide exposed length Lr for each road section is
calculated using spatial overlay analysis of the existing SRN
road network data (GoN/DoR 2018) with landslide hazard
scenario maps of the current baseline period (1976–2005)
and future climate change scenarios (2030, 2050 and 2080)
in a GIS environment.

5 Results

5.1 Regional Landslide Hazard Maps

The weight for each controlling & triggering parameter was
assigned using the analytic hierarchy process approach. The
larger the weight is, the more significant the impact on
landslide occurrences may be. The comparison quality is
described by the consistency ratio (CR). Some works of
literature related to landslides hazard mapping were inves-
tigated to find the appropriate correlation between the con-
trolling and triggering factors (Mandal and Mondal 2019;
Sonker et al. 2021; Yi et al. 2019).

Four factors considered to be the most important land-
slide controlling and triggering factors were slope, lithology,
rainfall, and distance from lineaments. Thus, in this study,
those four factors were given a higher weight than the other
controlling factors. Some studies found no significant
influence of aspect on slope stability (Ayalew and Yamag-
ishi 2005), while some others found its effect on landslide
initiation (Dai and Lee 2002). Thus, low weight was given to
the aspect factor.

As mentioned above, in the AHP analysis, the consis-
tency ratio characterizes the comparison’s reliability. In this
study, the consistency ratio (CR) of the matrix of paired
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comparisons between the nine controlling and triggering
factors in the hazard map is 0.012. A consistency ratio of
0.10 or less is considered a satisfactory degree of consis-
tency (Malczewski 1999). Even though the consistency ratio
of this study is consistent (0.012), the pair-wise comparison
is subjective, and the precision is heavily reliant on the
expert’s perspective. In order to reduce the subjectivity, the
integrated weighted index model by combining FR and AHP
was applied.

Based on the pairwise comparison matrix of AHP, the
weight of slope was the highest (0.205 suggesting that slope
has the greatest effect on the frequency of landslides). The
weight of distance from lineaments and rainfall were the
second and third highest (0.198 and 0.174, respectively),
followed by lithology (0.134), soil (0.067), and distance
from streams (0.061). Finally, the weights of aspect, eleva-
tion, and land use were the lowest (0.054). This suggested
that these three parameters had the lowest impact on the
prevalence of the landslide. The application of the integrated
weighted index model demonstrated that landslide hazard
levels were essentially compatible with landslide occurrence.

A total of seven maps of landslide hazard were developed
from two RCP4.5 and RCP8.5 for time horizons 2030s,
2050s, and 2080s and baseline (1976–2005). The landslide
hazard maps were divided into five categories: very low,
low, moderate, high, and very high (Fig. 7). The total area of
landslide hazard was quantified by calculating the area
geometry in the GIS environment.

Based on the acquired landslide hazard maps, the area for
each hazard level in scenarios shows different values. In the
RCP8.5 scenario, for time horizon 2030, 2050, and 2080s,

the hazardous zones, including zones with extremely high
and high hazard levels, cover about 24%, 25%, and 30% of
the study area, respectively.

In the case of the RCP4.5 scenario for time horizon 2030,
2050, and 2080, the very high and high hazard level zones
covered approximately 22%, 23%, and 24% of the study
area, respectively. The highest area value (8994 km2) of the
high to very high hazard level was reached by the hazard
map of RCP8.5 for time horizon 2080, where most of the
high-very high hazard area is located in Bagmati province
(8862 km2) and a small part of Madhesh province (132 km2,
Tables 1 and 2). Concerning the hazard maps of RCP4.5 and
RCP8.5 for time horizon 2030, 2050, and 2080, most parts
of high to very high-level hazard zones are mainly
distributed in Bagmati Province, especially in Rasuwa,
Niwakot, Sindhupalohok, Dolahak, Dhading, Nuwakot,
Ramechhap, the southern part of Lalitpur, north and north-
western part of Chitawan, Makawanpur, and Sindhuli district
(Fig. 7).

5.2 Validation of Landslide Hazard Maps

Validation of modelled outputs is critical to evaluate the
landslide hazard map results. A sample dataset of 8813
landslides was used as a validation dataset from the total
(43,519 landslides sample dataset) to validate the reliability
of the landslide hazard model.

The AUC values for the landslide hazard map (current
climate and future projected scenarios) varied from 81 to
86%, which showed that the integrated weighted index

Table 1 Total area of landslide
hazards in Bagmati Provinces for
current climate (baseline), future
scenarios and periods

Hazard area Baseline (km2) RCP4.5 (km2) RCP8.5 (km2)

1976–2005 2030 2050 2080 2030 2050 2080

Very low 814 745 645 601 620 591 261

Low 5345 5237 5063 4842 4791 4758 3457

Moderate 7613 7662 7671 7712 7652 7670 7682

High 4940 5029 5197 5246 5321 5340 6353

Very high 1550 1589 1686 1861 1878 1903 2509

Table 2 Total area of landslide
hazards in Madhesh Provinces for
current climate (baseline), future
scenarios and periods

Hazard area Baseline (km2) RCP4.5 (km2) RCP8.5 (km2)

1976–2005 2030 2050 2080 2030 2050 2080

Very low 5100 4614 4416 4269 4306 4272 3382

Low 3782 4008 4132 4259 4222 4247 4598

Moderate 612 855 925 944 947 951 1428

High 46 62 66 67 64 69 130

Very high 0 1 1 1 1 1 2
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model used in this analysis has a high degree of pre-
dictability. Figure 4 showed the ROC of the landslide hazard
map for time horizon 2080s with RCP8.5.

5.3 Exposure Assessment Results

Exposure assessments of SRN roads in the study provinces
were done for seven landslide hazard scenarios. In Bagmati
Province, the majority of roads have low (35.5%) and

medium (40.9%) risk to landslides in the baseline period,
with 16 and 2.5% lengths of the roads exposed to high and
very high landslide hazards. The proportion of road length
exposed to very low and low landslide hazards decreases in
all the time horizons for RCP4.5 and RCP8.5. It conse-
quently increases in moderate, high, and very high haz-
ardous categories compared to the baseline years (Fig. 5).
Exposure to moderate, high, and very high hazard increases
significantly for the RCP8.5 scenario in 2080.

For Madhesh Province, the majority proportion (68%) of
the road is exposed to very low landslide hazard, with 31%
low and negligible 0.9% to moderate hazard in the baseline
period. The very low hazard proportion of the roads decreases
significantly in the future horizons, consequently with a sig-
nificant increase in the proportion of road length exposed to
low and moderate hazardous landslides (Figs. 6 and 7).

6 Discussion

Compared to the landslide-hazardous areas modelled for the
current baseline climate conditions (1976–2005), the
landslide-hazardous areas increase significantly in extreme
rainfall conditions for the future climate change scenarios for
both RCPs. Results revealed that the regions with very high
landslide hazard increased to 312 km2 (for RCP4.5) and 961
km2 (for RCP8.5) in the 2080s. Thus, it is predicted that
landslide hazards will increase in future time horizons (in the
2030s, 2050s, and 2080s). RCP8.5 scenario showed larger
hazardous areas than RCP4.5 in future time horizons, as
RCP8.5 models predicted heavier rainfall than RCP4.5. In
future periods, the Bagmati Province and northern part of
Madhesh Province are likely to have higher landslide hazard
areas than the current condition. In particular, it is predicted

Fig. 4 The integrated weighted index model's forecast effectiveness.
An example of ROC of landslide hazard map for time horizon 2080s
with RCP8.5

Fig. 5 Proportion SRN Road
hazardous to current and future
landslide scenarios in Bagmati
Province
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Fig. 6 Proportion SRN Road hazardous to current and future landslide scenarios in Madhesh Province

Fig. 7 Landslide hazard and exposure maps for a baseline period
(1976–2005), b time horizon 2030s for RCP4.5, c time horizon 2030s
with RCP8.5, d time horizon 2050s for RCP4.5, e time horizon 2050s

for RCP8.5, f time horizon 2080s for RCP4.5 and g time horizon 2080s
for RCP8.5
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that landslide hazards in Bagmati and the northern area of
Madhesh Provinces would increase in the 2030s (2016–
2045), 2050s (2036–2065), and 2080s (2066–2095) in both
RCP scenarios. In both scenarios, the landslide-hazardous
areas for the 2080s were predicted to expand significantly to
the area adjacent to Rasuwa, Sindhupalchok, and Dolakha
districts.

The hazard map for time horizon 2080 with RCP8.5
represents the worst-case scenario for landslides. Although
the majority of the study area (31%) was predicted to be on
moderately hazardous to future landslides, 30% was indeed
in the high and very high hazardous categories. The unsafe
areas mentioned in the previous section require immediate
mitigation actions. Reactivation of existing landslide sites
and new landslides may occur, particularly along lineaments.
The findings revealed the dependability (indicated by the
AUC value that showed a satisfactory result of 81–86%
accuracy) and practicality of the integrated weighted index
model in regional landslide hazard mapping.

In Bagmati Province, the proportion of road length haz-
ardous to very low and low landslides decreases for RCP4.5
scenarios. Consequently, the proportion increases for mod-
erate, high, and very high landslide hazards for 2030, 2050
and 2080 horizons. Similarly, in Madhesh Province, the
proportion of road length in low hazardous areas decreases
in the future horizons, consequently with a significant
increase in low and moderate hazards.

7 Conclusions

The landslide hazard modelling and mapping spatially locate
the regions hazardous to landslides due to multi-variate
factors under the extreme rainfall conditions for the current
and projected future time horizons. Seven maps of landslide
hazard were created, representing scenarios for RCP4.5 and
RCP8.5 for future time horizons 2030s, 2050s, and 2080s
and the current (1976–2005) baseline period. The significant
increase in very high landslide hazardous areas between the
baseline period and the long-term horizon in 2080 (for
RCP8.5 scenario) indicates that the extreme rainfall due to
climate change will substantially increase landslides at
Bagmati and Madhesh provinces. These landslide hazard
models and maps enable decision-making in the planning of
road infrastructure through relatively safer areas indicated by
very low, low, and/or moderate hazardous areas. Planning,
designing, and construction of road infrastructure in the
moderate hazardous areas may require road design parame-
ters to adapt and/or mitigate the impacts of landslide hazards.
Moderate hazardous areas may also be managed through
climate adaptive measures, including green-grey infrastruc-
tures such as the incorporation of Nature-based Solutions
(NbS) along with engineering solutions. These landslide

hazard maps will further support vulnerability assessment of
strategic roads in the provinces and identify critical road
segments for planning and implementing climate adaptation
measures and activities to enhance the climate resilience of
the road infrastructure in the provinces.

The exposure analysis showed that the exposure levels of
the roads to landslides would significantly increase in the
future due to climate change impacts. The identification and
mapping of road sections exposed to higher levels of land-
slide hazard enable road sector authorities to prioritize
adaptation actions in these stretches of the road. Further, the
exposure assessment provides an opportunity to target a
more detailed study to model and quantify the hazard risk to
the road transport network due to specific landslides that
could occur in hazardous areas.
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Using Experimental Models to Calibrate
Numerical Models for Slope Stability
and Deformation Analysis

Binod Tiwari and Duc Tran

Abstract

Landslides cause significant loss of lives and properties
globally. Rainfall and earthquake are considered to be
two frequent causes of landslides although there are
dozens of natural or anthropogenic triggers of landslides.
Experimental or numerical analyses by varying a single
parameter—while keeping other triggers constant—help
researchers/practitioners to understand the influence of
each triggering factor on slope stability/landslides. How-
ever, experimental modeling of landslides in laboratory is
exhaustive, time consuming, and expensive process.
There are various experimental methods available for
such modeling—ranging from centrifuge modeling to
small scale 1 g models—depending on the need, available
resources, and funds. With the wide availability of
materials and development of better sensors/instruments,
our capability to perform laboratory experiments, specif-
ically for landslide modeling, has been much easier and
accessible in recent decades. Such experiments are
valuable to calibrate numerical models so that various
analyses can be performed on the real-world problems. In
this study, we prepared laboratory scale slopes in
Plexiglas containers at varying densities and slope
inclinations, and instrumented the slopes properly to
measure real time suction, displacement, advancement of
wetting front, and accelerations at various locations and
depths within the model. The slopes were subjected to
rainfall and/or earthquake shaking to evaluate the effect of
rainfall and earthquakes—separately and combined—on
slope stability. The experimental results were used to
calibrate the numerical modeling effort so that a full
spectrum of sensitivity analyses could be performed for a
slope located in an expensive neighborhood of Southern
California.

Keywords

Landslides � Experimental modeling � Numerical
modeling � Suction � Rainfall � Tensiometer � Slope
stability

1 Background

Landslides cause billions of dollars of loss in properties
and kill thousands of people annually worldwide. Causes
of landslides span from many factors including heavy
rainfall, snow melt, volcanic eruption, earthquake, changes
in surface or ground water level, stream bank erosion, loss
of vegetation cover, deforestation, wildfires, poor con-
struction practice, improper design of infrastructure, and
poor water management practice. These factors cause
disturbance to naturally stable slopes and add into factors
causing slope instability, which eventually yield mass
movement in the form of landslides, slope failures, mud-
slides, and debris flows. While each of these factors either
solely or in combination with two or more other factors
are responsible for triggering hundreds of thousands of
landslides every year, heavy rainfall, earthquake or com-
bination of both account for majority of the mass move-
ments. With a geometric increase in the number of
significant earthquakes and a significant increase in global
precipitation anomaly due to global warming associated
climate change, there has been a geometric increase in the
number of significant mass movements every year (Ajmera
and Tiwari 2021).

Due the increase in the number of mass movements
annually, there has been significant progress in research and
development related to understanding behavior of mass
movement caused by the triggers mentioned earlier through
various methods including theoretical analyses, statistical
analyses including artificial intelligence, remote sensing
techniques, instrumentation with better equipment/tools
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including internet of the things, and experimental as well as
numerical modeling techniques. Although some methods are
better than others for specific projects depending on the
scope of the project, availability of information, or imple-
mentation cost, each method has its own merit in analyzing
landslide projects. However, if affordable, a combination of
these methods will always provide the most accurate results.

Experimental modeling techniques, although very
expensive, have been very effective in understanding the
mechanism of slope stability or mass movement subjected
to one or a combination of triggering factors. These
experimental methods include element level flume tests,
laboratory scale experimental slope models (Tiwari et al.
2018, 2013; Tiwari and Caballero 2015), field tests, and
centrifuge modeling. Each of these techniques have their
own benefits as well as limitations. However, the best
method is generally chosen based on the scope of the
project, availability of the equipment/tools, and project
funds. While flume tests are generally performed to study
the source and run-out of failed mass during rainfall events,
laboratory scale experimental modeling are more appropri-
ate to evaluate, numerically, the influence of triggers such
as rainfall and earthquakes on seepage velocity and slope
deformation. In the field tests, although very expensive,
influence of rainfall on mass movement is studied on actual
slopes. All these techniques offer 1 g level stresses only; as
such, they may not represent actual field level stresses on
slopes. Centrifuge models, although having their own merits
and challenges, are helpful in studying slope behavior at
high stress levels. Nonetheless these experimental models
will help in calibrating numerical models, specifically for
slopes subjected to different external triggers, so that mul-
tiple scenarios can be studied at the field scale. There are a
large number of software available for such numerical
modeling—ranging from simple to complicated or relatively
low cost to expensive—in addition to the availability of
several open source coding.

Although experimental modeling of various sizes and
scopes are available in practice, this study focuses on a small
scale, laboratory based, models to evaluate the seepage
velocity, suction, and deformation of slopes subjected to
rainfall and/or earthquake induced shaking. Ten different
slopes were prepared with varying compaction densities and
slope gradients, and subjected to different rainfall intensities
and seismic accelerations. The results obtained from the
experimental study have been used to calibrate the numerical
models so that effect of different intensity of rainfall and
earthquake shakings on slope stability could be observed for
different gradients and densities using the numerical mod-
eling exercise. The following sections will describe the
experimental procedures, data analyses, results, discussion,
and a brief summary based on the outcomes of this study.

2 Methodology

2.1 Experimental Modeling

A truck-full of soil was collected from a landslide site at
Mission Viejo, Southern California. Various laboratory tests,
such as sieve and hydrometer analyses, specific gravity tests,
standard Proctor compaction tests, Atterberg limit tests,
falling head permeability tests, and direct shear tests were
performed on the collected soil samples following the
guidelines outlined in the pertinent ASTM standards. Direct
shear tests were conducted for soils at different degrees of
saturation. The slope materials were sieved through
4.75 mm size sieve so that only smaller sized materials
could be used in the laboratory scale models.

The air-dried soil was mixed with water uniformly to
prepare a moist sample having *12% moisture content.
While preparing the model slopes, bottom of the 1.2 m
1.2 m � 1.2 m sized Plexiglas container was installed with
Polyethylene pipes having numerous holes—drilled in a
staggered way and wrapped with geo-textile—that was
buried under 5 cm thick gravel layer. A geotextile layer was
installed between the compacted slope and the drainage layer
to act as a filter layer. The moist soil was compacted on the
geotextile layer—in 5 cm thick layers—at the pre-defined
densities. Each layer of compacted soil slope was prepared
until the desired height of the slope achieved. The desired
geometries of the slopes were marked on the Plexiglas
container to guide the compaction effort. Figure 1 illustrates
the process involved in making the experimental model
slopes. Separate slopes were prepared for two different slope
gradients—40° and 45°—at three different void ratios (or
densities)—0.89, 1.0, and 1.2—as illustrated in Table 1.

The compacted slopes were installed with miniature
tensiometers that were calibrated prior to installation. Cali-
bration of tensiometers prior to placement is extremely
important to avoid erroneous suction measurements during
the rainfall event. Small holes were drilled into the slope up
to the desired depths at the spatial location (Fig. 2) to install
the tensiometers (Fig. 3). Those holes were backfilled with
the soil after the installation of tensiometers and then the top
of the drill holes were sealed with bentonite slurry to avoid
rainwater percolating down through the backfilled hole
(Fig. 4). Moreover, several copper wire extensometers were
installed at pre-defined locations (Fig. 5) as illustrated in
Fig. 6 to measure the slope deformation at various locations
during and at the end of the experiments.

The experimental models prepared as explained above
were than subjected to two different rainfall intensities (1.68
and 3.6 cm/h) and three levels of seismic shaking events
(0.1–0.3 g accelerations; 1–3 Hz frequencies), as illustrated
in Table 2. The rainfall events were applied through a
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laboratory scaled custom designed sprinkler system (Fig. 7),
and the seismic events were applied after preparing the
model on the shaking table, shaking with actuators, and
saturating them with rainfall (Fig. 8).

During the rainfall events, advancements of the wetting
fronts were traced—every 15 min—while suction valuesFig. 1 Process for the preparation of experimental model slopes

Table 1 Geometries and densities of the model slopes used for this
study

Model number Slope gradient (Deg) Void ratio

1 40 0.89

2 40 1.00

3 40 1.20

4 40 1.20

5 40 0.89

6 45 0.89

7 45 1.00

8 45 1.20

9 45 1.00

10 40 1.20

Fig. 2 Locations of the tensiometers at different depths (Decagon T5
tensiometers)

Fig. 3 Drilling in the slope to install the miniature tensiometer
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were recorded with the tensiometers every second. Suction
values were also recorded during the seismic events to
measure the change in suction during seismic events.
Moreover, deformations of the slopes were measured using
high resolution cameras (surface, real time) and the copper

wire extensometers (depth-wise, at the end of the test).
Degrees of saturations for soil at the tensiometer locations
were measured at the end of the rainfall event.

Fig. 4 Backfilling of the top surface of tensiometer location with
bentonite slurry

Fig. 5 Location of copper wire inclinometers (units = cm)

Fig. 6 Installed copper wire inclinometers

Table 2 Rainfall intensities (prior to seismic motion) and seismic
motions applied to the models

Model number Rainfall intensity (cm/h) Seismic motions

1 1.68 0

2 1.68 0

3 1.68 0

4 3.60 0

5 3.60 0

6 3.60 0

7 3.60 0

8 3.60 0

9 1.68 0

10 3.60 0.1–0.3 g
1–3 Hz

Fig. 7 Custom designed sprinkler system used for this study

Fig. 8 Slope models prior to shaking on the shaking table
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2.2 Numerical Modeling

Numerical models were developed for the slope models at
the same geometry and densities as used in the experi-
mental modeling. Slope/W, Seep/W, and Sigma/W plat-
forms of the GeoStudio software were used for static
analysis and Quake/W was used for the seismic analysis.
Prior to the initiation of numerical modeling to acquire
various parameters, numerical modeling parameters for
Seep/W were calibrated with the experimental results,
specifically with the wetting front locations and suctions at
different locations and time spans. To perform finite ele-
ment analysis for experimental models in this study,
Sigma/W was used. Before performing the stability analy-
sis, steady-state seepage analysis was performed first to
obtain initial pore-water pressure condition to be matched
with the experimental information, and then the model was
imported into the Sigma/W for transient analysis state.
Sigma/W allows simulating rainfall on the slope in desired
amount of time. Change in pore-water pressure with rainfall
duration was also calculated by using this module. The
required parameters for the numerical analysis were taken
from laboratory experiment (Table 3). There were a few
assumptions made in this analysis: (a) infiltration was
considered as the only effect on seepage condition within
the slope, and the evaporation on the surface of the slope
was ignored during the numerical analysis; (b) if rainfall
intensity is smaller than the saturated hydraulic conduc-
tivity, all rainfall infiltrates into the surface, and the excess
amount will runoff and flow down the slope. In Seep/W, a
“q” unit flux boundary condition is assigned as the rainfall
intensity, which was 1.68 or 3.6 cm/h. This flux value is
applied along the surfaces of the slope, as shown in Fig. 9.
In Sigma/W, there were a few assumptions for input
parameters, such as Young’s modulus and Possion’s ratio.
Typical values of Young’s modulus for cohesive material
obtained from literature for high plasticity clay (CH)—
7000 kPa for void ratio of 0.89, 5500 kPa for void ratio of
1, and 4000 kPa for void ratio of 1.2—were used. The
value of Poisson’s ratio used was 0.45. Details of the
numerical analysis using these platforms are available in
Tran (2017).

3 Results and Discussion

3.1 Laboratory Experiments

Presented in Fig. 10 is a sample wetting front locations—
separated every hour—for Model 2. Time vs suction
recording at 5 tensiometer locations on this model are pre-
sented in Fig. 11. Results presented on Fig. 10 can be used
to estimate the time required for the water to reach ten-
siometers and reduce the suction to *0 kPa. Please note
that tensiometers were installed half way from the edge of
the slope while wetting fronts were measured at the edge of
the slope. As can be observed in Table 4, time required for
the tensiometer to cease suction is very close to the time the
wetting front advanced to those tensiometers, except in
Tensiometer 3 (T3). From the pattern of the suction variation
with time, observed in Fig. 11, it is clear that this

Table 3 Parameters used in numerical modeling of model 1

Parameter Values

Void ratio 0.89

Hydraulic conductivity (m/s) 4 � 10–9

Rainfall intensity (cm/h) 1.69

Young modulus (kPa) 5000

Poisson’s ratio 0.45

Fig. 9 Boundary conditions and grid set-up for numerical modeling

Fig. 10 Advancement of wetting front with time—recorded by
eye-observation through the Plexiglas container
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tensiometer had some recording issues during the initial
period. Similar results were obtained for other models as
well. Please also note that as the soil was compacted at
higher density for this model, soil swelled after the slope
became saturated as can be observed in Fig. 10 for the
post-experiment slope.

Deflection of the copper wire extensometers with depth
shows the location that had the maximum deformation.
Presented in Fig. 12 are the deflections of copper wires for
Model 3. Deflection of the copper wire extensometers helped
to predict the plane that has maximum deformation for
Model 3, as presented in Fig. 13.

The wetting front information presented in Fig. 10 has
been used to calculate seepage velocity for all 10 models so
that variation in seepage velocity on slopes with soil density
and intensity of rainfall could be developed. Presented in
Fig. 14 is the relationship between seepage velocity and void
ratio for two different rainfall intensities. Likewise, Fig. 15
shows the variation in seepage velocity with infiltration rate.
Similar results were obtained for the 45° slope as well.

The results obtained from the experimental modeling
were compared with the results obtained from the numerical
analysis using Seep/W. As can be observed in Figs. 16 and
17, the results obtained from the numerical modeling in
models with 40° slopes were close to that from the

experimental modeling. This is the way how calibrations of
the numerical models were performed. Similar results were
observed for the 45° slopes as well.

Critical failure planes were also obtained through
numerical analysis using Sigma/W, as presented in Fig. 18
(for Model 1). Presented in Figs. 19 and 20 are the com-
parison of weakest planes obtained with experimental and
numerical analyses for Models 6 and 2, respectively.

The comparison between seepage velocities and defor-
mation obtained from both numerical and experimental
modeling was useful to calibrate the numerical models, as
explained earlier. With the Slope/W function of the
Geo-Studio, reduction in safety factors with an increase in
rainfall duration for the experimental models were calculated
at the critical/weakest planes using Spencer’s Method.
Although the factors of safety were higher than 1 and the
models did not fail, there was a drastic reduction in safety
factors with an increase in rainfall duration for all slopes,
with denser slopes having a lower reduction rate. Results of
the numerical analysis related to safety factor reduction with
rainfall duration for 40° slopes having different soil densi-
ties, subjected rainfall intensities of 1.68 cm/h and 3.6 cm/h
are presented in Figs. 21 and 22, respectively. Similar results
for the 45° slopes at the rainfall intensity of 3.6 cm/h are
presented in Fig. 23, for comparison.

As explained in the previous section, slope models were
prepared in the Plexiglas container to make a 40° slope at the
void ratio of 1.2 (Model 10). Tensiometer devices and
accelerometers were installed at different depths within the
slope. First, the slopes were subjected to a series of sinu-
soidal waves for 20 cycles, separately at the frequencies of 1,
2, 3 Hz and accelerations of 0.1, 0.2, 0.24, and 0.3 g. In
addition, ground motion recorded at station 90,095 during
the 1994 Northridge Earthquake was also applied. Figure 24
shows the ground motion applied to the model.

Right after the shaking event, the sprinkler system was set
on the top of the Plexiglas container. Rainfall intensity of
3.6 cm/h was introduced to the slope. Figure 25 shows the
variation in pore water pressure during the shaking stage. As
can be observed in Fig. 25, there is no change in suction in
the compacted soil during shaking. Presented in Fig. 26 is
the variation in suction during the rainfall event, observed

Fig. 11 Variation of suction with time—recorded by the tensiometers

Table 4 Time required for the
wetting fronts to reach
tensiometers and the tensiometers
to drop suction to *0 kPa

Tensiometer
location

Time required for wetting fronts to reach
tensiometers (h)

Time required for tensiometers to drop
suction values to *0 kPa (h)

T1 2.5 2.5

T2 3.0 3.0

T3 5.2 7.9

T4 3.5 3.9

T8 1.2 1.2
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Fig. 12 Copper wire deflections
observed after the experiment in
model 3 (x-axis exaggerated)
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with the tensiometers. Deformation observed with the cop-
per wire and the potential sliding plane obtained with
Sigma/W for the slope subjected to rainfall after the seismic
event is presented in Fig. 27. As can be observed in Fig. 27,
deformation of the slope decreased after the model was
shaken with a series of seismic events; and the potential
sliding planes obtained from the numerical and experimental
results were similar. Figure 28 shows the comparison of
factors of safety obtained for static slope and same slope
subjected to post-seismic event rainfall event. As observed
in Fig. 28, safety factors have increased for the same slope
after the shaking event due to the increase in soil density
after the shaking event; please note that Model 10 had the
highest void ratio, i.e. lowest compaction density.

Fig. 13 Predicted weakest plane in model 3

Fig. 14 Variation of seepage velocity with void ratio for two different
intensities of rainfall for 40° slope. Data for point ‘?’ was obtained from
the numerical analysis

Fig. 15 Variation of seepage velocity with intensity of rainfall for
three different void ratios for 40° slope

Fig. 16 Seepage velocities from numerical and experimental models
for 40° slope; rainfall intensity 1.68 cm/h

Fig. 17 Seepage velocities from numerical and experimental models
for 40° slope; rainfall intensity 3.6 cm/h
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4 Summary and Conclusion

Extensive experimental modeling efforts were made on
slopes prepared at two different slope gradients and three
different densities. Those experiments included preparing the
slopes, instrumenting them with tensiometers and exten-
someters, and subjecting the slopes to two different inten-
sities of rainfall until the slopes got saturated. The suction
values and extensometer deformations were recorded and the
results were compared with the results obtained from the
wetting front advancement with time. Moreover, numerical
analyses were performed on all the slopes to calibrate the
numerical analyses parameters. Results obtained from
Seep/W on seepage velocities and Sigma/W on deformation
matched well with the results obtained from the wetting

Fig. 18 Weakest plane obtained from numerical analysis—Sigma/W
for model 1

Fig. 19 Weakest plane obtained from numerical and experimental
analyses—Sigma/W for model 6

Fig. 20 Weakest plane obtained from numerical and experimental
analyses—Sigma/W for model 2

Fig. 21 Variation in safety factor with rainfall duration in 40° slope
model subjected to 1.68 cm/h rainfall

Fig. 22 Variation in safety factor with rainfall duration in 40° slope
model subjected to 3.6 cm/h rainfall
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Fig. 23 Variation in safety factor with rainfall duration in 45° slope
model subjected to 1.68 cm/h rainfall

Fig. 24 Ground motion applied to model 10 prior to the application of
rainfall event

Fig. 25 Variation in suction with time during the shaking event

Fig. 26 Variation in suction with time during the post-earthquake
rainfall event

Fig. 27 Potential sliding planes observed on model 10 with experi-
mental and numerical results

Fig. 28 Variation of the factors of Safety on Model 10 with time for
static and seismic loading
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fronts/tensiometer recordings and copper wire deformation,
respectively. The calibrated numerical models were used to
calculate the factors of safety of slopes with the duration of
rainfall using Slope/W module of GeoStudio. In addition to
the static experiments, slope model that had the lowest
density was shaken on the shaking table with a series of
seismic motions and change in suction during the shaking
was observed. It was observed that there was no change in
suction with seismic shaking. When the shaken slope was
subjected to a rainfall event, there was a reduction in seepage
velocity and deformation compared to the same slope that
was not subjected to seismic events. Such reduction in
seepage velocity has been attributed to the increase in den-
sity of the soil during and after shaking. This study provides
a complete information about how various soil and ground
parameters influence stability of slopes and how numerical
models can be calibrated with the experimental modeling
results to apply the calibrated numerical models for field
slopes/landslides.
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Sustainability of Geosynthetics-Based
Landslide Stabilization Solutions

Ivan P. Damians, Yoshihisa Miyata, Pietro Rimoldi, Nathalie Touze,
and John Kraus

Abstract

This paper considers the sustainability of geosynthetics-
based solutions to mitigate landslide risks. The different
types of geosynthetics are briefly described, along with
their functions and applications relevant to landslides,
emphasizing reinforcement. The paper identifies the
sustainability factors to consider when applying geosyn-
thetics for these purposes. The paper then presents an
overview based on existing literature to illustrate how
geosynthetics typically outperform traditional methods
across a range of sustainability criteria across the entire
life cycle. The paper shows lastly how the value
integrated model for sustainable evaluations (MIVES)
tool can be applied to evaluate and compare alternative
methods for remediation of landslides and recommends
further studies using this tool.

Keywords

Geosynthetics � Landslides� Sustainability assessment�
MIVES

1 Introduction

Landslides have occurred since time immemorial, even
without any land transformation generated by human
actions. They can occur worldwide, with little distinction
across geographical locations, and represent one of the most
common geological events.

Historically, different construction solutions have been
considered with the aim of avoiding ground displacements,
especially where there is risk to life or where infrastructure,
buildings, or service installations are vulnerable to damage.
It is essential to choose the appropriate solution based on a
solid understanding of the causes of landslides. Among the
natural causes, the most frequent are rainwater infiltration,
rising groundwater levels, loss of vegetated surface, erosion,
and weathering.

Human land use and related ground transformation often
increase the potential for landslides, for example, as a con-
sequence of construction, earthworks, and urbanization—
i.e., modification of previously stable geometries and/or
loading conditions. Other significant factors include defor-
estation (change of the previous surface scenario that may
include deep-rooted vegetation removal), blasting and min-
ing, and agricultural and forestry activities.

Appropriate preventative measures can be active or pas-
sive, depending on the specific factors. Active interventions
may include direct ground modifications or measures to
rectify previous potentially unstable scenarios by modifying
the geometry of the land or strengthening the ground.
Examples of passive approaches include mechanical pro-
tective measures, drainage, filtration, and separation.
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Geosynthetics are durable polymers that provide high
performance, and they often contribute to making infras-
tructures more sustainable in many aspects. Nowadays,
polymeric materials are used routinely for soil reinforcement
and stabilization, barrier systems and hydraulic drainage
within the civil engineering framework. Fibrous filter fabric
products were already used in ancient times to improve the
mechanical performance of soil, using natural fabrics or
vegetation. But, in the final third of the twentieth century,
more stable and durable products were available, following
the advent of polymeric materials. As the technology
advanced, its effectiveness increased significantly, and pre-
viously unknown or unconsidered applications became
viable.

The list of the most commonly used geosynthetic prod-
ucts currently available is extensive. It includes geotextiles,
geogrids, geonets, geomembranes, geocells, and geocom-
posites. These products consist of diverse materials, typi-
cally polyamide, polyester, polyethylene, polypropylene,
polyvinylchloride, ethylene and copolymer. They take vari-
ous forms, usually sheets, grids, cells, or strips. This diver-
sity of material and form leads to performance that is well
adapted to the specific needs of the required function.

2 Geosynthetics for Landslide Prevention

Within the many civil engineering applications where
geosynthetics play a fundamental role, their use in landslide
stabilization projects is not new. The main related functions
for landslide stability purposes are filtration, drainage, pro-
tection and reinforcement. Geosynthetics demonstrate sev-
eral significant mechanical/functional/technical advantages.

Engineers can prevent landslides in various ways using
geosynthetics:

• using geotextiles and geomembranes to perform barrier
function and/or filter function, which prevents the effects
of water seepage;

• using high strength geosynthetics to reinforce the soil,
thus making stable even for very steep slopes;

• using geomats and geocells for hold topsoil in place, thus
preventing slippage;

• using geocomposite drains to allow excess rainwater to
disperse safely, without washing the soil away; and/or

• applying geosynthetics for erosion control to the surfaces
of slopes to encourage the growth of new vegetation and
provide anchorage to the root structures, thereby increas-
ing their erosion resistance under significant hydraulic
stresses, further stabilizing slopes through natural means.

For landslide mitigation, geosynthetics are often utilized
to provide tensile strength and added stiffness to the soil,

which is basically strong in compression, to achieve a safe
level. Geosynthetic reinforcements combine high tensile
strength (up to 1000 kN/m in some products) with limited
tensile creep, improved interaction with the surrounding soil
material, and resistance to chemical/biological degradation
and environmental ageing.

Since 1980 geosynthetics, and particularly geogrids, have
been extensively used for the construction of Reinforced Soil
Structures (RSSs), and in many landslide stabilization pro-
jects, for slopes as high as 60 m (Cambiaghi and Rimoldi
1991; Cazzuffi et al. 1995; Coluzzi et al. 1996; Coluzzi et al.
1996; Coluzzi et al. 1997; Dikran and Rimoldi 1994; Manni
and Rimoldi, 2006; Rimoldi 1996; Rimoldi and Ricciuti
1992; Rimoldi and Scotto 2012).

RSSs have been designed and built even in highly seismic
areas (Rimoldi 2018) using cohesive/ marginal fills (Giroud
et al. 2014).

Layers of geosynthetic reinforcement are used to stabilize
slopes against potential deep-seated failure using horizontal
layers of primary reinforcement. The reinforced slope may
be part of slope reinstatement and/or used to strengthen the
sides of earth fill embankments.

The reinforcement layers allow slope faces to be con-
structed at steeper angles than the unreinforced slope. It may
be necessary to stabilize the face of the slope (particularly
during fill placement and compaction) by using relatively
short and more tightly spaced secondary reinforcement
and/or wrapping the reinforcement layers at the face. In most
cases, the face of the slope must be protected against ero-
sion. An interceptor drain may be required to eliminate
seepage forces in the reinforced soil zone. Figure 1 shows
the scheme of a reinforced soil slope, and Fig. 2 shows an
example of a remediated slope with a reinforced slope
structure.

Recently, Rimoldi et al. (2021) reported on geosynthetic
reinforced soil structures for slope stabilization and landslide
rehabilitation in Asia, including slope reinforcement and

Fig. 1 Scheme of a geosynthetic reinforced soil slope (from IGS leaflet
“Geosynthetics in Slopes over Stable Foundations”)
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drainage (Fig. 3). In most applications, geosynthetics usu-
ally offer lower production costs than traditional solutions.
Geosynthetics can be shown to be the best products used in
landslide rehabilitation and natural disaster reconstruction
through life cycle cost analysis. In fact, there are several
advantages when using geosynthetics: space savings;
avoidance of costly ‘remove and replace’ methods; possible
use of locally available lower quality backfill materials; low
maintenance due to long life cycle; lower time and labour
costs, because geosynthetics are easy to install, use less
backfill material and require no special equipment; increased
reliability of designed solutions thanks to geosynthetics’
guaranteed mechanical and hydraulic properties.

3 Sustainability

As an integral part of civil engineering design
decision-making, sustainability criteria are becoming more
common (e.g., Aguado et al. 2012; MacAskill and Guthrie
2013), including in geotechnical engineering projects (Basu
et al. 2014; Holt et al. 2010). Sustainability and sustainable
development include the capacity to carry out an activity
(such as manufacturing or constructing a product or struc-
ture) with minimal or no impact (BSI 2012; Josa and
Alavedra 2006; WCED 1987). However, sustainability is
more broadly defined as satisfying three sets of requirements
or pillars based on environmental, economic and societal/
technical/ functional criteria (Afnor Group 2012; ISO 2019).
Sustainability objectives can vary between project types and

Fig. 2 Example of remediated slope with reinforced slope structure
(from IGS leaflet “Geosynthetics in Slopes over Stable Foundations”)

Fig. 3 Geosynthetic reinforced soil structures for slope stabilization
and landslide rehabilitation in Asia (from Rimoldi et al. 2021):
a reinforced soil structure along the river Myittha in Myanmar, as a
remedial work of an existing collapsed concrete masonry wall,
b installation of gravel layer wrapped with nonwoven geotextile as
drainage material, c rainwater runoff triggered a slope collapse, and d
installation of geosynthetic reinforcements and view of the completed
slope remediation
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within different categories due to differences in costs of
materials, construction, maintenance, environmental and
societal impacts, etc.

Sustainable design involves finding a satisfactory balance
between these competing objectives (Basu and Puppala 2015;
Josa and Alavedra 2006; Josa et al. 2008). A key feature of
sustainable design is a structure or project lifetime
‘cradle-to-grave’ perspective, although ‘cradle-to-operation’ or
‘cradle-to-gate’ are also common (ISO 2006a, b). In slope sta-
bility, lifetime use is considered in six stages comprising (1) ex-
traction and processing of raw materials, (2) production of
materials required for each alternative approach (including the
extraction and treatment of aggregates, specific geosynthetic
products production, and all/other products/processes involved,
etc.), (3) construction/execution/installation of the alternative
and all related/involved works including necessary
controls/checking tasks during construction, (4) maintenance
involved in the whole service life, including eventual final stage,
(5) demolition up to achieving (6) end-of-life stage of the
solution. All these tasks are directly related to energy con-
sumption both for direct execution and indirectly, e.g., transport.
Obviously, this lifetime has to be the same for all alternatives
under comparison, which is included in the definition of the
functional unit, fixed between them.

Therefore, sustainability is understood and standardized
in the context of our global systems to encompass environ-
mental, economic and social impacts, where the needs of the
present generation are met without compromising those of
future generations. From this sustainability point of view,
geosynthetics have proven themselves as suitable solutions
in many civil engineering applications. Often, they represent
the best option across multiple sustainability factors,
particularly for landslide stability purposes. Whether in
landslide or other applications, when compared with con-
ventional approaches, geosynthetics-based solutions have
demonstrated reduced material use and lower costs for
materials, construction and maintenance works.

In general terms, economically, at the construction level
of slope stabilization, different studies have proven that a
construction solution that opts for geocomposites is much
more economical and efficient. The use of geosynthetics may
reduce or even eliminate waste deposits. Furthermore,
geosynthetics can also serve as reinforcing and/or drainage
materials to accelerate the consolidation of soft subgrades,
thereby reducing execution times, transportation, and gen-
eral construction-related costs.

Geosynthetics also deliver superior environmental per-
formance in terms of a smaller carbon footprint and effective
climate mitigation and adaptation. Material displacements
are considerably reduced, and the tools and equipment used
for installation are much simpler than traditional methods.
Transportation is also much easier, and there is no need for
highly qualified personnel to perform installation and

construction. Compared with conventional options, signifi-
cant savings are typically obtained (Christopher 2014).

Geosynthetics also bring significant social, technical and
functional benefits in comparison with other
foundation-stabilization methods such as dewatering, exca-
vation, and replacement with certain granular materials or
chemical stabilization. Compared with traditional drainage
methods (i.e., sand and gravel), a key advantage is that
geosynthetics-based solutions significantly reduce the
required thickness of aggregate layers compared with con-
ventional solutions. Also, geosynthetic products typically
work better than the geotechnical materials they replace and
the performance improvement is gained by using manufac-
tured materials with fully known properties.

3.1 Sustainability Assessment: MIVES
Methodology for the Case of Slope Stability
Remediation Alternatives. General
Approach

A sustainability assessment model should be based on value
theory and multi-attribute assumptions. For slope stabiliza-
tion performances, a value integrated model for sustain-
ability evaluations (MIVES) methodology may be used
(Josa et al. 2008), as has already been done for other civil
engineering applications. Damians et al. (2018) present a
clear and direct application for retaining wall structures,
which can be used here as a reference for slope stability
applications.

The MIVES method (hosted in free software available at:
https://deca.upc.edu/es/proyectos/mives/descargas) can be
used for quantitative sustainability assessment of any defined
functional unit for which inputs and outputs can be related
for each requirement level or pillar category by using mul-
ticriteria analyses.

As already stated, a proper definition of the functional
unit is crucial for a correct comparison between alternative
solutions (in this case, for example, according to different
measures/actions to remediate unstable slopes, affecting the
same extension area, etc.). According to the functional unit,
the full inventory of materials and actions related to each
case study analysis is required (indicator items list). The
sustainability assessment methodology and related outcomes
using the MIVES approach can be understood from the flow
chart in Fig. 4, where the requirements tree is defined by a
hierarchical process. Sustainability requirements refer to
environmental, economic and societal/ technical/ functional
pillars (the basic/standardized pillar categories defining
sustainability; ISO 2019). Each category is defined by cri-
teria with three or more quantifiable indicators. Each mul-
ticriteria analysis ends with a single numerical score (Vfinal)
suitable for objective decision-making between the different
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project alternatives under consideration. The global process
of assigning values and weighting to each indicator—criteria
—requirement level to arrive at a final MIVES score (Vfinal)
is shown below the flow chart in Fig. 4 and explained.

3.2 Sustainability Requirements Definition

For slope stability purposes, as typically done in many other
areas, the economic pillar can focus on project costs. These
costs accrue from the manufacturing and transportation of
construction materials, anticipated material losses, on-site
fabrication of structural remediation components, including
labour and the like. For cradle-to-grave sustainability
assessment, these costs include operation but also mainte-
nance and, if included in the functional unit lifetime defi-
nition, final dismantling and disposal of materials.

Cost variability is common in civil and construction
engineering projects (depending on the project’s specifics,
site of the works, types of suppliers, materials/specifications,
etc.). Probabilistic cost analysis is recommended. While cost
can be finally grouped as a single indicator, it may also be
split with regard to costing types (in such cases, probabilistic
analysis may be applied to some indicators only).

The environmental pillar focuses on environmental
impacts and is most often addressed through a life cycle
assessment (LCA) approach. Fraser et al. (2012), Heerten
(2012), Stucki et al. (2011), and Damians et al. (2017)
present examples where LCA approaches were applied in
studies of different geosynthetic applications to civil engi-
neering. An LCA should ideally consider all possible envi-
ronmental impacts of any construction process and materials
used in the project works (ISO 2006b). Midpoint
(pM) indicators (e.g., tonnes carbon dioxide equivalent
(tCO2e)) are used to identify intermediate effects of pollu-
tants, and damage models are used to compute endpoint

(Ep) indicators, which are combined to give a ‘final-effects’
LCA endpoint score. Quantification of environmental
impacts is well established in the scientific literature, and
databases are available. Damage categories can be weighted
based on socio-political factors and uncertainty in calcula-
tions when computing the final (dimensionless) endpoint
score for project alternatives in LCA. This score can then be
used for decision-making based on environmental impacts
alone (Bare et al. 2000). Figure 5 presents the relationship
between the life cycle impacts, midpoint indicators and
endpoint indicators for nine categories. Different environ-
mental midpoint impact categories can be included accord-
ing to the specific alternatives analysed, and site-application
effects representation for specific slope stability purposes.

The societal/technical/functional pillar captures
requirements related to issues such as aesthetics, safety, ease
of design and constructability, among many other consid-
erations including, for example, technical issues/
considerations regarding the specific products available
and/or to apply for slope stability purposes. These issues
vary according to subjective importance and assessment.
A practical strategy to quantify these issues is to develop a
survey tool that representative agents, stakeholders and
suitably qualified professionals can fill out. The results can
be weighted using analytic hierarchy process techniques
(Saaty 2008).

4 MIVES in Brief

Multi-attribute utility theory and value analysis provide a
rigorous framework through a process of hierarchy, evalu-
ation, valuation, weighting and aggregation. Once the
requirements/ criteria/ indicators are defined by hierarchy
(1st stage; see requirements tree in Fig. 4), all indicators
(including the whole inventory of materials and processes

Fig. 4 Sustainability assessment
flow chart or requirements tree
proposal for landslide
applications (modified from
Damians et al. 2018)
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involved as indicator items) must be properly defined and
categorized by evaluation (2nd stage). The inventory of
materials and processes have to be determined for the
specific functional unit definition, which shall logically be
the same for all alternatives selected for the sustainability
assessment. After that, it is necessary to compare the
resulting quantifications between all indicators from the
three pillars through due valuation (3rd stage).

The definition of the decision-making options (or stake-
holder scenarios) and related sensitivities is done by
weighting (4th stage) to the requirements or pillars
(Wrequirement). It should be noted that the weighting process is
applied to all indicators (Windicator) and criteria (Wcriterion)
and/or in all possible layers/sub-criteria—if there are—
within the same requirement level. However, in some cases,
a particular indicator/criterion’s weighting may not be
influenced by the stakeholder scenario and must be assumed
separately/independently as per technical criteria.

Finally, summation of values and linked weights for each
step within the flow chart (requirements tree) shall be done
by aggregation (5th stage), achieving the final MIVES
result/score (Vfinal) and obtaining the best alternative in
terms of sustainability. Thus, each option is assessed inde-
pendently, with the best solution identified as the option with
the best aggregate score.

An important feature of the MIVES sustainability
assessment model is that the strength of each option is
influenced by the strength of the competing options during
the scoring calculations for each of the three pillar categories
or requirements.

5 Evaluation Process: The Value Functions

Evaluation is usually difficult because indicators are often
not directly comparable. This is what happens, for example,
when safety factors (non-dimensional) are compared with
related financial costs, or if the execution/installation time of
specific construction actions for a particular alternative is
balanced against tons of CO2 generated. Even when using
the same quantification unit, in many cases, it is difficult to
compare indicators (for example, when comparing costs
derived from different stages/concepts/processes involved in
the same product or alternative). Accordingly, it is necessary
to translate all the indicators into a common/single one to
allow comparison. This transformation is done by the value
functions, which can be defined by different trends, adopting
different forms (i.e., linear, concave, convex, sigmoidal,
etc.), as appropriate. Examples of value functions are shown
in Fig. 6. Value functions can also be discrete or
non-continuous. Value functions are used as converters from
original indicator quantifications (X-axis) to dimensionless
indicator values (Vindicator) between 0 and 1 (y-axis; see
Fig. 6). While a value function trend should be established
(e.g., higher value for: lower cost, lower environmental
impacts, better protection, better functionality/ robustness/
resilience, lower labour, and technical-specific requirements,
lower land used, etc.), the shape of this function may be
difficult to define.

A good way to properly define function shape is to begin
by identifying the real maximum/minimum indicator scores

Fig. 5 Relationship between life
cycle impacts, midpoint and
endpoint indicators, ReCiPe
method (modified from
Goedkoop et al. 2008)
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(quantification) for inclusion. It is not necessary to define
maxima and minima according to the values suggested by
each alternative solution, as objective limits may have been
set independently, e.g., security factors must be met
regardless of cost or idealized values—such as net-zero
carbon—may have been set to force alternatives to achieve
them.

Once minima and maxima are defined, it is necessary to
identify the desired approach for alternatives that are close to
these limits. How much do we want to penalize for being
close to the unwanted limit? How convenient is it to seg-
regate alternative solutions close to the set boundaries? For
economic impacts, lower costs to low probable limits (very
efficient use of materials and no losses of any kind) can be
established for the highest possible value (i.e., Veco-

nomic-indicator = 1). For environmental impacts, idealized
limits can be established, although none of the analysed
solutions is required to achieve the higher value limit with
Venvironmental-indicator = 1). Although there are different ways
to define the value functions, Eq. (1) is proposed below
(after Alarcón et al. 2011) and has been already used in
many civil engineering applications (Aguado et al. 2012;
Viñolas 2011; Damians et al. 2017; Pujadas et al. 2017; Josa
et al. 2020; among others).

Vindicator ¼ B 1� e�K
X�Sminj j

C

� �P� �
ð1Þ

where:

Vi is the value of the indicator being evaluated.

Smin is the point of minimum satisfaction, with a value of
0.

X is the abscissa that generates a value equal to
Vindicator.

P defines approximately the shape of the curve:
concave, convex, linear or S-shaped (see Fig. 6). If
P < 1 the curve is concave; if P > 1 the curve is
convex or S-shaped, if P = 1 it is linear.

C is a parameter that approximately defines the x-value
of the point of inflexion for curves with P > 1.

K is a parameter that approximately defines the y-value
at the point C.

B is a factor that allows the function to remain within
the range from 0 to 1. It is assumed that the highest
level of satisfaction has a value of 1. This factor is
determined by Eq. (2).

B ¼ 1� e�K
Smax�Sminj j

C

� �P� ��1

ð2Þ

where:

Smax is the point of maximum satisfaction, with a value of
1.

6 Conclusion

Multiple technological advances have allowed progress in
many fields of civil engineering, enabling significant
reductions in atmospheric CO2 emissions, cost savings for
personnel and construction material, and enhanced effec-
tiveness compared with traditional solutions.

Many studies demonstrate that geosynthetic materials
significantly contribute to preventing, avoiding, or reducing
the potentially catastrophic effects caused by land changes
and soil erosion. Their use not only saves time and money in
installation but can also save lives. Sustainability assessment
methods that account for environmental impact, cost and
societal/functional considerations are becoming an important
civil engineering tool for selecting the best option among
multiple solutions performing the same function.

A suitable methodology to assess different alternatives for
remediation of slope instability is available through the
MIVES tool and presented in this study. Other landslide
mitigation application cases should be analysed, applying
specific protocols or particular model features based on the
proposed methodology. Further developments and examples
of practical use of the MIVES are expected in the future.

Fig. 6 Different types and tendencies of value functions: a concave,
b convex, c linear, and d S-shape (modified from Alarcón et al. 2011)
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Establishment of the Disaster Risk Reduction
Unit in UNESCO and UNESCO’s Contribution
to Global Resilience

Lesly Mercedes Barriga Delgado, Irina Pavlova, Soichiro Yasukawa,
and Sergio Esperancinha

Abstract

The occurrence of catastrophes has increased considerably
in recent decades. Climate change, urban pressure and lack
of disaster preparedness are increasingly transforming
natural hazards into disasters, causing multiple losses. In
the last decades, Disaster Risk Reduction (DRR) has
captured significant attention as the main approach to
reduce vulnerabilities and exposure and improve pre-
paredness to protect regional, national and local develop-
ment. One of the main international agreements adopted to
strengthen and enhance society’s resilience is the Sendai
Framework for Disaster Risk Reduction (2015–2030),
which emphasises the need for more inclusive,
multi-hazard DRR processes and its synergies with
climate change, health, and sustainable development.
Within this framework, UNESCO enhances preparedness
and builds resilience at all levels through multi-hazard,
multi-discipline, and multi-stakeholder DRR mechanisms,
supporting the Member States particularly on eight
thematics. Likewise, UNESCO has been a catalyst for
international, interdisciplinary cooperation in many
aspects of disaster risk reduction and mitigation. The
organisation has supported activities of international DRR
programmes, such as International Consortium on Land-
slides (ICL), as part of its global contributions to this and
other international agreements.

Keywords

DRR � Disasters � Resilience � Multi-hazard �
Multi-stakeholder � Multi-discipline approach

1 The Impact of Natural Hazards

Floods, hurricanes, earthquakes, volcanoes, cyclones, land-
slides and wildfires have shaped the Earth’s landscape for
millennia, interacting with human settlements since the dawn
of civilization (Chaudhary and Piracha 2021). Such
encounters have had considerable impact on human life and
property, disturbing and altering the livelihoods of popula-
tions worldwide (UNESCO and UNICEF 2012).

The occurrence of disasters has increased significantly
over the last six decades (Chaudhary and Piracha 2021).
Climate Change (CC), urban pressure and the lack of disaster
preparedness are increasingly transforming natural hazards
into catastrophes, causing multiple losses. It is estimated that
around 85% of the world’s population has been distressed by
at least one natural hazard in the past 30 years (Chaudhary and
Piracha 2021). Since the 1990s, there has been a fluctuating
trend of increasing direct socio-economic impacts due to
disaster events, exacerbated in developing countries where
90% of the casualties occur (Chaudhary and Piracha 2021;
Academy of Disaster Reduction and EmergencyManagement
et al. 2020). Worldwide, from 2000 to 2019, disasters have
caused US$1.23 trillion in damages, claimed 1.23 million
lives and affected over 4 billion people (UNDRR 2020).

With an increasing frequency and magnitude of extreme
meteorological events as a result of climate change, losses
associated with disasters are on the rise (UNDRR 2019). In
the last few years, risks associated with climate extremes
have been amplified by the COVID-19 pandemic, creating
compound impacts and diminishing resilience to future
disturbances (Walton et al. 2021). From the start of the
pandemic through August 2021, extreme weather events
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have affected 139.2 million people and claimed 17,242 lives
in 433 disaster events (Walton et al. 2021). The vulnerability
of poorer populations to extreme hydro-meteorological
events has been aggravated, with their recovery after a dis-
aster becoming more difficult given the pandemic economic
impact (Walton et al. 2021).

2 Disaster Risk Reduction and the Sendai
Framework

Over the past decades, Disaster Risk Reduction (DRR) has
captured significant attention as the main approach to
improve resilience and protect socio-economic development
at different levels (Van Niekerk and Terblanché-Greeff
2017). Advances in DRR research have demonstrated the
critical need to move from disaster response to the identifi-
cation, evaluation and ranking of vulnerabilities and risks and
their unequal distribution among populations (Aitsi-Selmi
et al. 2015).

In 2015, a voluntary pathway was established to ensure
that DRR policy reflects the complexity and evolving
understanding of disaster risks in the twenty-first century
(Aitsi-Selmi et al. 2015), the Sendai Framework for Disaster
Risk Reduction (SFDRR) 2015–2030. This agreement con-
stitutes a long-term international compromise that aims to
protect lives, livelihoods and infrastructure along with cul-
tural and natural heritage from man-made and natural haz-
ards over 15 years (Kelman 2015; Wahlström 2015). This
major ambition was adopted at the UN Third World Con-
ference on Disaster Reduction (WCDR) held in Sendai,
Japan and endorsed by the UN General Assembly in June
2015, following the Hyogo Framework for Action 2005–
2015 (UNDRR 2019). Nevertheless, and unlike the Hyogo
Framework, SFDRR places greater emphasis on the need for
a more inclusive and all-hazards DRR process that incor-
porates both bottom-up and top-down actions, local knowl-
edge and expertise, with attention to the synergies between
DRR, climate change, health, and sustainable development
(Aitsi-Selmi et al. 2015). Likewise, SFDRR recognizes the
importance of a people-centred approach in the designing
and implementation of DRR policies and plans at all levels,
in accordance with its seven global targets and four priorities
of action (Stough and Kang 2015).

• Priority 1: Understanding disaster risk
• Priority 2: Strengthening disaster risk governance to

manage disaster risk
• Priority 3: Investing in disaster risk reduction for

resilience
• Priority 4: Enhancing disaster preparedness for effective

response and to Build Back Better in recovery, rehabili-
tation, and reconstruction.

3 UNESCO and the Establishment
of the Disaster Risk Reduction Unit

UNESCO operates at the interface between natural and
social sciences, education, culture and communication,
playing a vital role in building a global culture of resilience.

The organisation has been strongly involved in DRR since
the 1960s with studies on earthquakes and oceanography,
expanding since then its fields of action to other hazard cate-
gories, adaptation and mitigation activities. The scientific and
technical work in DRR is essentially promoted byUNESCO’s
International and Intergovernmental Science Programmes,
namely the International Geoscience and Geoparks Pro-
gramme (IGGP) (UNESCO n.d.), the Man and Biosphere
Programme (MAB) (UNESCO n.d.), the Intergovernmental
Oceanographic Commission (IOC) (IOC-UNESCO n.d.) and
the International Hydrological Programme (IHP) (UNESCO
n.d.).

At the end of 2021, and following an increase in requests
for support from national governments, UNESCO Member
States approved the creation of an independent DRR unit
under the Assistant Director-General for Natural Sciences in
the context of the recent approval of the Program and Budget
for 2022–2025. This cross-sectoral unit aims to coordinate
UNESCO’s work on DRR and with the above-mentioned
programs and mainstream the topic in the organization and
UN entities.

4 UNESCO’s Approach on Disaster Risk
Reduction

Following the SFDRR premises, UNESCO enhances pre-
paredness and builds resilience at all levels through
multi-hazard, multi-discipline, and multi-stakeholder DRR
mechanisms, supporting the Member States particularly on
(1) Science, Technology and Innovation (STI) for Resi-
lience; (2) Early Warning Systems (EWS); (3) Built Envi-
ronment; (4) School Safety (5) Disaster Risk Reduction for
Culture and Sites; (6) Ecosystem-based Disaster Risk
Reduction (Eco-DRR); (7) Post-disaster Response; and
(8) Risk Governance and Social Resilience (UNESCO n.d.).

Through a multi-disciplinary approach, UNESCO builds
capacities and fosters partnerships to support a holistic
understanding of climate crises and natural hazards and thus
scientific and technical disaster prevention, preparation,
response and recovery. UNESCO makes the most of its
comparative advantage by combining its expertise in earth,
ocean, water and ecological sciences with its mandate in
education, social sciences, communication, information and
heritage preservation towards achieving resilient societies.
Under its responsibilities, UNESCO supports countries in
DRR capacity-building, working in close collaboration with
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governments, the private sector and the overall UN system to
support Member States with their commitments and aspira-
tions contained in the Nationally Determined Contributions
(NDCs) and the UNFCCC Paris Agreement.

In addition, UNESCO adopts a multi-hazard and
multi-stakeholder engagement approach to the challenges of
disaster risks and climate change adaptation and mitigation.
Multi-hazard approach is necessary as one hazard may have
cascading effects such as earthquake to tsunami, storm to
flood, warming climate to glacier melting. UNESCO is in a
good position as it covers both weather and geo-related
hazards, giving DRR policy/technical directions based on
scientific evidence. Multi-stakeholder approach allows aca-
demics, civil society, the private and public sectors to col-
laborate in establishing risk prevention plans and strategies.
The engagement of different stakeholders and organisations
working at different scales of governance leads to more
coordinated and integrated DRR actions and projects. In this
regard, UNESCO supports the creation of spaces for the
empowerment and active participation of all-level stake-
holders in DRR processes.

5 UNESCO’s Contribution to Major Global
Challenges

As mentioned, UNESCO’s contribution to DRR focuses on
eight thematics.

Science Technology and Information (STI)—UNESCO’s
take on STI involves the enhancement and application of
citizen science, participatory research, local and indigenous
knowledge and development, and advanced Information and
Communication Technologies (ICTs) to enhance local dis-
aster preparedness and readiness. In Eastern Africa for
example, UNESCO developed a mobile AI Chatbot to
facilitate risk communication between citizens and public
sectors before, during and after the occurrence of hazardous
events. More than 700 public servants were trained for this
AI tool between 2020 and 2021.

Early Warning Systems (EWS)—Significant efforts have
been undertaken by UNESCO to strengthen EWS develop-
ment, particularly in countries with significant challenges
and vulnerabilities. In Ghana (2019), Morocco and Croatia
(2021) for instance, UNESCO supported the donation and
instalment of equipment for seismic monitoring provided by
the Japanese company Challenge. Likewise, in 2020, 19
countries received expert support from the organisation to
strengthen their early warning systems for tsunamis, floods
and earthquakes.

Built Environment—UNESCO supports its Member States
in strengthening capacities and construction-policy sectors to
increase the safety of their built environment and thus reduce
the socio-economic impact of disastrous events. The project
“Capacity Building for Disaster Risk Reduction in the Built
Environment in Latin America and the Caribbean” is the latest
UNESCO project concerning this issue. The three-year ini-
tiative also known as BERLAC, started in 2020 and has six
target countries (Cuba, Dominican Republic, Guatemala,
Mexico, Peru andHaiti) and four components: (1) secure safer
new buildings, (2) school facilities safety, (3) strengthen
existing buildings, and (4) develop risk-informed
policymaking.

School Safety—UNESCO is actively engaged in empow-
ering schools and their communities to enhance school
safety. To do so, UNESCO deploys a multi-hazard school
safety assessment methodology known as VISUS (Visual
Inspection for defining Safety Upgrading Strategies),
developed in close collaboration with the University of
Udine (Italy). The methodology has been successfully tested
in seven countries, assessing the safety of more than 500,000
students and educational staff. In 2022, UNESCO is plan-
ning to evaluate the safety of 100 school buildings in the
Dominican Republic, using the same methodology.

DRR for Culture and Sites—Acknowledging the value and
importance of safeguarding cultural heritage, UNESCO and
the Caribbean Disaster Emergency Management Agency
(CDEMA) conducted in 2020 a regional workshop to raise
awareness and foster synergies on disaster resilience in the
Caribbean culture sector. UNESCO is currently supporting
the incorporation of the workshop results into national/local
DRR policies and plans for the culture sector and selected
World Heritage sites in the region.

Eco-DRR—UNESCO promotes the conservation and sus-
tainable management of natural ecosystems to prevent and
mitigate natural hazards and climate change impacts. Cur-
rently, UNESCO is involved in the EU-funded OPER-
ANDUMproject, which aims to reduce hydro-meteorological
risks in European rural territories through nature-based solu-
tions (NbS).

Post-disaster Response—UNESCO assists Member States
in post-disaster response to assess damage and losses, and to
identify recovery and reconstruction needs. In the last years
and after earthquake events, UNESCO dispatched engineers
and seismologists to Turkey, Philippines and Iran for car-
rying out post-earthquake field investigations and drawing
lessons towards better preparedness, response, and recovery.
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Risk Governance and Social Resilience—UNESCO pro-
motes civil society engagement in the management of disaster
risk, encouraging the formation of youth networks that will
contribute for themainstreaming ofDRR in their communities
and governments. In recent years, and with the support of UN
agencies and regional organisations, UNESCO has estab-
lished youth platforms in Asia (U-INSPIRE in 2019), Africa
(AYAB-DRR in 2020) and the Caribbean (CARIDIMA in
2021). Furthermore, during 2020, 31 countries were sup-
ported technically by UNESCO in updating national policy
preparedness frameworks, prioritising small island develop-
ing states (SIDS) and African countries.

6 UNESCO’s Partnership with ICL

ICL was founded in 2002 during the UNESCO-Kyoto
University Joint Symposium on “Landslide Risk Mitigation
and Protection of Cultural and Natural Heritage” as an
activity of International Geoscience Programme project 425
“IGCP-425 Landslide hazard assessment and mitigation for
cultural heritage sites and other locations of high societal
value.” The first session of the Board of Representatives
(BOR) of ICL was organised at UNESCO Headquarters on
19–21 November 2002. Initial members of ICL agreed to
launch the International Programme on Landslides (IPL) and
adopted eight coordinating projects and 14 member projects
of IPL. Since its establishment, UNESCO has continuously
supported ICL/IPL activities (Sassa 2005; Sassa et al. 2022),
such as the UNITWIN (University Twinning and Network-
ing) Cooperation Programme on Landslide risk mitigation for
society and the environment (ICL 2015), the World Land-
slide Forum, the IPL Awards for Success and the Journal of
the International Consortium on Landslides (ICL 2012).

During the Third UN World Conference on Disaster Risk
Reduction (WCDRR) in March 2015, ICL took the initiative
of organising together with IPL, the Japanese Ministry of
Land, Infrastructure, Transport and Tourism (MLIT),
UNESCO and others the Working Session “Underlying Risk
Factors”. As an outcome of the session, the “ISDR-ICL
Sendai Partnerships 2015–2025 for global promotion of
understanding and reducing landslide disaster risk” was
signed by a number of key international organisations,
including UNESCO (Fig. 1) (Sassa 2015). These partner-
ships have been mobilized to pursue prevention, provide
practical solutions, education, communication and public
outreach to understand and reduce landslide disaster risk.

UNESCO appreciates the continuous commitment of ICL
global partners on long-term reduction of landslides disaster
risk, which has been translated into the establishment of the
Kyoto Landslide Commitment (KLC) 2020, which was
launched on 5 November with 90 signatory organisa-
tions including UNESCO. The continuity of the Sendai

Partnership 2015–2025 through the KLC2020 will allow
greater significant outcomes in the development of resilient
sustainable societies in many landslides’ prone areas. This
framework could not have come at a better time, considering
the intensification of landslide risks due to climate change
and global warming.

UNESCO is committed to the promotion and implemen-
tation of the ISDR-ICL Sendai Partnerships 2015–2025 and
KLC2020. In this context and in line with its mandate,
UNESCO’s DRR unit will continue to support the develop-
ment of global, regional and national multi-hazard EWS, the
improvement of the scientific basis for developing tech-
nologies and tools for landslide multi-risk identification and
management, the enhancement of schools and communities
preparedness and response, the provision of policy and
technical assistance to strength capacity for floods and
landslide monitoring and forecasting, the increase in
research, partnerships and international scientific coopera-
tion, and the collaboration with international partners, sec-
tors, UNESCO field offices, UNESCO chairs and Category II
Centres in the topic.
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Abstract

Based on solid evidence, scientists attribute the global
warming trend observed since the mid-twentieth century
to the human expansion of the “greenhouse effect.”
Extreme rainfall events have become more frequent
worldwide, resulting in hydro-meteorological hazards
creating more deaths and devastation. One of the most
remarkable disasters of rain-induced rapid long-traveling
landslides (RRLL) in Sri Lanka took place at Aranayake,
70 km east of Colombo, in 2016 (JICA Survey Team
(2016), Survey results of Aranayake Disaster, JICA. URL:
https://www.jica.go.jp/srilanka/english/office/topics/
c8h0vm00006ufwhl-att/160720.pdf [Last accessed: April
14, 2020]). The fluidized landslide mass ran over an about
2 km distance claiming the lives of 125 people. This tragic
event highlighted the importance of reliable early warning
and disaster management mechanisms even more than
ever because the presence of these hidden unstable soil

masses, as well as their run-out distances, are hardly
predicted. Once they start sliding, it is almost impossible
to stop them. Since 2020 (after the preceding period of
2019), both the National Building Research Organization,
Sri Lanka (NBRO) and the International Consortium on
Landslides (ICL) have jointly started a new 5-year
research project, “Development of early warning technol-
ogy of Rain-induced Rapid and Long-travelling Land-
slides (Project RRLL),” within the framework of
SATREPS. SATREPS, standing for “Science and Tech-
nology Research Partnership for Sustainable Develop-
ment,” is a Japanese government program promoting
international joint research. This article reports on the
outline of the project, including its background, goals,
plans of plots for developing critical technologies for the
early warning system, etc.
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RRLLs � SATREPS � Sri Lanka

1 Introduction

As an isolated island within the Northern Indian Ocean, Sri
Lanka experiences extreme rainfalls in two monsoon seasons
in response to the bi-annual reversing monsoonal winds
(Department of Meteorology, Sri Lanka 2020). Particularly
the south-western monsoon from May to September brings
rain to the southwest mountainous area of Sri Lanka. Out of
25 administrative districts in Sri Lanka, ten districts,
approximately 30% of the total land area of the Island, are
the most prone to landslides. Landslides in Sri Lanka,
mainly due to natural causative factors, have long been
remote and isolated events. However, these landslide-prone
areas have become the primary area of tea and cinnamon
plantations; thus, about 35% of the population of Sri Lanka
live in these areas nowadays.
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Moreover, post-civil-war Sri Lanka has been attracting
tourists with 5 of 7 UNESCO cultural and natural world
heritages of Sri Lanka located in landslide-prone areas.
Studies have revealed that human-induced interventions
such as rapid urbanization, population growth toward the
foot of mountains, inappropriate land management, defor-
estation in steep slopes, etc., have influenced nearly 70% of
the landslides in Sri Lanka. One of the most remarkable
disasters to mention took place at Aranayake in Kegalle
District, 70 km east of Colombo (JICA Survey Team 2016).
The fluidized landslide mass ran over a 2 km distance killing
125 people. These hidden unstable soil masses are difficult to
find in advance, and their long run-out distances are hard to
predict. Once they start sliding, it is almost impossible to
stop them. Thus, this tragic event at Aranayake highlights
the importance of sophisticated early warning and efficient
disaster management protocols.

Since 2020 (after the preceding period of 2019), both the
National Building Research Organization, Sri Lanka (NBRO
hereafter) and the International Consortium on Landslides
(ICL hereafter) have jointly started a new 5-years project for
Sri Lanka titled “Development of early warning technology
of Rain-induced Rapid and Long-travelling Landslides
(Project RRLL hereafter).” The project is within the frame-
work of SATREPS. SATREPS, “Science and Technology
Research Partnership for Sustainable Development,” is a
Japanese government program with two funding organiza-
tions, Japan International Cooperation Agency (JICA here-
after) and the Japan Science and Technology Agency (JST
hereafter), that promote international joint research. JICA
has proactively contributed to building a rational landslide
disaster mitigation framework for Sri Lanka. This project
aiming to develop cutting-edge technologies for
one-day-in-advance forecasts of the occurrence of RRLLs is
indeed complementary to all efforts that JICA has been
deploying in this country. This article outlines the back-
ground story that led up to the project, the project’s frame-
work, and some noteworthy developments in the technology
for implementing the early warning protocols.

2 Background Story

2.1 Recent Landslides in Sri Lanka

The technologies to stabilize reactivated and creeping land-
slide masses have progressed much because we can identify
their locations. However, the number of recent tragic events in
Sri Lanka shows a soaring trend in general, with some
remarkable spikes in 2003, 2007, 2011, 2014, 2016, and 2017,
as shown in Figs. 1 and 2. These events highlight the difficulty
in coping with the devastations caused by RRLLs. We can
identify neither their locations nor early signs of movement in

advance. Therefore, implementing advanced and feasible
technologies for early warnings of RRLLs is crucial.

2.2 EWS in Sri Lanka

Landslide Early Warning System (EWS) plays a significant
role as a non-structural risk reduction method on rainfall-
induced landslides. The National Building Research Orga-
nization (NBRO) is the authorized body for landslide Early
Warning (EW) in Sri Lanka. It has provided two kinds of
EWS since 2007: the first one is the Regional Landslide Early
Warning (RLEW) based on the rainfall thresholds (NBRO
2022a). The other is the Site-Specific Landslide Early
Warning based on sophisticated measurement instruments or
community-based landslide warning (NBRO 2022a).

The first EWS (RLEW) started in 2007. The warning on a
regional scale goes off based on predefined rainfall threshold
limits under three levels, i.e., watch, alert, and evacuation
respectively at 75 mm/day, 100 mm/day, and 150 mm/day
or 75 mm/h. The NBRO uses an automated network of 325
rain gauges (Fig. 3) established in the landslide-prone areas
of the country to obtain real-time rainfall data, based on
which the early warnings are issued. The messages were
notified directly to local people through not only the Web of
NBRO, but also radio communication, television, telephone,
and bells on sites from local agencies, which have the
responsibilities for the safety of local people. But some
problems have been emerging through the implementation
process of the system. Warning messages do not always
efficiently reach local people, and local people often ignore
the message even when they have adequately spread to the
people. Moreover, there have been many false-negative and
false-positive predictions of landslide occurrences, making
people think that the EW messages are just like the tale of
“The Boy Who Cried, Wolf.”

NBRO, given official development assistance from JICA,
started implementing the second method, site-specific EWS
and the Community-Based Landslide Early Warning
(CBLEW) approach for the landslide vulnerable communi-
ties identified in the country from 2016 to solve the problems
mentioned above. Site-specific information is necessary for a
more reliable warning for a specific slope. It was thus a
practical solution to save more lives in line with the four
priorities of the Sendai Framework for Disaster Risk
Reduction 2015–2030.

The CBLEW approach aims to empower the communities
and establish systematic preparedness plans for timely
self-evacuation of communities in case of a landslide event.
In this course, the communities get education on prepared-
ness and self-decision based on the rainfall data obtained by
manual rain gauges distributed in the village. The CBLEW
approach consists of the following:
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(1) Site selection by NBRO based on its preliminary
landslide investigation reports and landslide hazard
zonation maps (NBRO 2022b),

(2) Awareness programs for local government officers to
familiarize them with the project, and

(3) Awareness programs for local communities to give
knowledge about the following:
• What a landslide is,
• What pre-symptoms people can observe,
• Risk reduction techniques, and

• How the community people can create a community
risk map (Fig. 4, next page), install manual rain
gauges (Fig. 5, next page) and extensometers (Fig. 6,
next page), and sirens in the community.

However, fatal landslides/slope failures that continue
happening in the country remind us of the current need for a
more sophisticated early warning system. At first, develop-
ing novel approaches such as precipitation nowcast and

0

500

1000

1500

0
50

100
150
200
250
300

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21 N

um
be

r o
f l

an
ds

lid
es

 
an

d 
sl

op
e 

fa
ilu

re
s

N
um

be
r o

f d
ea

th
s

Year

Number of deaths
Number of landslides

Fig. 1 Number of landslides and
deaths from 2003 to 2021 (Credit
NBRO)

Fig. 2 Locations of landslides from 2003 to 2017 (Credit NBRO)
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forecast techniques is mandatory for improving landslide
early warnings. Behind this, we have the drastic change in
monsoon and cyclone patterns in the Indian Ocean,
responsible for unpredictable extreme events such as intense
and localized rain impacts. Secondly, we need to examine
the zoning for the EWS, which currently follows the
administrative zoning. It is perhaps more rational to issue a
warning considering the catchment boundaries. Thirdly,
site-specific EWS will be more accurate given more reliable
geotechnical parameters.

As mentioned above, RRLLs are the most troublesome
among all types of landslides because the movements of soil
masses are associated with liquefactions of whole masses
and along sliding surfaces. Their motions are swift and
extremely dangerous. Therefore, a pressing need is to
develop an effective early-warning system that predicts
RRLL occurrences one day in advance. Advancements in
technology for landslide disaster mitigation are remarkable
in the international world of the academy, with the ICL as
the core organization. They include forecasting localized
precipitation events, early detection of ground movements,
and relaying timely early warning to the last mile, namely,

residents at landslide risk. Among them, the critical tech-
nologies for the development of RRLL EWS are:

(1) Time prediction of heavy rainfalls and pore water
pressure build-ups,

(2) Site prediction of landslide initiations and motions, and
(3) Effective risk communication and public education.

In light of this situation, we have started a new 5-year
project between ICL on the Japanese side and NBRO on the
Sri Lankan side in 2020 (Japan Science and Technology
Agency 2020). The project is entitled “Development of
Early Warning Technology of Rain-Induced Rapid and
Long-Travelling Landslides,” in short, “Project RRLL.” As
said, this 5-year project, which officially started in 2020, is
one of the SATREPS projects.

3 Project RRLL

3.1 Planning and Kickoff

The “Sendai Framework for Disaster Risk Reduction 2015–
2030” is an international document adopted by the United
Nations member states between 14 and 18 March 2015 at the
World Conference on Disaster Risk Reduction held in

Fig. 4 Example of community hazard map (Credit NBRO)

Evacuation
(150mm/day or 

100mm/h)

Alert 
(100mm/day)

watch 
(75mm/day)

Fig. 5 Hand-made rain gauge (Credit NBRO)
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Sendai, Japan. This document outlines seven clear targets
and four priorities for action to prevent new and reduce
existing disaster risks (UNISDR Prevention Web 2015):

(1) Understanding disaster risk,
(2) Strengthening disaster risk governance to manage dis-

aster risk,
(3) Investing in disaster reduction for resilience, and
(4) Enhancing disaster preparedness for effective response

and “Build Back Better” in recovery, rehabilitation, and
reconstruction.

Sri Lanka has made a solid commitment to implementing
the Sendai Framework for Disaster Risk Reduction 2015–
2030. The commitment includes:

(1) Establishing the Roadmap for disaster risk reduction
“Safe and Resilient Sri Lanka” developed by JICA
(UDR Prevention Web 2005) for the Ministry of
Disaster Management of Sri Lanka, and

(2) Joining the “ISDR-ICL Sendai Partnerships 2015–2025
for global promotion of understanding and reducing
landslide disaster risk” (Sassa 2015).

The Partnership was officially adopted at the ICL-IPL
Sendai Partnership Conference on 11–15 March 2015
(Fig. 7). Both NBRO and Central Engineering Consultancy
Bureau (CECB), who joined the conference and signed the
Sendai Partnership, envisaged together with relevant signa-
tories the first plan for this SATREPS project. After thor-
ough discussions, it passed the final selection round on May
16, 2019, that the new 5-year SATREPS project for Sri
Lanka concerning “Development of early warning technol-
ogy of Rain-induced Rapid and Long-travelling Landslides
(Project RRLL)” would start in 2020.

A signing ceremony for the Minutes of Meeting
(MM) between NBRO, Sri Lanka, and JICA, Japan, was
held on October 15, 2019, at the auditorium of NBRO
(Fig. 8). Mr. Satoshi Nakamura, Leader, Detailed Planning
Survey Team, JICA, Japan, and Eng. (Dr.) Asiri
Karunawardena, Director General, NBRO, Sri Lanka, signed
the MM toward implementing Project RRLL. In the same
signing ceremony, Collaborative Research Agreement
(CRA) between NBRO, Sri Lanka, and ICL was also signed
by Eng. (Dr.) Asiri Karunawardena, Director General,
NBRO, Prof. Kazuo Konagai, Leader on the Japanese side
of Project RRLL, Principal Researcher, Prof. Kyoji Sassa,
Secretary-General, and Prof. Kaoru Takara, Executive
Director of ICL.

The following officers signed Record of Discussions of
the Project RRLL: Mr. Fusato Tanaka, Chief Representative,
JICA Sri Lanka Office, Eng. (Dr.) Asiri Karunawardena,
Director General, NBRO, Major General (Retired), Kamal
Gunaratne, Secretary, Ministry of Defence and Mr. Ajith
Abeysekera, Director General, Department of External
Resources, Ministry of Finance. This Record of Discussion
is an official agreement between both governments to con-
firm the implementation of the 5 year Project RRLL starting
on February 5, 2020.

Technical Cooperation Agreement for pursuing the Pro-
ject RRLL over the five years from March 1, 2020, to
February 28, 2020, was implemented between JICA and
ICL.

JICA and ICL signed the contract for the first year of
Project RRLL with the consent of both parties. The first year
started on March 1, 2020, and ended on May 31, 2021.

3.2 Implementation Structure

Figure 9 shows the implementation structure of Pro-
ject RRLL. The project is carried out exclusively by mem-
bers of the Joint Coordination Committee (JCC).
Simultaneously, it is also open through the “Landslide
Technical Forum” to anyone interested in it. The JCC
members are signatory entities of the Record of Discussion

Fig. 6 Handmade extensometer (Credit NBRO)
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that JICA and the implementing agencies on the Sri Lankan
side signed.

On the Sri Lankan side, we have:

(1) NBRO as the primary implementing agency and thus
the Secretariat of JCC,

(2) Disaster Management Center (DMC),
(3) Department of Meteorology (DOM), and
(4) Department of Irrigation (DOI).

(1) NBRO, (2) DMC, and (3) DOM are currently under
the purview of the Ministry of Internal Security, Home
Affairs, and Disaster Management, while (4) DOI is a
department of the Ministry of Irrigation. Just when the
project officially started, the COVID-19 pandemic started
spreading worldwide. To further promote our activities

under this harsh condition, we got new JCC members since
the 1st JCC meeting held in April 2021. They are:

(5) Central Engineering Consultancy Bureau (CECB) and
(6) Two individual professors from three major universities

in Sri Lanka.

On the Japanese side, which the Japan Science and
Technology Agency (JST) financially supports, we have:

(7) The headquarters of ICL as the entity leading the project,
(8) Tokyo Institute of Technology (TIT),
(9) Disaster Prevention Research Institute (DPRI) of Kyoto

University,
(10) Forestry and Forest Product Research Institute (FFPRI),

and

Fig. 7 Signing ceremony of ISDR-ICL Sendai Partnerships 2015–2025 (Sassa 2015)

Fig. 8 Signing ceremony on Oct. 15, 2019 for the minutes of meeting (MM) between NBRO, Sri Lanka and JICA, Japan
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(11) Kochi University.

In addition to these entities and organizations, we have
individual researchers joining the Project as official members
from external entities.

4 Pilot Study Sites

Geologically, the island of Sri Lanka is an extension of
Peninsular India and forms part of the Indian Shield, one of
the oldest and most stable parts of the earth’s crust. Previous
studies have suggested that the larger part of the
landslide-prone areas is covered with thick weathered gneiss
metamorphosed during Precambrian Era. The tropical cli-
mate has favored deep weathering of these metamorphic
rocks reaching tens of meters in these mountains with dense
tropical vegetation drapes. Two pilot study sites, Aranayake
and Athwelthota, are selected as representatives of two
major types of RRLL (Fig. 10).

4.1 Aranayake Landslide Area

Aranayake landslide was triggered on May 17, 2016, by
exceptional rainfall associated with a slow-moving tropical
cyclone. The fluidized landslide mass from the relative

elevation of about 600 m ran over an approximately 2 km
distance claiming the lives of 125 people. This landslide is
unique because it is much more prominent in size and runout
distance than the others. Though this type of landslide rarely
occurs, a large RRLL can cause a big disaster. This landslide
mass ran across two local communities, Elagipitiya and
Debathgama Pallebage, with about 1500 and 1100 inhabi-
tants, respectively. Summing up populations of the neigh-
boring communities with similar risks of this type of RRLL
expected, the number of beneficiaries of this project will be
at least several thousand.

4.2 Athwelthota Landslide Area

This landslide, which occurred in the Athwelthota area,
Baduraliya District, on May 26, 2017, destroyed nine
houses, killed nine people, and stopped traffic on a national
highway. Each landslide of the Athwelthota type will not
cause a surprisingly large disaster, but the number of land-
slides of this type can be huge, causing extensive losses of
human lives and properties.

During the heavy rain of 2017, 37 RRLLs reportedly took
place all at once, claiming the lives of 262 people. There
remains unstable soil masses above the two pilot study sites
perching in and around the tops of the exposed bare-earth
slopes. We will install necessary equipment on/in these soil

Fig. 9 Implementation structure for project RRLL (as of November 2021)
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masses to measure the causal factors of landslides and
creeping deformations. These pieces of equipment include
pore pressure sensors, inclinometers, borehole extensome-
ters, etc. We also monitor the movements of these soil
masses with Persistent Scatterer Interferometric Synthetic
Aperture Radar (PSInSAR). PSInSAR is a remote sensing
technique that uses radar signals from a satellite to measure
the ground displacement accurately. The method thus allows
us to track the motion of each scatterer structure placed on
the ground. These measurements will help develop infiltra-
tion models for the weathered gneiss in these areas.

5 Preliminary Study of Aranayake RRLL

Natural disasters such as landslides can repeatedly occur in
and around the same area, and we often find traces of past
tragic events remaining on the terrain. We can also see early
signs of future events in the topographical features. Fig-
ure 11 shows polygons with possible landslide blocks and
rock creep areas image-interpreted from the digital elevation
model of Aranayake, the 2016 RRLL (Polygon A)
disaster-hit area. In this figure, a clear depression B does not
take the appearance of a river valley (such as E) formed by
vertical erosional downcutting. This depression might be the
source area of a large past RRLL, and the debris mass from
this area B might have deposited on area C. Meanwhile, an
unstable soil mass (D) remains immediately behind the scar
of the bare earth exposed in the 2016 RRLL. Although an
RRLL has not occurred yet, the creeping movement may
help debris gradually accumulate to reach its stability limit.
Given the image interpretation mentioned above and
assuming that the inherent soil parameters differ little from
those at the 2016 Aranayake landslide zone, LS-RAPID
simulations were conducted to examine the following:

(1) If the LS-RAPID simulation would reproduce the 2016
RRLL event (A),

(2) If the past RRLL (B) likely happened, and
(3) How far out the future potential RRLL (D) can run out.

LS-RAPID is an integrated model that simulates landslide
masses’ initiation and downward movements (Sassa et al.
2010).

We took two soil samples (S-1, S-2) for testing from the
Aranayake RRLL source area as marked in Fig. 12b. These
soil samples were weathered matters of granitic gneiss with
grain size distribution curves shown in Fig. 12c. We then
conducted a series of ring shear tests using the ICL-2 ring
shear apparatus (Khang et al. 2018). These tests allow us to
obtain mechanical parameters and the critical displacements,
namely DU at which strength reduction starts and DL at
which strength converges on its residual value. These
parameters are all necessary for the simulations. Undrained
tests were then performed under the monotonic stress con-
trol, with the initial normal stress r and its increment Dr set
at 500 kPa and 1 kPa/s, respectively; the initial shear stress s
and its increment Ds set at 200 kPa and 1 kPa/s. The normal
stress was firstly increased to the predetermined value
(500 kPa) in a drained condition to avoid the generation of
excess pore water pressure. The drain valve was then shut to
realize the undrained condition before shearing. The applied
initial normal stress was determined, taking into account the
landslide mass’s average thickness (25 m). The initial shear
stress was finally calculated from this normal stress and the
slope angle.

When the effective stress path reaches the failure line, it
decreases due to pore pressure buildup along the failure line
until the mobilized shear stress reaches the steady-state
value. This behavior reflects the sliding-surface liquefaction
associated with grain crushing and the collapse of grain

Aranayake

Athwelthota

AthwelthotaAranayake

Fig. 10 Pilot study sites: (Left) Alanayake landslide in 2016, and (Right) Athwelthota landslide in 2017 (credit NBRO)
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fabrics (Sassa et al. 2004, 2010, 2015). As plotted in
Fig. 13c, when undrained shearing begins, the stress path in
the drained equilibrium with the initial normal stress of
500 kPa (indicated in Fig. 13c) goes obliquely upward,
reflecting the porewater pressure buildup. After it reaches the
failure line (39°), it decreases along the failure line until it
reaches the steady-state shear resistance of 30 kPa. The
friction angle holds its peak value (up) in the pre-failure state
until the shear displacement DL is reached (point of failure),
then shear strength reduces as the shear displacement
develops from DL to DU. DL and DU values observed in
this test are marked in Fig. 13b.

The 2016 Aranayake RRLL was reproduced in an
LS-RAPID numerical simulation to examine its initiation
and motion processes. Figure 14 shows the downslope
movement of the Aranayake landslide mass frame-by-frame.
The landslide mass shows an early sign of being detached at
the center of the source area (stage 1), at the elapsed time
(from the beginning of simulation) of 40 h 33 m, and the
pore pressure ratio (ru) increases to 0.20. The whole land-
slide mass then starts sliding at 66 h 06 m (ru = 0.28) (stage
2). The simulated landslide initiation time coincides roughly

with the actual time, proving the reliability of the simulation.
The landslide flow then splits into two runout paths until
they join each other again, where a remarkable volume of
debris stagnates (stage 3). Finally, the landslide flow stops at
66 h 08 m (stage 4). Given the satisfactory agreement
between the simulated and the observed processes of the
Aranayake mass movement, the same geotechnical param-
eters were used for LS-RAPID simulations to discuss the
possible neighboring soil wasting processes. Figures 15 and
16, respectively, show how the soil mass, which could have
been detached in the past, moved downslope, and how the
unstable soil mass, which still perches atop of the Alanayake
mountain slope just behind the scar of the 2016 RRLL, can
move downslope (Tan et al. 2020). For the future RRLL
case, shallow and deep potential sliding surfaces were
assumed to develop through the unstable soil mass. With no
information about precipitations for the past and future
RRLLs, the pore pressure ratio ru was assumed to increase at
a steady rate of 0.01/s. These simulations show the potential
distal ends when a jumble of wood and soil comes down as
the leading wave of a possible debris flow, thus, bringing to
light areas of special warning.

Fig. 11 Possible landslide
blocks and rock creep areas
image-interpreted from the digital
elevation model of Aranayake
(Tan et al. 2020)
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6 Technologies to Develop

This project has the following three groups, G1, G2, and G3:

G1 works as a hub for this joint research and integrates
unique technologies developed at the two pilot sites by
Groups 2 and 3. Through this activity, Sri Lankan scientists
and researchers enhance their ability to cope with the RRLL
disaster mitigation.

G2 develops technologies for (1) 24 h in-advance prediction
of heavy rainfalls and (2) assessing groundwater pressure
build-up, initiation of an RRLL, and its flowing dynamics.

G3 strengthens RRLL risk communication protocol, devel-
oping an augmented reality system for sharing predicted risk
information and providing public education to develop the
capacities of the communities.

As said before, essential technologies that the three
groups mentioned above will develop are for:

(1) Precise weather forecasts in mountainous regions,
(2) Prediction of groundwater pressure build-up, identifi-

cation of RRLLs locations and their moving areas, and
(3) Effective risk communication and public education.

Details for each technology follow.

6.1 Precise Weather Forecast in Mountain
Regions

The southwest region of Sri Lanka, where the south-western
monsoon brings heavy rain between May to September, is
our target region for the precise weather forecast. However,
the technology should apply to wherever we need it.

Fig. 12 a Location of the landslide region b Satellite picture of the
Aranayake landslide and the sampling site. c Grain size distribution of
the sample (Dang et al. 2019)

Fig. 13 Result of the undrained stress control test on S-2 using ICL-2
apparatus. a Time-series curves. b Stress-displacement curves. c Stress
path. Result of S-1 is not employed as increasing the pore pressure
failed to trigger the landslide. The reasons are available in Dang et al.
(2019)
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Fig. 14 Reproduction of the 2016 Aranayake RRLL on LS-RAPID. The A1–A2 profile is shown on the right. (Dang et al. 2019)

Fig. 15 Runout of the past possible RRLL (Tan et al. 2020)

Fig. 16 Runout of the future potential RRLL reproduced on
LS-RAPID. a For a deep-seated RRLL and b for shallow-seated
RRLL (Tan et al. 2020)
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Looking ahead to worldwide applications in the future, we
use MSSG as our generic platform for the precise weather
forecast from this perspective. The developers of this MSSG
join the research activity of G2 to help develop the rainfall
prediction system suitable for Sri Lanka.

MSSG, standing for Multi-Scale Simulator for the
Geo-Environment, is an atmosphere–ocean coupled
non-hydrostatic model aimed at seamless simulations from
global to local scales. MSSG consists of atmospheric
(MSSG-A) and ocean (MSSG-O) components (e.g., Taka-
hashi et al. 2007, 2013; Onishi and Takahashi 2012). MSSG
adopts a conventional latitude–longitude grid system for
regional simulations and the Yin-Yang grid system
(Kageyama and Sato 2004; Baba et al. 2010, Fig. 17a), con-
sisting of two overlapping latitude–longitude grids, thus
avoiding the polar singularity problem, for global simulations.

MSSG can consider the precise topographic effect and the
boundary-layer turbulence that affects the cumulonimbus
clouds development, (Seifert and Onishi 2016) particularly
over slopes against the wind. Thus, it is suitable for better
one-day-ahead predictions of heavy rainfalls in themountains.

Given the initial condition of weather variables such as
winds, temperatures, atmospheric pressures, etc., three days
before the Aranayake Landslide of May 2016 in Sri Lanka,
MSSG simulated cumulative rain falls at Aranayake. Fig-
ure 18 shows the rainfall accumulation at Aranayake
(80.4546E and 7.1476N) from 00:00 UTC May 14, 2016.
The figure shows three curves:

(1) For the simulation considering the turbulence enhance-
ment (Case-T),

(2) For the simulation not considering the turbulence
enhancement (Case- NoT), and

(3) The rain gauge record near Aranayake.

Though the reproduced timings of heavy rainfall events
are off from the recorded ones, they successfully produced
the total rainfall at the end. The Case-T shows a more sig-
nificant amount of rain than the Case-NoT, which indicates
the turbulence enhancement impacted the orographic rain.

One more successful example is in Western Japan, which
suffered vast devastation by the successive heavy downpours
in late June through mid-July 2018. Figure 19 shows the 6-h
rainfall accumulation over Hiroshima. MSSG successfully
reproduced the line-shaped torrential rainfall area, with a
length of approximately 70 km in the southwest to the
northeast direction and a width of roughly 20 km.

These simulations on MSSG usually require substantial
computer resources. For example, the simulation shown in
Fig. 19 was conducted on a supercomputer at JAMSTEC
with the upper-level computation nest covering a 200 km by
200 km area of the island and the lower-level nest at the
resolution of 500 m by 500 m.

The challenge in the one-day-ahead weather prediction in
Sri Lanka is that we need to run the MSSG on an affordable
workstation. To make it possible, a technique to construct
rationally new data points from a low-resolution simulation

Fig. 17 MSSG is designed to be
applicable to a global scale,
b meso scales and c up to urban
scales. The Yin-Yang grid
system, which consists of two
overlapping latitude–longitude
grids indicated in blue and red,
was adopted for global
simulations
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on the workstation is being developed by applying machine
learning technology with good references obtained from
simulations on the supercomputer (Onishi et al. 2019).

6.2 Predicting Groundwater Pressure Build-Up

The process of groundwater pressure buildup can trigger an
RRLL, and thus it is vital to study the process rationally. For
this purpose, researchers at the Disaster Prevention Research
Institute (DPRI), Kyoto University, conduct geotechnical
centrifuge tests, which are helpful for scale modeling of any
large-scale nonlinear problem for which gravity is a primary
driving force. With a radius of 2.5 m and a maximum pay-
load of 24 g ton, the centrifuge at DPRI can produce 200 g’s
of centrifugal acceleration at its effective radius (Fig. 20).

Studying rainfall-induced slope failures via centrifuge
modeling has a long history, and nozzle system is one of the
commonly used rainfalls simulating options (Take et al.

Fig. 18 a Computational nesting domains for the Aranayake rainfall
simulation. b Rainfall accumulation from 06:00 UTC on 15 May, 2016

Fig. 19 a The computational domain. b The horizontal distribution of
the 6-h (11 pm–5 am) rainfall accumulation over Hiroshima. c A
three-dimensional visualization of the cloud distribution over Hir-
oshima at 00:10 am viewed from the southeast direction. The dashed
line corresponds to the solid line in (b)
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2004; Ling et al. 2009; Bhattacharjee and Viswanadham
2018). In this experiment, steady and constant downpours
are realized in a rigid soil container (600 � 300 � 140 mm
inside) as water flows from 18 misting spray nozzles
attached at the top (Xu et al. 2021).

Of particular note is that the soils from mountain slopes in
Sri Lanka are weathered fragments of Pre-Cambrian gneiss
rock with fine contents ranging from 30 to 40%. In the light
of the current circumstances of the COVID-19 pandemic,
not the soils from Sri Lanka but weathered granite soil,
which is particularly dominant in western Japan and often
known as Masado, is used in the experiments. The particle
size distribution of this soil says this is well-graded sand
with silt. The required amount of the dry soil was moistened
with the predetermined amount of water for the specific
water content and kept in sealed bags for 24 h to homoge-
nize the soil in terms of water content. The soil was then
compacted using the wet-tamping method in layers of
20 mm thickness. During this compaction, Pore Pressure
Transducers (PPTs) were placed at predetermined locations
shown in Fig. 21. Finally, the soil was cut and shaped to
provide the required geometry.

With time, the downpour from the misting spray nozzles
led to pore water pressure (PWP) buildup. As shown in
Fig. 22, the buildups of the pore pressure at different loca-
tions in the soil mass were reproduced in the analyses
adopting a simple elastic constitutive model with the soil–
water characteristic curve (SWCC) based on the van Gen-
uchten (VG) model (Van Genuchten 1980). The governing
equations for the numerical analysis are available in Uzuoka
and Borja (2012). The first step of the numerical simulation
was to put the soil mass in the steadily increasing gravita-
tional field up to 50 G. Then, the water started seeping into
the ground from the flux boundary. The aerial elements were
placed immediately above the slope surface to reproduce the
smooth infiltration across the air–soil boundary (Uzuoka
et al. 2011). The reproduced pore pressure buildups are in
good agreement with those observed, as shown in Fig. 23.

6.3 Effective Risk Communication and Public
Education

It will take several hours to make a one-day-in-advance
forecast of the occurrence of RRLLs using the computer
programs mentioned above (MSSG, LS-RAPID, etc.) on
high-performance workstations. The obtained results will
then be timely relayed to the last mile as augmented reality
dioramas of the predicted rains and RRLLs with a bird’s-eye
view of the terrain as its background on tablets’ and PC
screens (Fig. 24). The system physically allows for
bi-directional communication between transmitter and
receiver sides.

However, we need to take the following into account for
better implementation strategies:

(1) In Sri Lanka, districts are the second level administra-
tive divisions under provinces (Statoids 2015). Each
district, administered under a District Secretary, is

Fig. 20 Geotechnical centrifuge at DPRI, Kyoto University (DPRI
Geotechnical Centrifuge Center 2010)

Fig. 21 Schematic diagram of the centrifuge model

Fig. 22 Numerical model
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divided into several Divisional Secretary’s (DS) divi-
sions, which are further subdivided into extremely
many local communities called “Grama Niladhari
(GN)” divisions.

(2) The number of local GN divisions in RRLL-prone areas
is increasing year by year reflecting human
interventions.

(3) Though the Disaster Management Centre (DMC) of the
Ministry of Défense has sole authority in terms of the
issuance of evacuation alerts and evacuation orders,
each Divisional Secretary (DS) can use his/her discre-
tion in taking necessary actions in case of urgency.

(4) NBRO has been helping their decisions providing
information alerting them of landslides.

(5) In this regard, both NBRO and JICA has started a joint
project “Project SABO” (NBRO and JICA 2020), for
capacity strengthening on development of non-structural
measures for landslide risk reduction. The goals include:
(a) strengthening of hazard mapping and risk assessment
capacity, and (b) revision of regional-level early

warning issuance criteria, etc. Thus, Project RRLL is
expected to play a complementary role with Pro-
ject SABO, providing proactive information that allows
people to take precautions against RRLLs (Fig. 25,
NBRO and JICA 2020).

As said in the “Background story,” NBRO has had local
community people actively involved in the
Community-Based Landslide Early Warning (CBLEW).
The AR image of potential heavy rains and RRLLs dis-
played one day in advance on tablets and PC screens will
undoubtedly help them keep further watchful eyes on the
movements of potentially dangerous slopes. In this light,
people should know the intrinsic nature of the creeping
ground movement, which can be a precursor of the RRLL.
The researchers at Kochi University study this nature using
model slopes with different slope angles, water contents,
etc., built in a steel flume (Fig. 26). Behind their experiments
is the empirical finding by Fukuzono (1985). Fukuzono
reported a linear relationship between the logarithm of

Fig. 23 Comparison of pwp development of experimental results (Test A) and numerical results
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acceleration and the logarithm of velocity for the tertiary (or
accelerating) creeping movement of a landslide mass with an
increasing creep rate, which leads to a landslide.

They have examined three different cases with different
slope angles and water contents (Table 1). The three model
slopes were prepared with highly weathered granite sand

Fig. 24 Rendering image of augmented reality dioramas of the predicted rains and locations of RRLLs with a bird’s-eye view of the area as their
background on tablet’s screen

Fig. 25 Rain-induced landslides
to be covered by both project
SABO and project RRLL
(SATREPS)
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(Fig. 27, Masado in Japanese), and steady artificial rainfalls
of 46 mm/h were given to these slopes. These slopes showed
different buildups of displacements, as shown in Fig. 28.
Displacements also differed from location to location on
each slope surface. However, it is surprising that the loga-
rithm of acceleration takes almost the same ascending line as
the logarithm of velocity increases, no matter the slope
geometry and water content, as shown in Fig. 29. The scatter
in the plots, particularly for Case 2, are due to the

spontaneous formation of a bulge at the toe part of the slope.
Once people find they are somewhere on this unique line,
they should take proactive actions to prepare for the potential
RRLL disaster. Further studies will be necessary to work out
detailed action plans.

7 Summary

Influenced by the effects of global climate change and, more
seriously, by human-induced interventions in
landslide-prone areas, the number of tragic RRLL events in
Sri Lanka has been on a general soaring trend with some
remarkable spikes in 2003, 2007, 2011, 2014, 2016, and
2017. In this situation, ICL and NBRO have started this
project, “Development of early warning technology of
rain-induced rapid and long-traveling landslides in Sri
Lanka” (Project RRLL) in 2020 after the preceding period of
2019. The project is in line with the activities of the Sri
Lanka Comprehensive Disaster Management Programme,
output 1.3 “National and community level landslide early
warning system is in place.” NBRO has been running one
more JICA technical cooperation project, Project SABO, to
strengthen the development of non-structural measures for
landslide risk reduction. Project RRLL is thus complemen-
tary with Project SABO providing extra lead time for
emergency responses evacuations, namely, one of the most
critical missing pieces of the jigsaw puzzle for
landslide-hazard mitigation.

The critical technologies to be developed in Pro-
ject RRLL include:

Fig. 26 Slope model prepared in a steel flume (Sasahara 2021)

Table 1 Three cases examined (Sasahara 2021)

Case 1 Case 2 Case 3

Rainfall intensity (mm/h) 46 46 46

Dry unit weight (g/cm3) 1.32 1.21 1.32

Water content (%) 0 15.1 0

Upper slope angle (deg.) 40 40 35

Fig. 27 Grain size distribution of the soil for the model (Sasahara
2021)

Fig. 28 Displacement buildups for three slope cases: the target plate
for displacement measurement was placed 85 cm downslope from the
upper end of the flume (Sasahara 2021)

Early Warning System Against Rainfall-Induced … 233



• 24 h in-advance prediction of heavy rainfalls in
mountains,

• Assessing groundwater pressure build-up, initiation of an
RRLL, its flowing dynamics, and

• Effective risk communication and public education.

For the (1) 24 h in-advance prediction of heavy rainfalls in
the mountains, we use MSSG (Multi-Scale Simulator for the
Geo-Environment) as our generic platform for the precise
weather forecast. MSSG can consider the topographic effect
and thus the boundary-layer turbulence that affects the
cumulonimbus clouds development (Seifert and Onishi
2016), particularly over slopes against the wind. It is, there-
fore, suitable for better one-day-ahead rainfall predictions,
particularly in the mountains. The current challenge at the
Tokyo Institute of Technology is to run the MSSG on an
affordable workstation. To make this possible, a technique to
construct rationally new data points from a low-resolution
simulation on the workstation is being developed by applying
machine learning technology.

For (2) assessing groundwater pressure buildup,
researchers at the Disaster Prevention Research Institute
(DPRI), Kyoto University, conduct geotechnical centrifuge
tests, which are helpful for scale modeling of any large-scale
nonlinear problem for which gravity is a primary driving
force. Of particular note is that the soils from mountain
slopes in Sri Lanka are weathered fragments of
Pre-Cambrian gneiss rock with fine contents ranging from
30 to 40%. Thus, well-graded sand with the inclusion of silt
was used in the experiments. The pore pressure buildups at
different soil mass locations were successfully reproduced in
numerical simulations, thus validating the numerical model.

For (3) effective risk communication, the communication
tool to be developed will timely relay the prediction to the

last mile as augmented reality dioramas of the potential rains
and RRLLs with a terrain image displayed on tablets and PC
screens. The AR image of possible heavy rains and RRLLs
displayed on screens will undoubtedly help the local people
and officers keep further watchful eyes on the movements of
potentially dangerous slopes. Researchers at Kochi Univer-
sity have found that the logarithm of acceleration of the
creeping landslide mass takes almost the same ascending
line as the logarithm of velocity increases, regardless of the
slope geometry and water content. Once people find they are
somewhere on this unique line, they will take proactive
actions to prepare for the potential RRLL disaster. This
finding is what people should learn through the educational
program to be developed.
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Real-Time High-Resolution Prediction
of Orographic Rainfall for Early Warning
of Landslides

Ryo Onishi, Joe Hirai, Dmitry Kolomenskiy, and Yuki Yasuda

Abstract

Heavy rainfall often causes devastating landslides. Early
warning based on reliable rainfall prediction can help
reduce human and economic damages. This paper
describes a recent development of reliable high-
resolution prediction of orographic (topographic) rainfall
using our next-generation numerical weather prediction
model, the Multi-Scale Simulator for the Geoenvironment
(MSSG). High-resolution computing is required for
reliable rainfall prediction, and the MSSG can run with
very high resolutions. Robust cloud microphysics is
another key to realizing reliable predictions of orographic
clouds, where the atmospheric boundary turbulence can
affect. This paper clarifies that in-cloud turbulence can
enhance cloud development. The recent cloud micro-
physics model that can consider turbulence enhancement
is newly implemented in the MSSG. The emerging
machine-learning technology is also coupled with the
MSSG for reliable operational predictions. We show the
recent development towards reliable predictions of oro-
graphic rainfall for realizing early warning of landslides.

Keywords

Multi-scale weather simulation � Orographic rainfall �
Turbulence enhancement of cloud development �
Super-resolution simulation � Deep neural network

1 Introduction

Most tragic landslides are caused by heavy rainfall. For
example, the most tragic landslide disaster for recent Japan
happened in Hiroshima in August 2014. A series of land-
slides following local heavy rain reportedly killed
seventy-four people. An automated observatory recorded
over 200 mm rainfall accumulation within 3 h. This intense
rainfall within such a short period made it difficult to issue an
early warning, and unfortunately, the evacuation advisory by
Hiroshima prefecture was too late.

Reliable rainfall prediction is undoubtedly needed for
early warning. There are several numerical weather predic-
tion models available in the world. Examples are WRF
(www.wrf-model.org) in the United States, ASUCA in
Japan, and COSMO (www.cosmo-model.org) in Germany.
These are called regional models as they target regional- (or
meso-) scale weather with O(1 km) horizontal resolution.
Such regional models are usually for short-term forecasts.
However, it is often valuable for early warning if the chance
of heavy rain is predicted more than two days before. The
regional models need, for forecast, boundary conditions
provided by global models. Global models are generally run
with O(10 km) horizontal resolutions and guide long-term
forecasts (usually more than 2 days). Due to the coarse
horizontal grid of O(10 km), the global models need the aid
of cumulus parameterization and are usually not good at
local heavy rain predictions.

The recent development of supercomputer systems allows
us to run global simulations with O(1 km) horizontal reso-
lutions or even finer resolutions with O(100 m) without the
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aid of cumulus parameterizations. The Multi-Scale Simula-
tor for the Geoenvironment (MSSG; Takahashi et al. 2013
and references therein) can serve for such simulations.

The following subsection briefly reviews the numerical
weather prediction models. We then explain the multi-scale
weather prediction model MSSG. Some examples of MSSG
simulations for heavy rain events are shown. We finally
describe the recent integrated technology of machine-
learning and computer simulation technologies for opera-
tional real-time prediction systems.

2 Multi-scale Weather Prediction Model—
Multi-scale Simulator
for the Geoenvironment (MSSG)

2.1 Overview

Two types of models are in use for numerical weather pre-
diction (NWP): global and regional models. Global models
generally run with O(10 km) horizontal resolutions and
guide long-term forecasts (usually more than two days).
Regional models are used for shorter-term forecasts and run
with O(1 km) horizontal resolutions. Some meteorological
processes are too small to be explicitly included for the
global models. Then the so-called parameterization is a way
for representing these processes by relating them to
grid-scale variables. For example, a typical cumulus cloud
has a scale of O(1–10 km), much smaller than the horizontal
resolutions of global models. The convection process by
cumulus clouds should be parameterized, and the parame-
terization is called cumulus parameterization, on which most
of the global models rely.

The recent development of supercomputer systems allows
us to run global simulations with O(1 km) horizontal reso-
lutions without the aid of cumulus parameterizations. The
Multi-Scale Simulator for the Geoenvironment (MSSG;
Takahashi et al. 2006, 2013 and references therein) can serve
for such simulations.

The MSSG is an atmosphere-ocean coupled
non-hydrostatic model aimed at seamless simulations from
global to local scales (Fig. 1). MSSG consists of atmospheric
(MSSG-A) and ocean (MSSG-O) components. MSSG
adopts a conventional latitude-longitude grid system for
regional simulations and the Yin-Yang grid system
(Kageyama and Sato 2004; Baba et al. 2010), consisting of
two overlapping latitude-longitude grids, thus avoiding the
polar singularity problem, for global simulations. MSSG has
been serving a wide range of applications. A global
atmosphere-ocean coupled simulation was performed at an
11 km horizontal resolution with a nested region at a 2.7 km
horizontal resolution. It successfully showed sea surface
cooling induced by a typhoon along the track (Takahashi

et al. 2013). High-resolution global typhoon simulations
were conducted with 7 km horizontal resolutions to clarify
the potential of high resolutions for typhoon track predic-
tions (Nakano et al. 2017). High-resolution regional atmo-
spheric simulations were conducted to investigate the
influences of the choice of cloud microphysics scheme and
that of in-cloud turbulence on the development of clouds
(Onishi et al. 2012, 2015). MSSG-O has been used to
investigate the dispersion of radionuclides released from the
Fukushima Dai-ichi nuclear power plant with 2 km hori-
zontal resolution (Choi et al. 2013) and the effect of wind on
long-term summer water temperature trends in Tokyo Bay,
Japan, with 200 m horizontal resolution (Lu et al. 2015).
MSSG-A has been applied to building-resolving urban
atmosphere simulations with 5 m spatial resolutions to
clarify heat environments on streets (Takahashi et al. 2013;
Matsuda et al. 2018; Kamiya et al. 2019) (Fig. 1).

2.2 Dynamical Core of the Atmosphere
Component

The dynamical core of MSSG-A is based on the
non-hydrostatic equations and predicts the three wind com-
ponents—air density, water vapor mixing ratio, and pressure.

The third-order Runge–Kutta scheme is used for time
integrations. The fast terms relating to acoustic and gravity
waves are calculated separately with a shorter time step
(Wicker and Skamarock 2002). A fifth-order upwind scheme
(Wicker and Skamarock 2002) was chosen for momentum
advection and the second-order weighted average flux
(WAF) scheme with the Superbee flux limiter (Toro 1989) for
scalar advection. For turbulent diffusion, the Mellor-Yamada-
Nakanishi-Niino level 2.5 scheme (Nakanishi and Niino
2009) is used. The MSSG-Bulk model (Onishi and Takahashi
2012), which is a six-category bulk cloudmicrophysics model
(see the following subsection for detail), is used for explicit
cloud physics, and “Model-Simulation-radiation TRaNsfer
code” (MSTRNX; Sekiguchi and Nakajima 2008) is used for
calculating longwave and shortwave radiation transfers.

2.3 Cloud Microphysics

The bulk cloud microphysics model in MSSG (MSSG-Bulk
model; Onishi and Takahashi 2012) computes the temporal
evolutions of mixing ratios of water vapor, cloud water, rain,
cloud ice, snow and graupel, and in addition, the number
density of cloud ice particles. Thus, the bulk model is a
one-moment model for warm rain processes and a partial
two-moment model for cold rain processes.

Figure 2 shows the cloud microphysical processes con-
sidered in MSSG-Bulk. The prognostic variables are the
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Fig. 1 MSSG is designed to be applicable to a global scale, b meso scales and up to c urban scales. The Yin-Yang grid system, which consists of
two overlapping latitude–longitude grids indicated in blue and red, is adopted for global simulations

Fig. 2 Cloud microphysical
processes in MSSG-bulk
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mixing ratios of water vapor, cloud, rain, cloud ice, snow,
graupel, and the number concentration of cloud ice; Qv, Qc,
Qr, Qi, Qs, Qg and Ni, respectively.

MSSG also has the warm-bin/cold-bulk hybrid cloud
microphysical model named MSSG-Bin (Onishi and Taka-
hashi 2012). In that hybrid model, a spectral bin scheme is
used for liquid droplets, while a bulk scheme is used for
solid (ice) particles. That is, the expensive but more reliable
spectral bin scheme treats the relatively well-understood
physics of the liquid phase, and the computationally efficient
but less robust bulk scheme is used to treat the poorly
understood physics of the ice phase.

3 Rainfall Predictions

3.1 Regional Numerical Weather Prediction

MSSG weather simulations have been applied to several
heavy rain events. Examples are the locally heavy rain event
in Zoshigaya, Japan, on 4th September 2005 and in Hir-
oshima, Japan, on 19th and 20th August 2014.

The Zoshigaya heavy rain happened on 4th September
2005, associated with mesoscale convective systems caused
severe urban flooding in Suginami ward, in the heart of the
Tokyo metropolitan city. An MSSG simulation was per-
formed on 1 km horizontal resolution and 32 vertical layers
for the computational domain shown in Fig. 3. The initial
data were obtained by interpolating the Grid Point Value
(GPV) data at 06:00 UTC on 4th September 2005 provided

by Japan Meteorological Business Support Center. Figure 4
shows the surface precipitation at 00:00 on 5th September
2005, when a strong rain band lay east of Tokyo and
Kanagawa. The local maximum precipitation was underes-
timated, but MSSG successfully reproduced the south-north
rain band.

The Hiroshima heavy rain happened on 19th and 20th
August 2014, which led to devastating landslides. The
regional MSSG simulation was applied to reproduce this
event (Hiruma et al. 2022).

Figure 5a shows the horizontal computational domain,
which covers a part of the Chugoku, Shikoku, and Kyushu
regions, Japan. The number of grid points was Nk � Nu �
Nz = 648 � 648 � 207, where subscripts k, u, and z denote
longitudinal, latitudinal, and altitudinal directions, respec-
tively. The horizontal grid spacing Dxk = Dxu was set to
500 m both for latitudinal and longitudinal directions. The
domain height was 30 km, and a damping layer was laid in the
top 1/3 of the domain. The vertical grid spacing Dzwas varied
from 14 m for the lowest layer to 123 m for the highest layer.
The simulation start time was set to 9 pm in Japan Standard
Time (JST; 9 h ahead to the coordinated universal time,
UCM) on 19th August 2014 and the duration to 8 h.

Figure 5b shows the 6-h rainfall accumulation over Hir-
oshima. This figure shows that the MSSG simulation suc-
cessfully reproduced the line-shaped heavy rainfall area,
with a length of approximately 70 km in the southwest to the
northeast direction and a width of approximately 20 km. The
most intense simulated rainfall area was located on the east
side of Hiroshima city and was shifted eastward by only

Fig. 3 Computed area showing a the orographic elevation and b the land use index
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around 20 km compared with JMA radar observations.
Figure 5c shows a three-dimensional visualization of the
cloud distribution over Hiroshima at 00:10 am viewed from
the southeast direction. It was visualized using the open
software named VDVGE (Kawahara et al. 2015). For this
visualization, we ran a 100 m grid-spacing simulation for
10 min starting at 12 am from a linearly-interpolated 500 m
grid-spacing model state. The total mixing ratios of
non-sedimenting hydrometeors—i.e., cloud water and cloud
ice—are shaded in white, whereas those of sedimenting
hydrometeors—i.e., rain, graupel and snow—are colored in
red. The images are stretched by a factor of three in the
vertical direction to aid recognition of the convective system.
This visualization shows a typical three-dimensional shape
of a storm training, consisting of a chain of cumulonimbus
lines.

3.2 Effect of Turbulence Enhancement
on Orographic Precipitation

The turbulence-enhanced collision rate of cloud droplets
may explain the rapid growth of cloud droplets, which often
result in fast rain initiation in the early stages of cloud
development (Falkovich and Pumir 2007; Grabowski and
Wang 2013).

The change rate of particle number density, nf (r, xi, t),
by the stochastic collision-coalescence process is represented
by

dnf ðrÞ
dt

¼ 1
2

Z1
0

Kc r0; r0
0

� �
nf r0ð Þnf ðr00 Þdr0

�
Z1
0

Kc r; r0ð Þnf rð Þnf r0ð Þdr0 ð1Þ

where r0
0 ¼ r3 � r03ð Þ1=3 and Kc r1; r2ð Þ is the collision ker-

nel describing the rate at which a particle of radius r1 is
collected by a particle of radius r2. The conventional colli-
sion kernel model is the hydrodynamic kernel model, which
describes the collision due to the settling velocity difference
between two particles of different sizes

hKc;hydr r1; r2ð Þi ¼ pR2
12 Vp;1 � Vp;2

�� ��; ð2Þ

where <> denotes an ensemble average, R12 (=r1 + r2) is the
collision radius and Vp,i is the settling velocity of particles
with radius ri. This hydrodynamic kernel cannot describe the
collisions due to turbulence since it contains no flow
parameters.

The turbulent collision kernel that involves the turbulence
effects can be written in the following form (Wang et al.
1998).

hKc;turb r1; r2ð Þi ¼ 2pR2
12hwrðx ¼ R12Þig12ðx ¼ R12Þ ð3Þ

Here wrðx ¼ R12Þ is the radial relative velocity at contact
separation and describes the turbulence-enhanced relative
velocities of two colliding particles. The term, g12ðx ¼ R12Þ,

Fig. 4 Surface precipitation at 00:00 JST on 4 September 2005 from a the radar observation (Tokyo District Meteorological Observatory) and
b the MSSG simulation result
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is the radial distribution function (RDF) at contact separa-
tion, the so-called the “accumulation effect,” which measures
the effect of particle preferential distributions. Currently,
there are a couple of models available for the turbulent
kernel based on Eq. (3). Examples are the Ayala-Wang
model (Ayala et al. 2008; Wang et al. 2008) and our
developed model (Onishi model; Onishi et al. 2015). This
study adopted the latter model to investigate the turbulent
collisions on cloud development.

Figure 6 shows the computational domain for mesoscale
orographic flow over Mt. Hiei, located between Kyoto and

Shiga prefectures. The MSSG simulation with the MSSG-Bin
cloud microphysics model was performed for the domain
whose domain was 40 km � 20 km � 15 km in the x-
(streamwise), y-(spanwise), and z-(vertical) directions. The
number of numerical grid points used were 400 � 200 � 48.
Horizontal computational grids were regular, and the
height-based, terrain-following-coordinate system has been
chosen for the vertical direction.Theminimumvertical spacing
was 10 m in the vicinity of the surface, and the maximum one
was 500 m at the top of the domain. The moist air, whose
relative humidity was 95%, flew into the domain with the

Fig. 5 a Computational domain. b Horizontal distribution of the 6-h
(11 pm–5 am) rainfall accumulation over Hiroshima. c A
three-dimensional visualization of the cloud distribution over

Hiroshima at 00:10 am viewed from the southeast direction. The
dashed line corresponds to the solid line in (b)
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streamwise velocity U0 = 15 m/s toward the east. In the
MSSG-Bin model, 33 bins (classes) were used for so-called
mass-doubling size resolution. The droplet collision growth
was calculated using Eq. (1). Using the collision kernel model
of Eq. (2) (RUN-NoT) or that of Eq. (3) (RUN-T).

Figure 7 shows the surface precipitation obtained from
RUN-NoT and RUN-T. It shows a large part of surface
precipitation in windward slopes. This means that the
local orography governs the present precipitation process.
Intense precipitation, over 80 mm/h, is observed in

(a) RUN-NoT (b) RUN-T 

Fig. 7 Surface precipitation for a RUN-NoT and b RUN-T. Large part of surface precipitation was seen in windward slope. It was clearly shown
that the precipitation is enhanced by turbulent collisions of cloud droplets

Fig. 6 Bird-eye’s view of the computational domain. A snapshot of three-dimensional cloud distribution (in white) and the surface precipitation
(in blue) are also drawn
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RUN-T, indicating that the precipitation is significantly
enhanced by turbulent collisions of cloud droplets.

3.3 Bulk Parameterizations
of Turbulence-Aware Cloud Growth

In the previous subsection, the spectral-bin cloud micro-
physics scheme was used to investigate the role of turbulent
collisions of cloud droplets. The spectral bin simulation is
computationally expensive and cannot be used for opera-
tional weather prediction simulations.

The influence of turbulence on droplet growth has been
parameterized for bulk cloud microphysics schemes in Sei-
fert and Onishi (2016) and Onishi and Seifert (2016). Their
bulk parameterization has been implemented in MSSG.

The auto-conversion term, denoted by Pcnnr in Fig. 2, is
parameterized as

Pcnnr ¼ kcc;0
20x�

lþ 2ð Þ lþ 4ð Þ
lþ 1ð Þ2 Q2

cxc
2 1þ Uau sð Þ

1� sð Þ2
" #

gau; ð4Þ

where xc (= Qc /Nc, where Nc is the number density of cloud
droplets) shows the mean cloud droplet mass, x� is the
separating mass between cloud and rain drops, and gau
shows the enhancement factor by turbulence. The dimen-
sionless ratio s ¼ Qr=ðQc þQrÞ acts as an internal timescale
and modulates the auto-conversion rate through the universal
function Uau sð Þ. The enhancement gau is given by

gau ¼ 1þ �Repk acc mð Þexp � rc � rcc mð Þ
rcc mð Þ

� �� �
þ bcc

� �
; ð4Þ

where rc (¼ xc=qwð Þ1=3;whereqw is the water density) is the
mean radius of cloud droplets, � is the energy dissipation rate
and Rek ¼ u0lk=m; where u0 is the RMS of velocity fluctua-
tions and lk the Taylor microscale and m the kinematic vis-
cosity) is the Taylor-microscale-based Reynolds number. In
the case of gau ¼ 1, the turbulence enhancement is neglec-
ted. The turbulence characteristic variables � and Rek can be
estimated from grid-scale quantities, assuming local iso-
tropic homogeneous turbulence.

The accretion term, denoted by Paccr in Fig. 2, is
parameterized as

Paccr ¼ kcr;0QcQrUac sð Þgac ð5Þ
where gac shows the enhancement factor by turbulence and
modeled as

gac ¼ 1þ cr�
x�

xr

	 
2
3

; ð6Þ

where xr is the mean mass of rain drops. In case gac ¼ 1, the
turbulence effect is neglected.

Seifert and Onishi (2016) proposed the parameterizations
for two-moment methods, where the number densities in
addition to the mass mixing ratios are calculated. The mean
masses of cloud and rain categories, xc and xr, respectively,
are calculated from the mass mixing ratios Q c=rf g and
number densities N c=rf g as

x c=rf g ¼
Q c=rf g
N c=rf g

ð7Þ

The MSSG-Bulk method in the MSSG is based on a
one-moment method, where only mass mixing ratios are
calculated. The mean masses of cloud and rain categories are
estimated by

x c=rf g ¼
Q c=rf g
N c0=r0f g

; ð9Þ

where the cloud number density, Nc0, is set to 7:0� 107m3

(constant) and the rain number density Nr0 is calculated from
Qr using the formulation proposed in Thompson et al. (2004).

3.4 Sri Lanka Rainfall Simulation
with the Turbulence-Aware Bulk Cloud
Parameterizations

The MSSG model was applied to Aranayake heavy rainfall
event in Sri Lanka in May 2016, which caused devastating
landslides resulting in over 150 casualties.

Figure 8a shows the computational nesting domains.
Three-layer nesting domains were used. The horizontal
resolutions were 8 km, 2 km, and 500 m. The number of
horizontal grids was Nk � Nu = 128 � 128 for the
8 km-resolution domain, and Nk � Nu = 256 � 256 for the
2 km- and 500 m-resolution domains. Irregular grid spac-
ings were used for the vertical direction with the same
number of vertical grids, Nz = 55, for all the three nesting
domains for the height of 40 km. The simulation was con-
ducted for three days starting from 00:00UTC 14 May 2016.

Figure 8b shows the rainfall accumulation at Aranayake
(80.4546E and 7.1476 N) from 06:00UTC 15 May, 2016.
The simulation results for both Case-NoT (turbulence
enhancement not considered) and Case-T (turbulence
enhancement considered) cases are drawn together with the
observation. Though the simulation results did not reproduce
timings of heavy rainfalls, they successfully reproduced the
total rainfall at the end. Case-T shows a larger amount of
rainfall than Case-NoT, which indicates the turbulence
enhancement made an impact on the orographic rainfall.
Interestingly, turbulence impact fluctuated from time to time.
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For example, there is little difference between Case-NoT and
Case-T for the rainfall around 09:00UTC on 15 May, while
the large difference between the two for the rainfall around
03:00UTC on 16 May. This means that the turbulence
enhancement of droplet growth can have a large impact on
certain weather conditions, and the present bulk parameter-
ization can represent that impact. Future research is expected
to clarify the weather condition under which the turbulence
enhancement becomes relevant.

4 Realtime Operational Prediction System

4.1 Operational Prediction System

The operational prediction system consists of pre-
processing, weather simulation and post-processing
(Fig. 9). Pre-processing includes preparing the initial and
boundary data for MSSG forecast simulations, including the

data assimilation module that produces the analysis data
considering the observations. Downloading the observation
data is a part of the data assimilation module.

The MSSG weather simulation runs on various computer
systems, either notebook PCs or supercomputers. The
computer performance limits the domain size, spatial reso-
lution, and forecast leading time. In the current situation (in
the year 2022), the ordinary desktop workstation can run
24 h simulations for a 200 km � 200 km domain with 2 km
horizontal resolutions within 1 h. Supercomputers can run
1000 times larger or faster simulations.

In post-processing, the results are analyzed, visualized,
and transferred to other systems, such as the early warning
system. The visualization cost as well as the storage cost
(Kolomenskiy et al. 2021) largely depends on the data size.
Two-dimensional visualizations do not require much time,
but three-dimensional ones usually do. The post-analysis
includes machine learning such as super-resolution, which
remap low-resolution prediction maps into high-resolution
ones. This super-resolution technology will appear in the
following subsection.

4.2 Super-Resolution Simulation System
for High-Resolution Prediction Maps

Downscaling techniques are used to upconvert the
low-spatial resolution models through dynamical and sta-
tistical modeling. Various machine-learning models,
including artificial neural networks (Cannon 2011) and
support vector machines (Ghosh 2010), have been applied
for downscaling. Dong et al. (2014) applied the convolu-
tional neural network (CNN) to the super-resolution

Fig. 8 a Computational nesting domains for the Aranayake rainfall simulation. b Rainfall accumulation from 06:00UTC on 15 May 2016

Fig. 9 Flow chart of an operational real-time weather forecasting
system
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(SR) and reported that the CNN-based SR outperforms
conventional mapping methods. Vandal et al. (2018) applied
a CNN-based SR for climate change projections downscal-
ing and reported the advantage of the CNN-based SR
compared to the statistical downscaling and traditional SR.
Onishi et al. (2019) applied a CNN-based SR to urban
micrometeorology and confirmed its robustness. Onishi et al.
(2019) further proposed the SR simulation system that uti-
lizes the CNN-based SR technology. The SR simulation
system can realize real-time high-fidelity prediction maps on
a desktop computer in local offices.

Figure 10 shows the SR simulation system. HR numeri-
cal simulations provide better predictions than those
obtained using LR simulations, but they are more compu-
tationally expensive than LR ones. The SR simulation

system consists of an LR simulation and an SR method that
maps the resultant LR prediction images to HR ones. This
combination provides predictions as good as those obtained
using the corresponding HR simulation with a much lower
computational cost.

For example, we assume that the HR is 500 m resolution
and LR is 2 km resolution for local orographic rainfall
prediction. A 500 m horizontal resolution would be required
for resolving local slopes, while such an HR weather sim-
ulation would require computational time, hindering
real-time operations on consumer computers.

Figure 11 shows the recently proposed SR neural net-
work (Yasuda et al. 2022) that can be used for the rainfall
prediction map. Several input channels can be used to obtain
the output, i.e., the HR rainfall map. For example, the HR
topography map would definitely help to improve the
accuracy of the SR. The SR neural network is to be trained
by a set of HR and LR simulation results. The HR simula-
tions would be performed on supercomputers at a high cost.
In the operational stage, however, the LR simulation requires
much less computational cost. This SR system is thus
promising for real-time prediction services for local com-
munities, which would not have large computational
resources.

For example, let us assume a two nesting layer simulation
with a horizontal resolution of 8 and 2 km with 64 � 64
grid points. It takes 1 h for 25 h prediction on Intel Core i7
quadcore on 2.3 GHz, a common consumer CPU. This
simulation provides the rainfall prediction map with a 2 km
resolution for a 128 km � 128 km area with 24 h leading
time. This 2 km resolution map can be super-resolved (up-
converted) into a 500 m resolution map that can resolve

Fig. 10 Super-resolution (SR) simulation system for operational
real-time high-resolution prediction. Instead of performing
high-resolution (HR) simulations to obtain HR results, low-resolution
(LR) simulations are performed. The obtained LR results are converted
into HR ones via SR mapping with a deep convolutional neural
network (CNN) trained using the dataset obtained from HR simulations

Fig. 11 Squeeze-and-excitation super-resolution convolutional neural
network (SE-SRCNN) for remapping low-resolution rainfall prediction
maps into high-resolution ones. The labels above the rectangles of
“Conv2D” display kernel size, number of filters, and stride size; for

instance, “k9n64s1” means that the kernel size is 9 � 9, the number of
filters 64, and the stride size 1 � 1. The image height h and width w are
64 in the present figure. The SE block is kept even when the number of
inputs c is 1
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individual mountain slopes. It takes only milliseconds for the
conversion (i.e., inference), and it would not affect the
leading time. In the end, the high-fidelity rainfall prediction
map with 500 m resolution for 24 h ahead, which can be
useful for local early warning systems, can be provided on a
consumer PC.

5 Conclusions

We have described a recent development of our
next-generation numerical weather prediction model –the
Multi-Scale Simulator for the Geoenvironment (MSSG).
MSSG is categorized as a global cloud-resolving model that
can be used for both global and regional simulations with
high resolution without the aid of cumulus parameterization.
The examples have shown that MSSG has good prediction
skills for the investigation of detailed orographic local
rainfall. MSSG can thus be a promising numerical weather
prediction model for early warning of landslides.

MSSG has successfully reproduced heavy rains associ-
ated with typhoons and a band-shaped precipitation system
(Senjo-Koutai in Japanese). The turbulence-aware cloud
microphysics model has been implemented in the MSSG.
This can bring the extra ability of reliable predictions of
orographic rainfall to MSSG.

In order to reproduce local orographic rainfall, the sim-
ulation needs enough fine resolutions with O(100 m) to
resolve individual local slopes. In the case of an early
warning system for a local community, the system should
preferably be compact like a desktop PC. The feasible
rainfall forecast simulation will have O(1 km) horizontal
resolutions, much coarser than O(100 m) resolutions, due to
the limited computational speed. The super-resolution sim-
ulation system, which relies on recent machine-learning
technologies, can help obtain high-resolution rainfall pre-
diction maps that can resolve individual slopes in short
operational cycles.

We now have the MSSG and the super-resolution simula-
tion system. The high-resolution rainfall prediction maps can
be obtained in real-time, e.g., 24-h rainfall forecast maps can
be updated in an hour. The rainfall prediction maps are then
transferred to the landslide simulation model and to the early
warning system. We hope this integrated system will help
construct a safe society free from victims due to landslides.
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IPL Project 202: Landslide Monitoring Best
Practices for Climate-Resilient Railway
Transportation Corridors in Southwestern
British Columbia, Canada

David Huntley, Peter Bobrowsky, Roger MacLeod,
Drew Rotheram-Clarke, Robert Cocking, Jamel Joseph,
Jessica Holmes, Kevin Sattler, Jonathan Chambers, Philip Meldrum,
Paul Wilkinson, Shane Donohue, and David Elwood

Abstract

The paper outlines landslide mapping and change-
detection monitoring protocols based on the successes
of ICL-IPL Project 202 in southwestern British Columbia,
Canada. In this region, ice sheets, glaciers, permafrost,
rivers and oceans, high relief, and biogeoclimatic char-
acteristics contribute to produce distinctive landslide
assemblages. Bedrock and drift-covered slopes along
the transportation corridors are prone to mass-wasting
when favourable conditions exist. In high-relief moun-
tainous areas, rapidly moving landslides include rock and
debris avalanches, rock and debris falls, debris flows and
torrents, and lahars. In areas with moderate to low relief,
rapid to slow mass movements include rockslides and
slumps, debris or earth slides and slumps, and earth flows.
Slow-moving landslides include rock glaciers, rock and

soil creep, solifluction, and lateral spreads in bedrock and
surficial deposits. Research in the Thompson River
Valley aims to gain a better understanding of how
geological conditions, extreme weather events and cli-
mate change influence landslide activity along the
national railway corridor. Remote sensing datasets, con-
solidated in a geographic information system, capture the
spatial relationships between landslide distribution and
specific terrain features, at-risk infrastructure, and the
environmental conditions expected to correlate with
landslide incidence and magnitude. Reliable real-time
monitoring solutions for critical railway infrastructure
(e.g., ballast, tracks, retaining walls, tunnels and bridges)
able to withstand the harsh environmental conditions of
Canada are highlighted. The provision of fundamental
geoscience and baseline geospatial monitoring allows
stakeholders to develop robust risk tolerance, remedia-
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tion, and mitigation strategies to maintain the resilience
and accessibility of critical transportation infrastructure,
while also protecting the natural environment, community
stakeholders, and the Canadian economy. We conclude by
proposing a best-practice solution involving three levels of
investigation to describe the form and function of the wide
range of rapid and slow-moving landslides occurring
across Canada, which is also applicable elsewhere.

Keywords

National railway infrastructure � Landslide
change-detection monitoring � Satellite InSAR analysis �
UAV photogrammetry � RTK-GNSS surveys �
Continuous ERT

1 Introduction

Canada’s national railway network is the dominant mode for
exporting natural resources (e.g., coal, oil, grain, potash,
forest products) to deep-water marine terminals; and for
intermodal goods entering continental North America from
global markets. Unfortunately, across much of the continent
(Fig. 1), railway infrastructure and operations are confined
to transportation corridors with slopes susceptible to a broad
range of landslide processes (Geertsema et al. 2009a, b;
Bobrowsky and Dominguez 2012). Landslide form and
function are dependent upon regional physiographic setting
(montane belts, high plateaus, prairies, lowlands), environ-
mental conditions (past and present), and local geology
(solid and drift). Regionally, the diverse bedrock geology,
wide range of surficial deposits, along with high relief in
mountains, plateaus and deeply incised valleys (Fig. 1)
favours a broad range of rapid- to slow-moving landslides
(Table 1).

Where transportation corridors traverse unstable slopes,
varying degrees of damage to vulnerable infrastructure, or
service delays caused by landslides have potential local and
national economic, social, and environmental consequences.
A landslide-resilient national transportation railway network
requires sustainable, cost-effective management of service
operations to meet future socioeconomic needs while pro-
tecting the natural environment and public. In a scenario of
future extreme weather events and climate change, railway
infrastructure and operations are expected to face unique
challenges in design, monitoring, adaptation, mitigation,
reclamation and restoration. An understanding of the geo-
graphic distribution and temporal range of earth materials
and geological hazards is fundamental to effective hazard
management and risk reduction safety (cf. Jespersen-Groth
et al. 2009; Laimer 2017).

Here, we present a monitoring framework for railway
disaster risk-reduction that incorporates: (1) fundamental
spatial and temporal information on geological, geophysical,
and geotechnical properties of landslides at national, regio-
nal and local scales; with (2) site-specific benchmark
monitoring acquired using an array of remote sensing
platforms; and (3) in-situ change-detection monitoring
technologies and methodologies.

2 Study Area

Because of its socioeconomic primacy, the focus of attention
is on landslide processes adversely affecting the national
railway corridors connecting the deep-water ports of Van-
couver and Squamish in southwestern British Columbia
(BC) to the rest of Canada (Fig. 1). From these coastal ports,
the Canadian National (CN) and Canadian Pacific (CP) rail-
way corridors traverse mountainous and rolling plateau ter-
rain, running through deeply incised valleys and along the
steep shorelines of fjords and lakes (Fig. 2a–c). Gentle to
steep bedrock slopes along these transportation corridors are
mantled by surficial deposits susceptible to a range of rapid-
to slow-moving landslides (Table 1).

CN and CP railway transportation corridors are
usually <1 km from river channels, fjord coastlines, and
lakeshores to maintain an optimal grade (Fig. 2d–f). Located
so, railway tracks and infrastructure are prone to damage by
landslides, floods, wildfires, and other geological haz-
ards. Local physiography, weather conditions, geological
hazards, and land-use activities present local and national
economic, social, and environmental challenges (cf. Schus-
ter and Fleming 1986; Haque et al. 2016; Blais-Stevens
2020).

The strategic importance of these vital corridors, along
with the need to understand and manage the safety risks
related to landslides, make on-site investigations a strategic
priority for governments, academia, and the rail industry
(Bunce and Chadwick 2012; Hendry et al. 2015). Combin-
ing field-based landslide investigation with multi-year
geospatial and in-situ time-series monitoring leads to a
more resilient railway national transportation network able to
meet Canada’s future socioeconomic needs, while ensuring
protection of the environment and resource-based commu-
nities from landslides related to extreme weather events and
climate change.

2.1 ICL Project 202 Landslide Laboratory

Thompson River with its several slides and history afford a
study of known slides that, with certainty, experience
dynamic behaviour during monitoring efforts. Landslides
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along a ten-kilometre stretch of the Thompson River valley
between the communities of Ashcroft and Spences Bridge
(Fig. 3) have negatively impacted critical railway infras-
tructure, arable land, fisheries, and other natural resources
since the 1880s (Stanton 1898; Evans 1984).

In the late nineteenth century, terraces were intensively
irrigated for agricultural land use and toe slopes were incised
and over-steepened during railway construction (Stanton
1898; Evans 1984; Clague and Evans 2003). Prehistoric
mass movements were consequently reactivated as sudden

Fig. 1 Physiography, geology, and permafrost zones of Canada, showing extent of national railway network, major ports, population centres, and
location of study area (after Bostock 2014)
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onset, rapid retrogressive flow-slides during the fall and
winter months. The economic importance of this trans-
portation corridor, along with the need to understand and
manage the safety risk related to the landslides that threaten
the route, mandate the Thompson River valley a monitoring
priority for Natural Resources Canada (NRCAN) and the
Geological Survey of Canada (GSC).

3 Methods and Results

Monitoring unstable slopes and infrastructure at risk is a
cost-effective hazard management practice in southwestern
BC that also provides important geoscience information to
help develop appropriate stakeholder mitigation and adap-
tation measures (Bunce and Chadwick 2012; Huntley et al.
2021a). Here, we outline landslide mapping and change-
detection monitoring protocols based on the successes of
ICL-IPL Project 202 in the Thompson River valley railway
transportation corridor that incorporate diverse historical
time-series and near real-time geoscience datasets.

3.1 Monitoring to Understand Landslide Form

Descriptions of local topographic, bathymetric, surficial and
bedrock geological conditions, including earth materials and
landforms, and their hydrological properties are essential for
understanding landslide compositions, structures, and

behaviours. Geospatial relationships between landslide dis-
tribution and specific terrain features, and the environmental
conditions triggering instability are determined from field-
based, on-site geological and geophysical studies, combined
with geotechnical, petrophysical, and geochemical labora-
tory analysis, which are then codified and quantified in
geographic information systems (GIS).

3.2 Remote Sensing and Field Surveys

Understanding form and function begins with terrain anal-
ysis and landslide inventory. Terrain polygons and features
characteristic of landslide activity are delimited on optical
satellite imagery (e.g., Landsat, WorldView), conventional
air photographs, and unoccupied aerial vehicle (UAV) pho-
togrammetry. Terrain and landslide classifications are
benchmarked by ground observations of slope gradient,
surficial materials, material texture, material thickness, slope
morphology, moisture conditions, ongoing geomorphic
processes, and land cover (Figs. 4b, 5; Huntley and
Bobrowsky 2014; Huntley et al. 2017a, 2019a, 2020a; b, c;
Holmes et al. 2018, 2020). Terrain and landslides are codi-
fied following British Columbia (Howes and Kenk 1997)
and GSC mapping standards (Deblonde et al. 2018).

For the Thompson River valley, landslide distribution is
influenced by the distribution of forests, shrub lands, grass-
lands, wetlands, water, croplands, and railway infrastructure.
Vegetation cover generally contributes to increased slope

Table 1 Surficial materials and
landslides of southwestern BC
(terrain classification after Howes
and Kenk 1997; Hervás and
Bobrowsky 2009; Highland and
Bobrowsky 2008). See Fig. 2 for
terrain code legend (after
Deblonde et al. 2018)

Landslide classification Surficial geology susceptible to failure

Rapid mass movement (R)
(annual displacement = m year−1 to km year−1)

Rock avalanche R

Debris avalanche C, GF, GL, T

Rock fall + Topple R

Debris fall C, GF, T

Debris flow C, GL, GW, T

Debris torrent A, C, GL, GF

Lahar R, C, T, GF

Rapid to slow mass movement (R, F)
(annual displacement = cm year−1 to m year−1)

Rock slide + slump R

Debris / Earth slide + slump C, GF, GL, T

Earth flow C, GF, GL, T

Slow mass movement (F)
(annual displacement = mm year−1 to m year−1)

Rock creep + Rock glaciers R, C

Soil creep + Solifluction A, C, GF, GL, GW, T

Lateral spreading (bedrock and earth) R, C, GL, GW, T
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Fig. 2 CN and CP railway corridors traversing southwestern BC:
a Topography and physiography, showing location of cross-sections
along CN and CP transportation corridors, key urban settlements, and
major physiographic elements. b Surficial geology (modified from
Fulton 1995; Deblonde et al. 2018). c Landslide susceptibility
(modified from Bobrowsky and Dominguez 2012). d A-A’—CN

secondary railway corridor to north-central British Columbia. e B-B’—
CN primary railway corridor to eastern Canada. f C–C’—CP primary
railway corridor to eastern Canada. Approximate rail grades shown as
black dashed (CN) and dotted (CP) lines. FR—Fraser River; TR—
Thompson River
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stability through the action of binding roots and water
absorption in soils. However, extensive, deep-penetrating
roots on steep slopes also contributes to the mechanical and
chemical weathering of soils and parent materials by

providing additional materials for remobilization if triggered
by other factors (e.g., seismic shaking and precipitation
events). Lying leeward of the Coast Mountains, the valley
experiences semi-arid conditions with annual precipitation as
rainfall and snow <2700 mm (Dominguez-Cuesta and
Bobrowsky 2011). Greater cyclic and seasonal ground
moisture changes due to evapotranspiration varying strongly
between winter and summer will also drive deterioration.

Nine surficial material classes are recognized; distin-
guished by genetic origin, material texture and thickness,
slope gradient and morphology, moisture conditions, and
active geomorphic processes (Fig. 2b and Table 1). Bedrock
influences slope hazards where surficial cover is thin, for
example on terrain with slopes >35°. Elsewhere, drift cover
is thicker and surficial materials have a greater influence on
slope instability. Large retrogressive rotational-translational
earth-debris slides were initially triggered by deep incision
of Pleistocene fill in the Thompson River valley during the
early Holocene (Clague and Evans 2003).

Subsequently, the river has influenced slope stability and
landslide susceptibility by changing (a) the pore water
pressure in the slope mass, and along rupture surfaces;
(b) the supporting force on landslide toes; and (c) through
cut-bank erosion, thereby affecting the geometry of the
landslide. Back-tilted blocks and rapid debris slumps move
over weak, curvilinear rupture zones in glaciolacustrine
clay-silt units confined between overlying till and underlying
bedrock (Porter et al. 2002; Eshraghian et al. 2007, 2008;
Huntley et al. 2020a).

3.3 Geophysical Surveys and In-Situ Monitoring

Geophysical surveys, borehole logging, and laboratory
analysis of geotechnical and geochemical properties of earth
materials, including stratigraphic layers and structures (e.g.,
joints, faults, shear planes and tension cracks) provide
additional information on internal geological structures and

Fig. 4 Landslide monitoring best practices along the national railway
transportation corridor in the Thompson River valley, southwestern
BC. a RS2 InSAR change detection, showing average linear displace-
ment rate rastered at 3 cm yr-1, with purple polygons delimiting
4-sigma confidence levels (Huntley et al. 2021e). b Surficial geological
mapping describing sediments and landslide characteristics (Huntley
et al. 2020a). c, d Shallow geophysical surveys provide data for
interpretation of sub-surface geology and landslide structure (Huntley
et al. 2019a). e Boreholes, instrumented to monitor groundwater
pressure and slope displacement, provide additional in-situ geological,
geophysical, geochemical, and geotechnical data on subsurface condi-
tions (Hendry et al. 2015; Sattler et al. 2018). f UAV photogrammetric
data used to generate DSMs and DEMs of landslides, and for
change-detection monitoring (see Huntley et al. 2021a). g GPR,
single-beam acoustic and multi-beam bathymetric datasets provide
information on portions of active landslides submerged beneath
Thompson River (Huntley et al. 2019a, 2021a). h Trihedral aluminum

corner reflectors installed on active landslides enhance the resolution of
persistent scatterer InSAR change-detection (Journault et al. 2018).
i Surface displacement data derived from UAV overflights and
multi-beam bathymetry data; plotted with RTK-GNSS and d-GNSS
displacement data (stable d-GNSS unit—yellow dot; active d-GNSS
unit—black and white dot; inactive Geocube™—black dot; active GCP
—blue dot) (Huntley et al. 2021a). j Repeat RTK-GNSS surveys of
GCPs on active landslides benchmark displacement estimates from
InSAR and UAV datasets (Huntley et al. 2021a). k Geocube™ d-GNSS
network installed at Ripley Landslide and South Slide provide near
real-time displacement measurements (Huntley et al. 2020b). l Fibre
Bragg Grating and Brillouin Optical Time Domain Reflectometry strain
monitoring of lock-block retaining wall at Ripley Landslide (Huntley
et al. 2017c). m Weather station continuously records precipitation,
snowfall, air temperature, wind speed and direction (Huntley et al
2020a)

c

Fig. 3 Landslides of the Thompson River valley and railway
transportation corridor; prime ground control point, survey base station
(B); weather station (W). Topographic layer merges World Imagery
with a DEM of Canada generated from Aster GDEM v2 worldwide
elevation data (1 arc-second resolution)
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Fig. 5 GIS output generated from field studies and laboratory results.
Surficial hydrogeological units and landforms of Ripley Landslide, in
the Thompson River valley, southwestern BC, as revealed by
field-based mapping and geophysical surveys (after Huntley and
Bobrowsky 2014; Huntley et al 2019c, 2020a). Locations of logged
and monitored boreholes, observation pits, field observations, and ERT

survey lines indicated on surficial geology map. ERT pseudosections
produced by the British Geological Survey ( © UK Research and
Innovation 2020). Terrestrial ERT survey—red lines (A-E); waterborne
ERT and EM-31 survey—yellow lines (2–5); PRIME installation—
green lines (oriented N-S and E-W, see Fig. 6)
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failure mechanisms, as well as how and where groundwater
flows through landslide bodies and surrounding bedrock (cf.
Whiteley et al. 2019).

Electrical resistivity tomography (ERT), frequency mod-
ulated electromagnetic conductivity (FEM), ground-
penetrating radar (GPR), seismic primary wave refraction
(PWR), and multichannel analysis of shear waves (MASW)
surveys provide the most useful information on the distri-
bution earth materials, in addition to the distribution and
quantity of groundwater (Figs. 4c, d, 5 and 6; Huntley et al.
2017a, 2019a). Geophysical methods adopted for hydroge-
ological logging of observation wells include down-hole
measurement of natural gamma radiation (GR), induction
conductivity (IC) and magnetic susceptibility (MS) (Fig. 5).
Subsurface borehole monitoring (Fig. 4e), combining Sha-
peAccelArray inclinometry with piezometer head levels,
indicate that the landslides studied in the Thompson River
valley are failing along sub-horizontal, weak, basal shear
surfaces in highly plastic clay beds that extend under the
river (Porter et al. 2002; Eshraghian et al. 2007, 2008).

At Ripley Landslide, detailed borehole logging shows
that the central and northern parts are translating
sub-horizontally (2.1 �–2.5 �), whereas the southern portion
near a lock-block retaining wall has a steeper (28°) slide
surface (Fig. 5; Macciotta et al. 2014; Hendry et al. 2015;
Schafer et al. 2015).

3.4 Aerial and Bathymetric Surveys

UAVs allow flexible, inexpensive acquisition of low-altitude
aerial images, while various off-the-shelf photogrammetric
Structure from Motion (SfM) software packages enable
production of high-resolution digital surface models (DSM),
digital elevation models (DEM) and orthophoto mosaics
from such images. These UAV surveys help characterize
landslide surface morphology and the spatial extent of dis-
placement (Fig. 4f).

DSMs and corresponding orthophoto mosaics provide
very high spatial resolution datasets (2 cm) enabling detailed
topographical and textural information (cf. Huntley et al.
2020a, 2021a). UAVs, when equipped with a LiDAR sensor,
penetrate the vegetation cover and provide elevation data in
areas where the photogrammetry based on SfM method is
not likely to produce a representative ground surface.
Merged mosaics and DSMs capture the surface condition of
landslides, and the extent of bare earth and vegetation
growth (e.g., grasses, shrubs, and trees). Metre-scale
anthropogenic features (e.g., train tracks, lock-block retain-
ing walls, culverts) are resolvable in high-resolution raster
imagery.

Bathymetric surveys better characterize the geometry of
submerged landslide toe slopes and identify reaches with

channel incision and erosion. GPR, ERT, and acoustic
single-beam and multi-beam river surveys (Fig. 4g) reveal
variations in channel bed composition ranging from sand
and silt draping bedrock to coarse gravel and boulders
overlying clay-rich valley fill (Huntley et al. 2019a, b, c,
2021a). Shallow waters (riffles) with rapids lie adjacent to
stable terrain, separated by deep scour pools (up to 5 m
below river level) adjacent active slide toes.

3.5 Monitoring to Determine Landslide
Function

Although some landslides in the Thompson River valley
failed and moved rapidly in the past, today all are slow-
moving compound features within Pleistocene valley fill
(Porter et al. 2002; Eshraghian et al. 2007, 2008; Bunce and
Chadwick 2012; Huntley et al. 2020a, b; Fig. 4a). Temporal
relationships between landslides and the environmental
conditions triggering instability are determined from
time-series monitoring and GIS analyses of satellite Inter-
ferometric Synthetic Aperture Radar (InSAR), UAV pho-
tograms, and ground-based real-time kinematic ground-
based global navigation satellite system (RTK-GNSS) sur-
veys (Eshraghian et al. 2008; Bunce and Chadwick 2012;
Huntley et al. 2020a, b; Fig. 4a).

3.6 InSAR Change-Detection Monitoring

Satellite remote sensing is an effective first approach for
determining the risks posed from ground hazards than other
site investigation (Fig. 4a). InSAR provides the best
opportunity to determine the extent of landslide activity in
the Thompson River valley (Journault et al. 2016, 2018;
Huntley et al. 2017b). Slope deformation is monitored using
persistent scatterer InSAR techniques, with landslide map-
ping, modelling, back-analysis of deformation velocities,
and long-term deformation trends derived from datasets
(e.g., Macciotta et al. 2014; Journault et al. 2016, 2018;
Huntley et al. 2017c). Trihedral aluminium corner reflectors,
permanent coherent artificial InSAR targets, improves the
precision and accuracy of subsequent image processing of
images (Fig. 4h). Different line-of-sight (LoS) viewing
geometries allow for the projection of vertical and horizontal
displacement. Ground movement measured by space-borne
InSAR produces results with precision comparable to
RTK-GNSS measurements, but with the advantage of
monitoring displacement over large areas (Huntley et al.
2017c; Journault et al. 2018).

InSAR monitoring indicates at least five large volume
rotational-translational landslides remain active and have
potential to adversely impact CN and CP railway
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infrastructure and services (Fig. 4a; Journault et al. 2016,
2018; Huntley et al. 2017b, 2021a, b, c). Satellite InSAR
platforms with repeat visit times of weeks (e.g.,
RADARSAT-2 [RS2] and SENTINEL-1 [S1]) to days (e.g.,
RADARSAT Constellation Mission [RCM]) provide rapid
monitoring capability with cm-scale precision and accuracy
when periodically benchmarked with ground-based
RTK-GNSS measurements and UAV photogrammetry.
The combination of relatively high spatial and temporal
resolution offered by RCM resolves rapid movement over
small areas that would otherwise be aliased by the coarser
spatial and temporal resolution of RS2 and S1 (Huntley et al.
2021b, c, d). Ground movement is shown to be generally
concentrated within the main body of most sliding masses
(Fig. 4a). Rates of displacement detected by InSAR vary
seasonally, with slower displacement rates occurring during
the May to August interval, and higher values from
September to
April.

3.7 UAV Change-Detection Monitoring

Rigorous change detection requires an accurate and precise
elevation model to serve as a reference base topographic
map. Repeat UAV surveys have aimed to better characterize
the spatial extent, magnitude and direction of landslide
movement in the Thompson River valley (Huntley et al.
2021a, d). Planimetric displacement of landslides are first
mapped using image co-correlation analysis processing of
time-sequenced hill-shaded UAV DSMs. Parameters during
hill-shading that align the orientation of the landslide with
the simulated sun are used to draw out features for dis-
placement detection. Areas of vegetation and recent track
ballast work on hill-shaded images are masked prior to
processing to reduce the areas with substantial change not
related to slide movement. Two images are created for E/W
(X) and N/S (Y) displacement, while elevation changes
(Z) are derived from the DSM. These values are added, and
then squared to produce a single raster containing 3D
displacement values that are all positive, with larger values
representing more displacement (Fig. 4i; Huntley et al.
2021a, d).

3.8 RTK-GNSS Change-Detection Monitoring

Repeat RTK-GNSS ground surveys aim to better charac-
terize the magnitude and direction of landslide movement
over time (Fig. 4j). GNSS techniques have been successfully
employed to determine the three-dimensional coordinates of
moving points on landslides (Macciotta et al. 2014; Rodri-
guez et al. 2018). Ground control points (GCP) are

established across the slope using stable boulders and
anthropogenic features on, and adjacent to the landslide.
A reference base station was established on a stable
post-glacial terrace near Black Canyon, 3 km north of the
Ripley Landslide (B, Fig. 3). GNSS monuments (Bunce and
Chadwick 2012; Macciotta et al. 2014) provide continuous,
near real-time monitoring of surface displacement, but only
at three trackside locations.

Repeat RTK-GNSS surveys provide point position data
across much of the slide body. However, this method gen-
erates limited information on the seasonal variation in dis-
placement rates and amounts. Moreover, periodic and
continuous monitoring of GCPs and railway infrastructure
with small and slow annual displacements (<10 cm year−1)
is particularly challenging in an environment with a
semi-arid intermontane climate, and an extreme temperature
range of −30 to +40 °C. A Geocube (GeoKylia)™ contin-
uous differential (D)GNSS network installed at the Ripley
Landslide addresses both issues of spatial and temporal
coverage (Fig. 4k). Two areas of maximum displacement
recorded by the DGNSS network coincide with maximum
displacement indicated by InSAR and UAV analysis. The
larger northern zone spans the CN and CP tracks, while a
smaller zone at the south end of the landslide near the
lock-block retaining wall (Macciotta et al. 2014; Rodriguez
et al. 2018; Huntley et al. 2020b, 2021a).

3.9 In-Situ Instrumental Change-Detection
Monitoring

Elevated soil moisture was recognized as a driver of slope
failure in the Thompson River valley since the first slope
stability study in the area (Stanton 1898). Regional and local
groundwater conditions contribute to high pore pressures
and slope instability along the transportation corridor. Since
clay impedes groundwater flow, pore pressure increases
along the surface of clay layers, resulting in reduced material
strength and decreased slope stability (Porter et al. 2002;
Clague and Evans 2003). Piezometers on active landslides
record upward hydraulic gradients and elevated pore pres-
sures, confirming toe slopes are in a discharge zone of a
regional groundwater flow system (Eshraghian et al. 2008;
Hendry et al. 2015).

A strong correlation between river stage and pore pres-
sures suggests Thompson River controls the distribution of
groundwater in the slide mass by acting as a lower hydraulic
boundary for the regional groundwater regime within the
fractured bedrock; and by allowing horizontal connectivity
through higher conductivity layers of fluvial cobbles, gravels
and sands (Hendry et al. 2015; Schafer et al. 2015).

Proactive infrastructure monitoring and evaluation
(PRIME) with continuous ERT and soil moisture
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acquisitions capture subsurface responses in interannual and
seasonal variations in precipitation, in addition to tempera-
ture, surface runoff, and snowmelt (Fig. 6a–g; Sattler et al.
2018, 2020; Holmes et al. 2018, 2020; Huntley et al. 2019b,
c). Noticeable increases in rate of movement occur when
high, prolonged flows of Thompson River sustained by
snowmelt are followed by low flows through the autumn and
winter months (Macciotta et al. 2014; Schafer et al. 2015;
Tappenden 2016). The greatest displacement rates occur
from November to March when transitional ground condi-
tions allow snowmelt and rainfall to penetrate deep into the
still frozen (or thawing) slide body by way of tension cracks,
planar fractures, and bedding surfaces (Fig. 6c, e, g).
Resistivity and soil suction show similar seasonal trends,
responding cyclically to changing weather conditions from
December to March (Fig. 6d, f, h).

Fibre Bragg grating (FBG) and Brillouin optical time
domain reflectometry (BOTDR) indicate peak strain rates in
the lock-block retaining wall at the south end of the Ripley
Landslide also occur in the fall and winter months (Fig. 4l;
Huntley et al. 2017c).

In the Thompson River valley, InSAR interferometry,
UAV photogrammetry, RTK-GNSS, piezometers, ERT
monitoring, and fibre optic reflectometry all show peak
movement occurs through winter to spring, indicating fac-
tors other than changes in river and groundwater levels
influence landslide activity. To understand climatic controls,
local weather conditions, including wind speed and direc-
tion, rainfall and snow depth, air temperature, ground tem-
perature, and soil matric suction are monitored (W, Figs. 3
and 4m). Weather station data confirm that major precipi-
tation events occur mostly between fall and spring when
landslide activity increases (Fig. 6b). Fluctuations in tem-
perature over the winter months also contribute to intervals
of landslide activity with thawing soil moisture recharging
groundwater (Holmes et al. 2018, 2020; Huntley et al.
2019a, b, c; Sattler et al. 2020, 2021).

4 Discussion and Synthesis

4.1 Landslides and Consequences

Across Canada, relief, slope, aspect, distance from hydro-
logical features, environmental conditions, surficial geology,
and land cover conspire to produce a wide range of rapid and
slow-moving landslides (Table 1) with the potential to
impact railway infrastructure and operations. Landslides
have been responsible for numerous casualties, injuries and
deaths, costly damage to transportation infrastructure and
property, socioeconomic losses, and environmental degra-
dation since the late eighteenth century (Blais-Stevens
2020). Since the late 1800s, the operational and economic

consequences of slope failure along the national railway
transportation corridors have depended on the scale and rate
of movement, and temporal relationship between landslide
activity and train timetables.

In the Thompson River valley transportation corridor
(Fig. 3), small (<10 cm year−1), incremental surface dis-
placements detected by InSAR, UAVs and periodic
RTK-GNSS surveys contribute to minor track misalignment,
requiring short-term (seasonal) reorganization of train
schedules to allow the safe addition of ballast and realign-
ment of tracks, and to avoid significant time-tabling impacts
(i.e., intrinsic consequences). In contrast, frequent, rapid,
large and widespread ground movements are a concern for
railway companies, government agencies and local commu-
nities. Greater surface displacement will damage bridges,
culverts, retaining walls and access roads, and cause major
track misalignment with the potential for train derailments
and service disruption. Potential accompanying negative
environmental impacts (i.e., extrinsic consequences) include
the loss of natural resources, including fish, wildfowl, game
animals, cattle and crops, and potable water for communities.

Global climate change is anticipated to lead to more
extreme regional weather events across Canada, along with
an increase in the frequency and magnitude of landslides,
floods, wildfires and other geological hazards in all pro-
vinces and territories (Sauchyn and Nelson 1999; Couture
and Evans 2006; St. George 2007). For example, increasing
precipitation and higher sustained river flows will change
groundwater pressures on slide rupture surfaces extending
below rivers and lakes, contributing to increased instability
of slopes along the national railway transportation corridors.
Climate-driven geological hazards can potentially compro-
mise the safe and secure transport of rural resources and
intermodal goods across the continent. A cascade of result-
ing negative intrinsic and extrinsic consequences for trans-
portation and energy infrastructure, supply chains for goods
and services, as well as the environment, will challenge the
integrity and resilience of national transportation infras-
tructure and local communities (Evans and Clague 1997;
Geertsema et al. 2006a, b; Blais-Stevens 2020).

The extreme storm system of November 14, 2021, in
southwestern BC and its aftermath illustrates such a cascade
of events. Following a dryer-than-normal summer and
wetter-than-normal fall along all major transportation corri-
dors through the Cascades and Coast Mountains (Fig. 2),
wildfire-disturbed slopes received >100 mm of rain in 24 h
(and up to 300 mm over 48 h) during an extreme “atmo-
spheric river event” (https://weather.gc.ca/ [URL 2021]).
Along with the loss of life (human and livestock), railways,
highways, pipelines, power transmission networks, light
industrial, and rural–urban infrastructure (e.g., potable water
conduits and sewage treatment plants) sustained significant
damage because of widespread storm-driven landslides and
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Fig. 6 In-situ ERT time-series monitoring observations, results and
interpretation for the Ripley Landslide, in the Thompson River valley,
southwestern BC. a 3D block diagram of merged ERT data captures a
static proxy image of subsurface resistive and conductive earth
materials (see Fig. 5). b Precipitation, expressed as a weekly average
rainfall and effective rainfall; and temperature expressed as a weekly
average from September 2017 to May 2018 (Holmes et al. 2020; Sattler

et al. 2020). c, d Resistivity profile of PRIME cross-sections (north–
south, east–west) with observations of ground conditions and changes
in resistivity (Xm) from December 5, 2017. e, f Ground and resistivity
conditions February 6, 2018. g, h Ground and resistivity conditions for
May 2, 2018 (after Holmes et al. 2018; Sattler et al. 2018; Huntley et al.
2019c; British Geological Survey ©UK Research and Innovation 2020)
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flooding. The costly relocation of whole communities and
reorganization of transportation and shipping schedules led
to national socioeconomic losses through service disruption
and broken supply chains extending well beyond the winter
of 2021–2022. Long-term negative environmental conse-
quences include widespread contamination of agricultural
lands and damage to natural fish and wildlife habitats.

4.2 Landslide Mitigation and Monitoring Best
Practices

Geotechnical mitigation solutions for landslides can carry
significant economic costs and environmental consequences,
especially when measures fail to stabilize the slopes of
concern (Bunce and Chadwick 2012). In closing, we pro-
pose a best-practice solution incorporating three levels of
investigation to describe the form and function of the wide
range of rapid and slow-moving landslides occurring across
Canada in a range of physiographic settings (Fig. 7).
Geospatial and temporal change-detection monitoring of
active landslides and at-risk infrastructure is a cost-effective
hazard management practice that provides important geo-
science information to help develop appropriate early
warning, mitigation, and adaptation measures in response to
extreme weather events driven by climate change.

4.3 Level I Investigation (Fundamental
Geoscience)

All landslide studies begin with the acquisition of funda-
mental geoscience information on earth materials, land-
forms, and their behaviours. GIS landslide inventories are
based on the interpretation of high-resolution optical and
hyperspectral satellite imagery, air photos, and UAV pho-
togrammetry (Fig. 7). On-site investigations of slope and
drainage, bedrock and structures, surficial geology and
geomorphology, and vegetation and land cover, when
combined with borehole logging, geophysical surveys,
petrological and geochemical analyses, and geotechnical
studies provide fundamental geoscience information on ter-
rain units and landforms susceptible to mass-movement
landslides (Fig. 7).

Landslide inventories and susceptibility maps (e.g.,
Fig. 2c) allow stakeholders to recognize slopes of concern
for further investigation and identify the most suitable geo-
logical indicators for level II and III monitoring (Fig. 7). GIS
and derivative maps that delimit unstable and potentially
unstable terrain are invaluable tools for landslide monitoring
and risk management since they can be applied to calculate
spatial relationships between landslide distribution, specific

terrain features, and environmental conditions expected to
correlate with landslide incidence.

Although non-systematic datasets have unequal reliabil-
ity, accuracy and precision, they nevertheless provide useful
insight into landslide distribution at various scales and help
focus attention on areas of interest where rigorous qualitative
analyses are warranted (Fig. 7).

4.4 Level II Investigation (Geospatial
Benchmarks)

For landslides of concern and terrain susceptible to
mass-wasting identified in a Level I investigation, ground-
based RTK-GNSS measurements with cm-scale precision
and accuracy periodically benchmark displacement values
determined from satellite InSAR and UAV change-detection
datasets (Fig. 7).

As highlighted by the case study in the Thompson River
valley, slow-moving mass movements (e.g., rock slumps,
debris slides and earth flows) are most effectively monitored
by combining InSAR, UAV and RTK-GNSS monitoring.
Shallow geophysical and bathymetric surveys also con-
tribute an understanding of the composition and behaviour
of a range of slow-moving landslides. Like other parts of
Canada, the landscape and harsh environment of south-
western BC presents logistical challenges for installation,
and instrumentation of geophysical and continuous GNSS
measurements. Permanent GNSS stations and GCPs are less
appropriate for monitoring rapid mass movements in steep,
mountainous areas with rock avalanches, debris flows and
lahars, or in low relief permafrost terrain with active layer
detachments and thaw flows where they are prone to damage
and loss of data.

4.5 Level III Investigation (Time-Series
Monitoring)

Steep, mountainous terrain also presents logistical chal-
lenges for installation and in-situ time-series monitoring of
rapid-moving rock avalanches, debris flows and lahars in
steep, are prone to damage and loss of data. In a Level III
investigation, lithological, geophysical, geochemical and
geotechnical properties, and other environmental conditions
(e.g., river and groundwater levels, soil moisture, weather
variables), recognized as drivers of landslide activity and
benchmarked during levels I-II, are selected for in-situ
time-series monitoring.

Level III investigations are most suitable for slower
moving landslides where boreholes can be drilled for mon-
itoring and unstable slopes instrumented safely. In the
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Fig. 7 Conceptual model outlining three levels of investigation to
classify, determine susceptibility, and identify landslides of concern for
monitoring. Inventory maps, geospatial change-detection, and in-situ
time-series monitoring define the interactions between landslides of
varying sizes, displacement amounts, and timing of activity; and

contribute to estimates of infrastructure vulnerability, anticipated
damage, and cascade of consequences contributing to landslide risk.
Mitigation solutions reduce the risks to railway transportation corridors
running through terrain susceptible to landslides

262 D. Huntley et al.



Thompson valley transportation corridor, Level III InSAR,
UAV and RTK-GNSS change-detection datasets conclu-
sively show that geotechnical solutions to stabilize slopes
based on current physical models are only partly successful
(Journault et al. 2016, 2018; Huntley et al. 2017b, 2021c, e).
To better understand the impacts of climate, landslide
behaviour is further investigated though time-series moni-
toring of slopes and infrastructure (e.g., fibre optic reflec-
tometry), boreholes (e.g., piezometers, inclinometers, and
acoustic emissions), and weather variables (e.g., rain gauges,
snow sensors, thermistors, anemometers, soil moisture
meters).

The key goal of geological indicator time-series moni-
toring is the derivation of thresholds for driving factors that
influence landslide dimensions and displacement values
(Fig. 7).

4.6 Stakeholder Actions (Climate-Resilient
Infrastructure)

The severity of damage to vulnerable railway infrastructure
(e.g., tracks, ballast, tunnels, bridges and retaining walls) is a
consequence of the areal extent and volume of the landslide
(s), temporal changes in landslide activity, and the magni-
tude of displacement detected during level I–III investiga-
tions (Fig. 7). In addition, climate-driven mass-wasting will
affect, to varying degrees, sensitive ecosystems, fish, wildlife
and water resources, agricultural lands and livestock, com-
munities and people living in proximity to railway infras-
tructure, and ultimately, supply chains and the national
economy (Fig. 7).

Environmental thresholds derived from multi-year data-
sets capturing spatial and temporal changes in landslide
activity in proximity to critical transportation infrastructure
enable stakeholders to build robust monitoring and early
warning systems, cost-effective mitigation measures, and
reliable risk management strategies (Fig. 7). Geospatial and
in-situ time-series datasets improve the safety, security and
resilience of transportation infrastructure to climate-driven
geological hazards, reducing risks to the economy, envi-
ronment, natural resources and public safety.
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Abstract

The UNESCO Chair on Prevention and Sustainable
Management of Geo-Hydrological Hazards, University
of Florence has been a member of the International
Consortium on Landslides (ICL) since 2002. It was
designated as one of World Centres of Excellence (WCoE)
for Landslide Risk Reduction five times for 2008–2011,
2011–2014, 2014–2017, 2017–2020 and 2020–2023, with
a project entitled “Advanced Technologies for Land-
slides”. In this paper, we describe the activities carried out
by the UNESCO Chair as a member of ICL and as WCoE,
and its contribution to the risk reduction policies promoted
by the 2020 Kyoto Commitment.
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1 Introduction

The UNESCO Chair on Prevention and Sustainable Man-
agement of Geo-hydrological Hazards (UNESCO Chair)
was funded in 2016 at University of Florence (UNIFI), a
major academic organization for research and higher edu-
cation in Italy. The UNESCO chair carries out research and
development (R&D) for the prevention and management of
landslides, in order to support policies and actions of risk
reduction.

The University of Florence (UNIFI) is a founding mem-
ber of ICL since 2002 and in 2008 was named as a World
Centre of Excellence (WCoE) on Landslide Risk Reduction
for the triennium 2008–2011 by the Global Promotion
Committee of International Programme on Landslides of
UN-ISDR. This recognition was reaffirmed four times over
for 2011–2014, 2014–2017, 2017–2020 and 2020–2023.

In particular, in the framework of the project ATLaS
(Advanced Technologies for LandSlides), the WCoE focu-
ses on research activities concerning the landslide monitor-
ing and early warning through innovative technologies,
exploitation of EO (Earth Observation) data and technology
to detect, map, monitor and forecast ground deformations,
regional forecasting models and on activities related to
education and training on landslides risk reduction.

The expertise of the WCoE research team includes
remote-sensing techniques and application of space-borne
and ground-based SAR interferometry, monitoring ground
instabilities and development of early warning systems and
GIS-based quantitative models for hazard and risk
prediction.
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The group participates in research and technological
development projects in several areas of the world, often in
active collaboration with international, national, and regional
organizations and agencies. Since 2002, the UNESCO Chair
has coordinated or has been involved in several ICL/IPL
projects and is the proposer of the ICL Italian network that
was officially established in December 2018.

Based on the expertise gathered during the last years in
the abovementioned activities, the UNESCO Chair can
provide its contribution to Kyoto 2020 Commitment for
Global Promotion of Understanding and Reducing Landslide
Disaster Risk that signed the Kyoto Commitment during the
2019 ICL-IPL Conference which at UNESCO Headquarters,
Paris, on 16–19 September 2019 (Sassa 2018a, b, c; 2019).

2 Research Activity of WCoE

The WCoE ATLaS project focuses on the three main
activities structured in three packages:

WP1—Monitoring unstable slopes and integration of
different techniques for the set-up of early warning systems.

WP2—EO data for mapping, characterization and moni-
toring of landslides.

WP3—Landslide risk assessment and regional landslide
forecasting models.

2.1 WP1

This activity focuses on the application of innovative mon-
itoring techniques 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 (Carlà et al. 2017,
2019a, b; Frodella et al. 2018; Bardi et al. 2017). Several
sites are monitored in Italy and all of them were monitored
by using advanced sensors and portable instrumentations as
ground-based synthetic aperture radar interferometers
(GB-InSAR), terrestrial laser scanning (LIDAR), satellite
interferometry (PS-InSAR), UAVs equipped with different
sensors, GPS antennas, infrared thermography and tradi-
tional instrumentation (e.g. strain gauges, inclinometers,
piezometers) (Del Soldato et al. 2018a; Di Traglia et al.
2018; Rossi et al. 2018; Casagli et al. 2017; Frodella et al.
2017; Lombardi et al. 2017; Carlà et al. 2019a, b).

As the use of these techniques has proliferated over the
years, the advantages provided by the implementation of
long-term monitoring campaigns for understanding the
mechanism of complex slope instabilities have become
increasingly apparent. One such example is represented by
the Ruinon rockslide (Central Italian Alps), a * 30 million
m3 highly disaggregated translational slide in phyllites and

blocky/chaotic debris (Crosta and Agliardi 2003), which has
been continuously monitored for more than a decade by
means of a ground-based radar interferometer (Crosta et al.
2017). Phases of intense reactivation in the mid-lower part of
the slide area have repeatedly caused the closure of a road
travelling along the adjacent valley floor and the consequent
isolation of a nearby village. For instance, in the summer of
2019, surface velocities locally increased to unprecedented
values and often exceeded 1 m/day.

Most of the instrumentation installed on the slide area
(mainly wire extensometers and borehole inclinometers) was
therefore progressively damaged, leaving the GB-InSAR
system as the sole operational tool for quantifying the slope
displacements in space and time. This large set of data was
exploited to directly or indirectly derive an updated assess-
ment of the thickness of upper debris affected by greater
deformation; the differences in deformation behaviour at
different slide locations and depths; and the nature of
hydrological forcing behind the recent reactivation phases
(Carlà et al. 2021). In particular, slope displacements were
combined with groundwater level measurements from two
standpipe piezometers located behind the upper limit of the
slide area. Readings at one of the two standpipe piezometers
were carried out at irregular intervals since April 2012, while
the second instrument was put into operation in June 2017
and equipped with a data logger for automatic piezometric
monitoring at a fixed interval of 30 min.

It was observed that velocities cyclically increased up to
their maximum yearly value in late spring or early summer,
closely following sharp rises of groundwater level—as most
likely determined by the superimposition of rainfalls and
seasonal snowmelt at higher elevations (Fig. 1).

In addition, reactivations of secondary importance were
revealed to occasionally occur during the fall, when heavy
rainfalls were associated with small temporary reversals of
the otherwise decreasing trend of groundwater level. Even-
tually, a clear exponential-like correlation between the
yearly peak of surface velocity and the yearly peak of
groundwater level was identified (Carlà et al. 2021), high-
lighting how even small variations of the latter variable may
profoundly alter the evolutionary trends of complex slope
instabilities. The experience gained at Ruinon also supports
the proposition that long-term GBInSAR monitoring may be
an essential tool in the case of highly disaggregated and
rapidly evolving alpine rockslides that being subject to
recurrent reactivations and associated large displacements
would otherwise be difficult to investigate owing to the
difficult accessibility of the site. The instrument was in fact
essential for setting up a management strategy for the adja-
cent road at risk based on a scale of differentiated
early-warning thresholds.

More specifically, by exploiting the spatial properties of
interferometric data, the slide area was divided into several
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sub-sectors, each one having a characteristic deformation
behaviour. The presence of multiple mutually interacting
blocks is in fact common in these types of landslides because
of local variations in material composition, rupture surface
(s) geometry, and/or degree of slope damage.

2.2 WP2

This activity is devoted to the application of high resolution
EO data for the ground deformation mapping and

monitoring with millimetric precision, from local to regional
scales. The final aim is a satellite surveillance system based
on all the Earth Observation data (radar hyperspectral)
available from several constellations of satellites.

WP2 activities deal with the development of satellite
surveillance system exploiting Earth Observation (EO) data
(radar, multi- and hyperspectral data) for the identification,
mapping and monitoring of ground deformations associated
with landslides from local to regional scales (Solari et al.
2020). In particular, advanced multi-temporal InSAR tech-
niques are successfully exploited for detecting and

Fig. 1 Annual cumulative
displacements of the Ruinon slide
area measured by the GBInSAR
system from 2014 to 2019 (a–f),
and dependency between slide
velocity and groundwater level
(h). US and LSC are
abbreviations for Upper Scarp
and Lower Scarp, respectively,
which are the two main
geomorphological features within
the Ruinon slide area (see red
lines in panels a–f). Accordingly,
values of US velocity derive from
averaging all pixels located
between the upper and lower
scarp, whereas values of LSC
velocity derive from averaging all
pixels located downslope of the
lower scarp. In g), yellow areas
delimit the periods of sustained
increase of velocities in late
spring and/or early summer
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characterizing slow-moving ground surface displacements
thanks to their millimetre precision and wide area coverage.
Applications rely on historical SAR archives at medium
resolution (e.g., ERS and ENVISAT, RADARSAT images)
and on data from currently operative satellites at high reso-
lution (e.g., COSMO-SkyMed constellation). Moreover,
nowadays the availability of regular and systematic
Sentinel-1 SAR data acquisitions with short revisiting time
(e.g., 12 days) combined with advances in InSAR process-
ing algorithm across time allows not only the mapping of
geo-hydrological phenomena (for instance, for updating
pre-existing landslide inventories), but also to perform
recurring monitoring of the deformative scenario at a
regional scale (Raspini et al. 2018; Bianchini et al. 2018).

An innovative monitoring system based on the systematic
processing of current Sentinel-1 data has been set up and
tested in Italy on Tuscany Region (since 2016), Valle
d’Aosta (since 2018) and Veneto Region (since 2019)
(Fig. 2a). Such satellite-based services rely on PSI data
elaborated through SqueeSAR algorithm (Ferretti et al.
2011) and consist in two activities named “PS mapping” and
“PS monitoring”.

The “PS mapping” activity exploited PSI-based ground
deformation maps and semi-automatic hotspot-like analysis
to map the most relevant long-term active deformational
processes on the whole regional territory, as they represent
the fastest moving areas, e.g., mainly related to already
known or not known landslides (Fig. 2b) (Bianchini et al.
2021).

The “PSmonitoring” activity is based on regularly updated
terrain deformation maps from systematic processing of
Sentinel-1 data stack (e.g., after every new satellite acquisi-
tion: 12 days). In more detail, once a new Sentinel-1 image is
available, it is automatically downloaded and added to the
existing SAR archive and the new data stack is entirely
reprocessed to generate new ground deformation maps, pro-
viding an updated view of the regional deformational scenario
(Fig. 2c) (Confuorto et al. 2021). The time series of dis-
placement of each radar benchmark is systematically analyzed
to promptly detect any velocity-change in the deformation
pattern, in order to identify the so-called Anomalous Point
(AP), e.g., measurement PSI points that show trend variations
or abrupt velocity changes (e.g. related to landslide acceler-
ations) in the time series (Raspini et al. 2019).

Fig. 2 Satellite-based services at regional scale in Italy: a Location of
Tuscany, Valle d’Aosta, Veneto Region in Italy; b Example of “PS
mapping” activity to highlight highest ground motion rates and of “PS

monitoring” activity to periodically scan the territory across time;
c Sketch of systematically updated ground deformation maps based on
Sentinel-1 PSI data of Tuscany, Valle d’Aosta, Veneto Region
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This near-real-time monitoring of ground instability at
regional scale has demonstrated to be very useful tool as it
scans periodically the territory and rapidly points out the
fastest deformations and most hazardous sites over the entire
regional area. The sites where significant AP are retrieved
need to be reported and can be notified to the regional
authority for in-situ validation or for further analysis within
risk mitigation strategies.

2.3 WP3

WP3 activities focus on developing operational and
pre-operational regional scale landslide early warning sys-
tems (RLEWS). This objective is achieved by a multiscale
approach integrating different methodologies, including
statistical rainfall thresholds, landslide susceptibility assess-
ment, and distributed physically based modelling.

To date, statistical rainfall thresholds are the state-of-the
art technique used for RLEWS (Segoni et al. 2018a). ATLaS
is active on this topic with several research projects aimed at:
(i) developing innovative approaches, as the use of 3D
rainfall thresholds that are operated daily by the Emilia
Romagna Region Civil Protection (Rosi et al. 2021) (Fig. 3);
(ii) transferring consolidated approaches (namely, the mod-
els MaCumBA and SIGMA) to new test sites (including
developing countries), customizing the model design and
RLEWS settings according to the technical constraints and
the physical features encountered in the new sites (Abraham
et al. 2020a); (iii) hybridizing the rainfall threshold approach
with other methodologies such as landslide susceptibility
maps, to get a finer spatial resolution (Segoni et al. 2018b) or
by integrating slope-scale instrumental monitoring in the
rainfall threshold-based RLEWS algorithms to reduce false
alarms (Abraham et al. 2020b).

With respect to physically based modelling, to date this
approach is used for early warning only at the slope scale or
in small areas. In contrast, the efforts of ATLaS are mainly
aimed at applying this approach over very wide areas (e.g.,
hundreds or thousands of square kilometres) to establish
prototypal RLEWS for rainfall-induced shallow landslides.

To pursue this objective, a High-Resolution Slope Sta-
bility Simulator (HIRESS—Rossi et al. 2013) has been
developed and for its implementation, several issues have
been addressed. One of the main constraints is the difficulty
in coping with the high spatial variability of the values
assumed by geotechnical and hydrological parameters like
cohesion, internal friction angle, hydraulic conductivity and
so on, which are inputs to the slope stability model.

To this end, efforts are continuously accomplished to
measure such parameters in as many sample points as pos-
sible, assessing the statistical distribution of their values over
lithological or geomorphological units and reproducing the

same variability with a Monte Carlo approach when feeding
the slope stability model (Tofani et al. 2017; Salvatici et al.
2018).

The research about the input parameters also includes the
stabilizing effect exerted by roots systems. To this aim HIR-
ESSS formulation has been modified to include the additional
root cohesion and studies have been undertaken to charac-
terize how to correctly parameterize this additional factor
(Cuomo et al. 2021; Masi et al. 2021). In addition, the appli-
cation to operational RLEWS demands a robust criterium to
interpret the model outputs and to convert them in warnings.
The raw outputs of the model, which consists of slope failure
probability at the pixel level, are aggregated over larger spatial
units (e.g., slope units or small basins) according to a criterium
that is necessarily very site specific and dependent on the
needs of the end-users. Therefore, a semi-automated tool has
been developed to objectively identify the criterium that
maximizes the correct predictions while minimizing the errors
(Bulzinetti et al. 2021). With these features, it has been pos-
sible to apply HIRESSS to several Italian test sites ranging
from 18 km2 to 3500 km2 in areal extension, demonstrating a
promising potential for a pre-operational use.

The activities pursued in WP3 allow the setting up of
RLEWSs with a multi-tier framework: the rainfall thresholds
technique allows for warnings differentiated over large alert,
while with a combined approach using rainfall thresholds
and susceptibility maps the spatial resolution can be refined
up to the municipality level (whose width is typically in the
order of tens of square kilometers); and finally finer-spatial
resolution warnings can be obtained with the physically
based modeling, which starts from landslide triggering
probabilities at the pixel level (typically, 10 m cell size)
which are aggregated to issue warnings over spatial units
whose extension is typically on the order of 1 km2.

3 IPL Projects

Since its involvement in ICL, the UNESCO Chair has pro-
posed several IPL projects. Currently, the active projects are:

• IPL196: Development and applications of a multi-sensors
drone for geohazards monitoring and mapping, Proposer:
Veronica Tofani

• IPL198: Multi-scale rainfall triggering models for Early
Warning of Landslides (MUSE), Proposer: Filippo Catani

• IPL 221: PS continuous streaming for landslide moni-
toring and mapping, Proposer: Federico Raspini and
Silvia Bianchini

IPL 196 has the objective to test the applicability of a
multi-sensors drone for the mapping and monitoring of
geohazards. In particular, the project has two specific
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objectives: (i) development of the drone, sensors, safety and
automation and (ii) application of the drone as a platform of
integrated sensors (multispectral sensor, visible light camera,
infrared camera and LIDAR) for the mapping and moni-
toring of geohazards.

IPL 198 aims at the enhancement of knowledge and
methodologies related to the integration of landslide pre-
diction models at different scales to build an effective
operational multi-scale system for real-time early warning of
rainfall triggered mass movements.

The objective of IPL 221 is to perform the transition from
historical analysis of radar satellite image archives to
real-time monitoring of ground deformation at regional scale
using radar satellite scenes. To accomplish this objective, the
short revisiting time and regularity of acquisitions of
Sentinel-1 constellation of SAR (Synthetic Aperture Radar)
satellite sensors were exploited.

The activity reports are regularly published in the
ICL IPL website, while their outcomes have been published
in the Landslides journal (IPL-196, Rossi et al. 2018;
IPL-198, Tofani et al. 2017; IPL-221, Raspini et al. 2019).

4 Contribution to Kyoto 2020 Commitment

As a member of the International Consortium on Landslides
(ICL) the UNESCO Chair is signatory of the ISDR-ICL
Sendai Partnership 2015–2025 (Sassa 2015). The Sendai
Partnership was accepted and signed during the 3rd United
Nations World Conference on Disaster Risk Reduction
(WCDRR) in Sendai (March 11-15th 2015). During the

4th World Landslide Forum (WLF4), held in Ljubljana from
May 29-June 2 2017, the Chair has contributed to the
“Ljubljana Declaration” on Landslide Risk Reduction, to-
gether with all of the participants to the forum, as a further
commitment on the part of the global landslide community
to the Sendai Framework for Disaster Risk Reduction 2015–
2030 (Sassa 2017).

The Chair has been signatory and promoter of the Kyoto
2020 Commitment (KLC2020) for global promotion of
understanding and reducing landslide disaster risk, during
the 2019 ICL-IPL Conference at UNESCO Headquarters,
Paris, on 16–19 September 2019. The Kyoto 2020 Com-
mitment is a duty to the Sendai Landslide Partnerships
2015–2025, the Sendai Framework for Disaster Risk
Reduction 2015–2030, the 2030 Agenda Sustainable
Development Goals, the New Urban Agenda, and the Paris
Climate Agreement (Sassa 2019).

The UNESCO Chair, in line with the activity carried out
in the framework of the WCoE and IPL projects, will par-
ticularly contribute to some priority actions of Kyoto 2020
Commitment (Sassa 2018c):

Action 1: Promote the development of people-centered
early warning technology for landslides with increased
precision and reliable prediction both in time and location,
especially in a changing climate context.

Action 2: Advance hazard and vulnerability mapping,
including vulnerability and risk assessment with increased
precision, as well as reliability as part of multi-hazard risk
identification and management.

Action 3: Improve the technologies for monitoring, test-
ing, analyzing, simulating, and effective early warning for

Fig. 3 Overview of the web interface of the RLEWS based on 3D rainfall thresholds, which is currently operated in the hilly and mountainous
sectors of Emilia Romagna region
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landslides suitable for specific regions considering natural,
cultural, and financial aspects.

Action 6: Investigate the effect of climate change on
rainfall-induced landslides and promote the development of
effective rainfall forecasting models to provide earlier
warning and evacuation especially in developing countries.

Action 9: Foster new initiatives to study research frontiers
in understanding and reducing landslide disaster risk by
promoting joint efforts by researchers, policy makers and
funding agencies.

In the framework of the contribution to policies for risk
reduction, the UNESCO Chair contributed to the organiza-
tion of the 5th World Forum on landslides (WLF5), which
due to the COVID-19 pandemic was held in mixed virtual
and in-person mode from November 2–6, 2021 in Kyoto
(Japan) (Fig. 5).

The UNESCO Chair is currently organizing the 6th
World Landslide Forum, which will be held in Florence
from the 14th to the 17th of November 2023 (Fig. 4). The
Forum will have the theme “Landslide Science for Sus-
tainable Development.” The event is jointly organized by the
International Consortium on Landslides (Kyoto, Japan), the
International Programme on Landslides (IPL) and the
UNESCO Chair on Prevention and Sustainable Management
of Geohydrological Hazards at the University of Florence.

The Forum is focused on Landslide Science for Sus-
tainable Development, as a contribution to the Kyoto 2020
Commitment for global promotion of understanding and
reducing landslide disaster risk (KLC2020).

The aim of the Forum is to provide a platform to achieve
a fruitful cooperation among landslide researchers to define

shared priority actions for landslide risk reduction on a
global scale. The Forum will deal with the main aspects
related to landslide analysis: landslide monitoring and early
warning, landslide modelling, landslide hazard and risk
assessment, mitigation techniques, landslide triggering
mechanism and climate change. In line with the 2030
Agenda and the Sustainable Development Goals, the Forum
will be a sustainable event. The Forum is hosted in Florence
city center, with everything at walking distance and no
printed material. The Forum programme and proceedings
will be distributed to the participants in electronic format.

The Forum will focus on 6 main themes:

• Theme 1: Kyoto Landslide Commitment for sustainable
development

• Theme 2: Remote sensing, monitoring and early warning
• Theme 3: Testing, modeling, and mitigation techniques
• Theme 4: Mapping, hazard, risk assessment and

management
• Theme 5: Climate change, extreme weather, earthquakes,

and landslides
• Theme 6: Progress in landslide science and applications

5 ICL Italian Network

The ICL Italian network was officially established in
December 2018 during the ICL-IPL Conference, held in
Kyoto on 1–4 December 2018. ICL Italian network, pro-
posed and coordinated by the UNESCO Chair on Prevention

Fig. 4 Home page of the 6th
World Landslide Forum Website
(https://wlf6.org)
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and Sustainable Management of Geo-hydrological hazards,
currently counts 13 ICL members (7 Full members, 5
Associates and 1 Supporter) (Casagli and Tofani 2018).

The general objective of the Italian ICL Network is to
contribute at a national level to the Sendai Partnership for
Disaster Risk Reduction 2015–2025 for the national pro-
motion of understanding, prevention and sustainable man-
agement of landslide risk disaster, for the safety of human
life, society and the environment and to the Kyoto Com-
mitment 2020 for Global Promotion of Understanding and
Reducing Landslide Disaster Risk.

The Italian ICL network on landslides is formed by
well-established scientific institutions, recognized both at
national and international levels, with a long-dated expertise
on landslide research for hydrogeological hazard assessment
and landslide disaster risk reduction. The network partners
have also developed strong and widespread synergies with
national, regional and local administrations, technical
stakeholders, and end-users for developing policies and
procedures for landslide disaster prevention, management
and mitigation.

On March 26, 2021, a virtual meeting of the Italian
Network of ICL took place. During the meeting, the activ-
ities carried out by ICL were discussed with reference to the
organization of WLF5 and WLF6. It was also discussed how
to improve networking activities between the Italian partners
of ICL through the strengthening of joint research and
training activities. During the meeting, Dr. Claudio Mar-
gottini was appointed as coordinator of the Italian Network
for the next three years.
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Strengthening the Resilience
by Implementing a Standard for Landslide
Early Warning System

Teuku Faisal Fathani, Dwikorita Karnawati, Wahyu Wilopo,
and Hendy Setiawan

Abstract

The implementation of early warning systems is in line
with the Sendai Framework for Disaster Risk Reduction
(SFDRR) 2015–2030. The Sendai Framework Priority 4
emphasizes improvement of preparedness and anticipa-
tion of disasters by establishing communities’ resilience
to disaster. The development of a simple, low-cost early
warning system that is universally accessible is needed to
achieve the goals of the Sendai Framework. Universitas
Gadjah Mada, incorporated with the Indonesian Stan-
dardization Agency (BSN) and the Indonesian Disaster
Management Authority (BNPB), has promoted a new
standard for community-based landslide early warning
systems to the International Organization for Standard-
ization (ISO). This standard, published as ISO
22327:2018, empowers individuals and communities
vulnerable to landslides to act in sufficient time, and in
appropriate ways to reduce the possibility of injuries, loss
of life, and damage to property and the environment. It is
designed to encourage communities to play a more active
role in their own protection. ISO 22327:2018 adopts the
concept of a people-centered early warning system by
UNISDR (2006) to be used by communities vulnerable to
landslides, and by government and non-governmental
organizations at central, provincial, districts, sub-district,
and village levels.

Keywords

Risk assessment �Monitoring and warning technology �
Risk communication � Disaster response

1 Introduction

Indonesia is geologically complex, being at the junction of
three major active plates: Eurasia, Indo-Australian, and
Pacific. Although this setting richly endows Indonesia with
natural resources, it also makes the country prone to disas-
ters such as volcano eruptions, earthquakes, tsunamis,
landslides, floods, liquefaction, and flows. Plate movement,
active faults, volcanic activities, weathering rates, and heavy
rainfall all influence hazard occurrences in Indonesia.

The Indonesian Disaster Management Authority (BNPB)
data shows that the number of disaster events in Indonesia
increased significantly from 2010 to 2019, as shown in
Fig. 1 (BNPB 2020). In 2019, 9391 disasters occurred and
leading to 911 people dead or missing, 2163 injured, and
5372 million people directly affected and displaced. Land-
slides were ranked fourth after wildfire, tornadoes, drought
as the most frequent disasters in 2019.

Landslides are widespread and frequently occur around
the world. The natural phenomenon is controlled by slope
condition, geology, geological structures, land use of slopes,
and they are triggered by heavy rainfall or earthquakes.
Landslides can cause significant losses and damages when
occurring in highly populated areas. Intensive development
in susceptible areas increases disaster risks. On the other
hand, knowledge and ability of the community to implement
disaster mitigation in general are low.

The intensity of landslide occurrence in Indonesia during
the past decade has increased and disaster areas are more
widespread, as illustrated in Fig. 2. This is a consequence of
the increase in non-eco-friendly land use, high rainfall
intensity with a long duration, and an increase in frequency
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of earthquake occurrence. Most areas susceptible to land-
slides are fertile lands with abundant groundwater, on which
settlement areas, farmlands, and paddy fields have been
developed, with construction of essential supporting infras-
tructure. Substantial regions of high landslide susceptibility
are found in the mountain belt of Indonesia, for example in

Bukit Barisan. Susceptible terrain is extensively developed
in these remote rural areas. Consequently, relocating settle-
ments and infrastructure is not easy, and may be very costly.
Susceptible conditions and other factors such as density and
population, infrastructures and building conditions, eco-
nomic level, and regional capacity, contribute to an area's
risk level (Hufschmidt et al. 2005; Crozier and Glade 2005).

About 108.8 million people live in moderately to highly
landslide susceptible zones, out of which 15.2 million live in
highly susceptible zones in 228 districts in Indonesia (BNPB
2020). In 2019, there were 1483 landslides in Indonesia that
involved 145 casualties, 9473 affected people, and major
economic, physical, and environmental losses. As almost
every region in Indonesia has a high potential of landslides,
a collective effort to strengthen mitigation capability, risk
reduction, and disaster management is greatly needed.

According to landslide hazard map (Fig. 3), the areas
with high risk to landslides are those in the western parts of
Sumatera Island, along the Bukit Barisan mountain belt; the
southern and central parts of Java Island, Bali, Nusa Teng-
gara, almost every part of Sulawesi Island, Maluku, the
southern and central parts of Papua. The total number of
people affected by landslide risk in Indonesia is 194 million,
with the potential loss of USD 13 billion (BNPB 2019).

2 Disaster Management Policy and Strategy

Due to the high propensity of the country to disasters, the
Indonesian government is committed to reducing disaster
risk by placing disaster risk reduction as one of the national
development priorities. National policies in disaster man-
agement started to receive attention following the tsunami
and earthquake in Aceh and Nias at the end of 2004.

Fig. 1 Disaster events in Indonesia in 2010–2019 (BNPB 2020)

Fig. 2 Data on landslides and casualties from 2010–2019 (BNPB
2020)

Fig. 3 Landslide hazard map of Indonesia (BNPB 2019)
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The enactment of Law No 24 of 2007 on Disaster Man-
agement and its Government Regulation, established the
National Disaster Management Agency (BNPB) at the
national level and the Regional Disaster Management
Agency (BPBD) at provincial and district levels.

Paradigm shifts in disaster management have been
implemented, namely: (1) from response-oriented approach
to mitigation-oriented strategy, (2) from sectoral approach to
multi-sectoral approach, (3) from government responsibility
to collective responsibility, (4) from centralization to
decentralization, and (5) from being emergency response-
oriented to becoming disaster risk reduction oriented
(Bappenas 2014).

As one of the strategic environmental priorities, the
National Mid-Term Development Plan (RPJMN) 2015–
2019 specified that disaster management integrates policies
and Disaster Risk Reduction (DRR) strategies with global
climate change adaptation. To this end, the Disaster Man-
agement Strategies are focused on: (1) the internalization of
DRR in the framework of sustainable development at the
national and regional level; (2) the reduction of disaster
vulnerability level; and (3) capacity building of disaster
management implementation (Bappenas 2014).

The consistency of the government and other stakehold-
ers, including universities, is necessary to formulate and
realize disaster management strategies. The Disaster Man-
agement National Plan (Renas-PB, 2010–2014) evaluation
shows that the general activities for all hazards ran well.
However, specific activities for each hazard did not perform
as well as the general activities. Accordingly, in 2014,
Universitas Gadjah Mada contributed to developing the
landslides risk reduction masterplan in Renas-PB 2015–
2019 and directly instituted the disaster management action
plan in Indonesia (BNPB 2014).

Disaster management measures are a tremendous chal-
lenge and responsibility that should be carried out with a
sustainable, measured, and structured strategy. Over the last
decade, Indonesia has learned many important lessons in
disaster management. It has implemented numerous chan-
ges, particularly by establishing a disaster management
system emphasizing disaster risk reduction.

One of the most effective mitigation measures is the
implementation of an early warning system with appropriate
technologies. The disaster management strategy begins with
risk assessment and mapping to determine high risk areas
and countermeasure priority, followed by the utilization of
various numerical modellings to predict disaster impacts and
mechanisms. The next step is to determine the most appro-
priate structural or non-structural disaster management
method. This strategy has been accepted as a national stan-
dard in Indonesia and an international guideline for disaster
risk reduction around the world (Fathani 2019). It has been
implemented in Myanmar and in 33 provinces, 124 cities/

districts in Indonesia, involving the national government, the
local government, the local universities and private sectors,
and local communities.

3 Development of Landslide Early Warning
System

Landslide countermeasures can be conducted structurally or
non-structurally. Structural countermeasures include modi-
fication of slope geometry, slope reinforcement and reten-
tion, drainage management, and relocation to safer areas for
people living in high-risk areas (red zones). Non-structural
mitigation focuses on community knowledge and prepared-
ness, improving institutional capacity building, all supported
by policies and regulations. Every disaster event is unique as
it occurs under different geomorphology-geology-
geotechnical conditions. Thus, it is not appropriate to
apply the same countermeasure method to every case. Risk
assessment is the key to planning the appropriate counter-
measure technologies and methods (Karnawati et al. 2013).

Structural and environmental conservation are crucial as
the only measures that prevent or reduce potential disaster
risk. However, implementing these types of measure is very
costly. One such mitigation measure is to relocate people
living in landslide susceptible areas to safer terrain. This is a
challenge because of the large population numbers often
involved, resistance from settled people (i.e., the cultural-
economic-socio aspect), and budget limitations. Therefore,
an effective disaster risk reduction measure implemented
under this condition is a nonstructural mitigation: improving
community preparedness by installing a landslide monitor-
ing system.

Universitas Gadjah Mada (UGM) has developed a simple
early warning system in collaboration with BNPB and
Ministry of Village, Development of Disadvantaged
Regions, and Transmigration (KPDTT) that has been oper-
ating since 2006. The development of the landslide moni-
toring technology began when imported landslide
monitoring devices were installed in Kulon Progo District in
2000–2002. Unfortunately, these monitoring systems were
easily damaged, and with repair needing to be performed
abroad, functionality was difficult to maintain.

Unfortunately, people living in high-risk areas typically
have poor education, are in middle to lower economic
classes, and have limited knowledge and resources for
maintenance of monitoring systems and accessible commu-
nity infrastructure (Fathani et al. 2014). For this reason,
UGM has developed more exciting, engaging, and under-
standable low-cost and simple disaster risk reduction tools.
The monitoring systems use local materials and incorporate
observations of landslides and other natural disasters, and
are directly managed by impacted communities.
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The first-generation monitoring systems were an exten-
someter and a manually recorded rain gauge. Both were
designed with the goal that communities could indepen-
dently produce and repair these monitoring tools. Exten-
someters and rain gauges were installed in Banjarnegara
District and Situbondo District in 2007, then in Karangan-
yar District in 2008. The manufacturing of these tools
involved small and medium size enterprises in Central Java
Province and the Special Region of Yogyakarta. Early
warning included not only the installation of monitoring
tools, but also a technical and cultural-economic-socio
assessment that enabled communities to understand the
function of the installed systems, and how to independently
operate and maintain them (Karnawati et al. 2011; Fathani
et al. 2014).

4 Implementation of Disaster Early Warning
System

4.1 Establishment of a Landslide Early Warning
System

Research in landslide early warning systems keeps evolving,
with various generations of early detection tools under
development. Landslide early warning systems are installed
in the Sumatera, Java, Kalimantan, Sulawesi, and Papua
districts. Funding comes not only from the government, but
also from several mining and energy companies. Neverthe-
less, many issues remain. For example, non-optimal

supporting infrastructure and sensors, stolen and poorly
maintained tools limit reliability and utility. Accordingly, the
UGM team developed a strategy for the early warning sys-
tem implementation that incorporates nontechnical and
technical aspects to the installation. This multidisciplinary
approach involved engineering, sociology, anthropology,
psychology, economics, and agriculture (Karnawati et al.
2013; Fathani and Karnawati 2018).

Incorporating multidisciplinary technical and social
approaches enriches the early warning system concept.
A seven sub-system approach begins with: (1) risk assess-
ments, (2) information dissemination, and (3) establishment
of disaster preparedness teams. These initial stages are fol-
lowed by: (4) development of evacuation route maps and
(5) development of Standard Operating Procedures (SOP).
Next comes (6) the installation of the early warning systems
and evacuation drills, and lastly, (7) the establishment of
commitments between communities, village councils, and
district governments on the operation and maintenance of
early warning systems that guarantee the sustainability of
installed systems (Fathani et al. 2016, 2017). It is not nec-
essary for evacuation route maps to conform with carto-
graphic rules, so long as they are understandable to the
communities affected (Fathani and Legono 2011; Karnawati
et al. 2018; Setiawan et al. 2021).

Student Community Services are also involved in the
implementation of landslide early warning systems at
numerous sites in Indonesia such as Karanganyar District,
Banjarnegara District, Banyumas District, Boyolali District,
Sumatera Barat Province, and others (Fig. 4).

Fig. 4 a Installation of extensometer; b A community landslide evacuation map; c Evacuation drill; d The local disaster preparedness team and
UGM facilitator team
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5 Gadjah Mada Early Warning System
(GAMA-EWS)

GAMA-EWS is designed to monitor, detect, and give early
warning for sedimentary disasters such as landslides, floods,
flash floods, and debris flows. The system comprises of an
extensometer (a lateral, vertical, or rotational ground
movement detection tool), tiltmeter (instruments used to
measure ground tilt in slopes), inclinometer (instruments
used to measure displacement in slip surface), and ultra-
sonic sensor (instruments used to measure the change in
water level) integrated and connected into one field server.

The current system is the 7th generation of GAMA-EWS
since the innovation was developed in 2006. By 2020, about
40 variants of detection tools, namely the extensometer
(upper/underground), crackmeter, tiltmeter, inclinometer,
rain gauge, ultrasonic water level sensor, and groundwater
sensor were developed. These early warning tools, manu-
factured with appropriate technologies, use 90% local
components and manufactured by PT. GAMA-InaTEK as a
subsidiary of UGM.

This process involves small and medium enterprises in
the Special Region of Yogyakarta and Central Java Pro-
vince. Manufacturing and design are monitored by the
Center of Excellence of Technological Innovation for

Disaster Mitigation UGM (PUI GAMA-InaTEK). The
information on disaster early warning systems received by
local authorities and the community is delivered in real-time
via sirens, speakers, SMS blasting, email, website hosted on
the GSM network, Wi-Fi, radio frequency, and via satellite.

The main components of GAMA-EWS are: (1) multiple
sensors to monitor and collect field data; (2) a server and
online system to receive and process the data; and (3) a
warning system to improve the community preparedness in
disaster emergencies, as illustrated in Fig. 5. All components
work automatically through a telemetry system that has an
independent energy source (solar panel) and operates wire-
lessly. Therefore, the early warning system can work effec-
tively, particularly in remotely located hazard areas.
GAMA-EWS has several advantages: it is easy to install,
has flexible trusses, does not need electricity supply from PLN
(using solar energy), and is easy to operate and maintain.

By 2021, GAMA-EWS has been installed in 33 provinces,
124 districts, and more than 500 villages in Indonesia. The
implementation of the system is a collaboration between
UGM and several institutions such as BNPB, BPBD, KPDTT,
and in cooperation with numerous mining and energy com-
panies, as shown in Fig. 6. In addition, the GAMA-EWS
detection tools and early warning system have been imple-
mented outside Indonesia, for example, in Myanmar.

Fig. 5 Detection of hazard zone and early warning information flow
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In addition to the landslide early warning system,
GAMA-EWS has also developed early warning systems for
floods, flash floods, and debris flows implemented in
numerous regions of Indonesia (Fathani and Legono 2013).
The implementation of the early warning system is con-
ducted through the UGM thematic Student Community
Service and involves local universities and communities as
the subject and the object of the activity. For the imple-
mentation of the system, the national, regional, and village
governments, as well as local communities play significant
roles in the operation and maintenance of their early warning
systems.

6 Formulation of International and National
Standard

6.1 Indonesian Standard of SNI 8235:2017
on Landslide Early Warning System

According to UN-ISDR (2006), an effective and compre-
hensive early warning system comprises four interconnected
key elements: (1) risk knowledge; (2) warning service and
monitoring technology; (3) communication and dissemina-
tion; and (4) response-ability. The challenge is not in tech-
nology development; rather it is in their implementation,
which involves communities living in the vulnerable areas,

and coordination between all levels of government, the pri-
vate sector, and other stakeholders.

Consequently, UGM has developed a sediment disaster
early warning system that integrates the social and technical
systems that have effectively worked through the installa-
tion, operational, and maintenance phases. Referring to the
four key elements above, UGM, supported by BNPB and
BSN, developed a pragmatic landslide early warning system.
This system comprises seven main activities: (1) Risk
assessment, (2) Dissemination and communication on dis-
aster knowledge, (3) Establishment of a disaster prepared-
ness team, (4) Development of an operational evacuation
manual, (5) Building a practical SOP, (6) Developing an
evacuation drill, monitoring and early warning technology,
and (7) Building the commitment of local authorities and
communities to operate and maintain all components of the
landslide early warning system (Fathani et al. 2016; 2017).

7 ISO 22327:2018 on Community Based
Landslide Early Warning System

Indonesia, through BNPB, is a Center of World Excellence
in Disaster Risk Reduction. Consequently, BNPB and UGM
have encouraged the landslide early warning SNI to be
adopted as an international standard (ISO) global guideline.
In the 2nd Plenary Meeting ISO/Technical Committee

Fig. 6 Locations of landslides and floods early warning system implementation (2007–2021)
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(ISO/TC) 292 in Bali in December 2015, Indonesia officially
proposed the landslide early warning SNI draft to be ISO
22327 entitled Guidelines for Implementing Community-
based Landslide Early Warning System.

After a long technical discussion, at the 5th 292 ISO/TC
meeting in Sydney, Australia, in March 2018, the proposed
landslide early warning international standard was approved
and adopted as ISO 22327:2018 Security and Resilience-
Emergency Management: Guidelines for implementation of
a community landslide early warning system. This is a fol-
low up to SNI 8235:2017, established the previous year. It is
a significant achievement since ISO 22327:2018 is the first
international standard proposed by Indonesia, and the first
from a developing country.

This means that every country could adopt this standard
and state it in the early warning system implementation
contract. The concept of early warning system comprising 7
sub-systems are fully implemented in Indonesia and Myan-
mar. Other countries such as Bangladesh and Argentina have
started to adopt the standard.

As a result of the ISO 22327:2018, the International
Organization for Standardization (ISO) assigned Indonesia
to develop the General Standard for Multi-Hazards Early
Warning System (ISO 22328–1:2020), complete with
Technical Specification for multiple hazards such as tsuna-
mis, volcanic eruptions, and floods. The document was in
the process of finalization at the time of going to press (June
2022).

8 Conclusions

Creating innovative hazard monitoring systems takes a long
time, requiring the study of basic processes by institutes of
higher education, and dissemination of useful hazard infor-
mation to maintain people’s interest. The disaster early
warning system developed byUniversitas GadjahMada, as an
ICL member and a World Center of Excellence on Landslide
Disaster Risk Reduction (WCoE-07), has been published as a
national and international standard. However, intensive
innovation, evaluation, and improvement is constantly
undertaken. The challenges in conducting these are many,
such as maintaining the sustainability, in this case, the
endurance of the stakeholders. An appropriate strategy to
maintain the awareness and preparedness of the community is
needed. After a disaster, the community awareness and pre-
paredness increase but they diminish after a period of time.
Another challenge is media exposure. The media should
actively deliver information on the importance of disaster risk
reduction, mitigation, and early warning system prior to dis-
asters instead of post-disaster. Innovation must be carried out
continuously to develop equipment that is low maintenance
and functions well in minimum conditions (weather,

humidity, etc.). In addition to landslide monitoring, UGM has
implemented the early warning system concept and strategy
for other hazards leading to disasters, including volcanic
eruptions, debris flows, seasonal floods, and flash floods.

The challenges in disaster management are still numerous
and various. Through the innovation efforts and strategies
initiated by UGM, national resilience and sustainability in
disaster risk management is maintained. The success of the
implementation of the early warning system is achieved
through multidisciplinary collaboration, with full support
from national and regional governments, and private sector
stakeholders. In the future, UGM will continue to innovate
with multiple parties to establish national technology
sovereignty and disaster risk reduction globally.
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Central Asia Rockslides Inventory:
Compilation, Analysis and Training—
Progress of the IPL WCoE

Alexander Strom

Abstract

JSC “Hydroproject Institute” together with Institute of
Seismology of National Academy of Sciences of Kyrgyz
Republic were awarded a World Centre of Excellence on
Landslide Risk Reduction (WCoE) since the 1st World
Landslide Forum in 2008. This award was confirmed
during the 2nd, 3rd, 4th and 5th World Landslide Forums.
The core activity of this WCoE is the Kokomeren
Summer School on Rockslides and Related Phenomena—
a two-week long annual field training course aimed to
acquaint students and young landslide researchers with
unique and very didactic examples of large-scale rock-
slides, rock avalanches and manifestations of active
tectonics abundant in the Kokomeren River basin in
Central Tien Shan. Further development of these activ-
ities evolved in compilation of the complete rockslide
database of the entire Central Asia Region embracing
Pamir, Tien Shan and Dzungaria that belong to six states
—Afghanistan, China, Kazakhstan, Kyrgyzstan, Tajik-
istan, and Uzbekistan.

Keywords

Rockslide�Rock avalanche�Field training�Database�
Inventory

1 Introduction

Central Asia region embracing Pamir, Tien Shan and
Dzungarian mountain systems located in six states—
Afghanistan, China, Kazakhstan, Kyrgyzstan, Tajikistan,

and Uzbekistan, is one of the global landslide hotspots
(Nadim et al. 2006). Unique combination of rugged terrain,
arid climate and lack of vegetation, active tectonics and high
seismicity provides conditions quite favorable both for
landslides formation and for their identification, mapping
and detailed study at both regional and site-specific scales. It
is fully applied to the study of large-scale rockslides and
rock avalanches—the most destructive and most hazardous
types of landslides in mountainous regions.

Complex study of these hazardous phenomena, compi-
lation of the regional inventory of rockslides exceeding 1
million cubic meters in volume, and organization of an
annual two-week field training course for students and
young researchers interested in studying these natural phe-
nomena are the main aims of the multi-year joint project of
the JSC “Hydroproject Institute” (Moscow) and Institute of
Seismology of National Academy of Sciences of Kyrgyz
Republic. These organizations were awarded as World
Centre of Excellence on Landslide Risk Reduction (WCoE)
since the 1st World Landslide Forum in 2008.

Seventeen years of development and progress of these
activities as well as our future plans are described in brief
hereafter.

2 Field Training Course—The Kokomeren
Summer School

The Kokomeren Summer School on Rockslides and Related
Phenomena started in 2006. It was skipped in 2010 due to
political crisis in Kyrgyzstan and in 2020–2021 due to the
COVID-19 pandemic but was resumed in 2022. The
Kokomeren Summer School (KSS) is a two-week long field
training course during which the entire group led by the
author visit rockslides, rock avalanches and rockslide dams
where various peculiarities of these natural phenomena are
demonstrated and explained in detail.
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The first KSS was preceded by the 2005 special field
reconnaissance during which most interesting and didactic
sites were selected and studied. Data collected during this
field trip as well as those collected by organizers during their
previous work in the study area were summarized in the
full-color detailed guidebook. These activities were per-
formed within the frames of the IPL M-111 project sup-
ported by the International Consortium on Landslides
(ICL) and followed later by the C-106-2/IPL-106-2 projects.
In 2017–2019, and in 2022, the KSS was supported par-
tially by the Central Asian UNESCO office that covered the
expenses of four participants, one each from Kyrgyzstan,
Kazakhstan, Uzbekistan and Tajikistan. Almost each year
some new study sites or new field routes have been found
and included in the new versions of the Guidebook. The
latest one is available at the ICL and IPL websites.

During fourteen years of the KSS, 159 students, young
researchers, and several experienced experts from Argentina,
Austria, Belgium, China (including Hong Kong), Chinese
Taipei, Czech Republic, France, Germany, Great Britain,
Italy, Japan, Kazakhstan, Korea, Kyrgyzstan, New Zealand,
Poland, Russia, Slovakia, Slovenia, Switzerland, Spain,
Tajikistan, USA and Uzbekistan have attended this field
training course (Table 1). Some of them attended two
courses.

This area (Fig. 1) was selected for field training course
due to quite favorable combination of several factors:
(1) unique variability of rockslide morphological types and
subtypes (Strom 2021); (2) excellent exposure of both
morphology of the studied features and of their internal
structure; (3) impressive manifestation of neotectonics and
active faulting in the study area that form the prerequisites of
large-scale rockslides formation; (4) attainability of almost
all study sites that require up to two hours driving and
several kilometers long hiking to reach them; and (5) close-
ness of the area to Bishkek—route from Bishkek airport to
base camp takes 5–6 h, depending on weather conditions.

During daily field trips the attendees visited numerous
rockslides and rock avalanches, the largest of which—the
Kokomeren rockslide was about 1.5 km3 in volume and
formed the dam up to 400 m high, nowadays completely

dissected by erosion (Fig. 2). There are also impressive
evidence of river damming (Fig. 3) and of the subsequent
outburst floods (Fig. 4)—the secondary and the tertiary
effects of large-scale rock slope failures that can be even
more destructive than rockslides themselves.

The KSS attendees also have a chance to be acquainted
with the traditional lifestyle of very friendly and hospitable
local people and to taste local food and traditional drink of
nomads—kumis—fermented horse milk (Figs. 5 and 6).

Such field training proved its efficiency—many unclear or
controvercial peculiarities of the studied phenomena can be
explored and explained directly on site. Several participants
of the KSS from the European and Asian countries came to
Kyrgyzstan again with their own research projects to con-
tinue studying excellent manifestations of rock slope insta-
bility, both in the same parts of the Tien Shan and in other
parts of this mountain system.

3 Central Asian Rockslide Database—
Compilation and Analysis

Preparation of the Summer School Guidebook along with
the study of numerous rockslides, rock avalanches and
deep-seated gravitational slope deformations (DSGSD) per-
formed in different parts of the Central Asian mountains, was
a starting point for compilation of the complete large-scale
rockslide inventory and database of the entire Central Asian
region (Strom and Abdrakhmatov 2017) (Fig. 7). This
database includes ca. 1000 case studies in the Djungaria,
Tien Shan and Pamir Mountain systems, for about 600 of
which quantitative and qualitative parameters characterizing
their headscarps, deposits and the dammed lakes are pro-
vided. Results of these studies have been summarized in the
monograph “Rockslides and rock avalanches of Central
Asia: distribution, morphology, and internal structure”
(Strom and Abdrakhmatov 2018) published by Elsevier
(ISBN: 978-0-12-803204-6). The database is available as an
Excel spreadsheet at the Elsevier website (https://www.
elsevier.com/books/rockslides-and-rock-avalanches-of-central-
asia/strom/978-0-12-803204-6) as part of the supplementary

Table 1 Number of participants
attending the KSS

Year Attendees Year Attendees

2006 2 2014 12

2007 5 2015 5

2008 7 2016 19

2009 8 2017 16

2011 10 2018 23

2012 13 2019 21

2013 8 2022 10
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material and can be provided by the author upon the request
as well.

Unique and didactic examples of rockslides, most of
which converted into flow-like rock avalanches (Fig. 8), of
the existing, silted and breached rockslide dams (Figs. 9, 10
and 11) and of the DSGSDs (Fig. 12) have been identified
throughout the entire Central Asia Region—from the
Djungarian Range in the North to Pamir and Afghan
Badakhshan in the South and from Eastern Tien Shan in

Xinjiang, China, to its westernmost part in Uzbekistan and
Tajikistan. Some of case studies are really unique due to
their size and expressiveness (Fig. 13).

Large number of the quantified rockslides and rock ava-
lanches allowed establishing statistical relationships between
parameters, characterizing the collapsed rock massif—its
volume and height drop and parameters that are used to
describe their mobility (runout, angle of reach, affected area)
(Strom 2018; Strom and Abdrakhmatov 2018; Strom et al.

Fig. 1 Large landslides, rock avalanches and caldera-like collapses in
the Kokomeren River basin and adjacent part of the Naryn River basin.
Suu, Dj and K-T—the Suusamyr, the Djumgal and the Ketmen-Tiube
intermountain depressions. Selected features most of which are
demonstrated during the training course: 1—Seit; 2—Ak-Kiol; 3—

Mini-Köfels; 4—Kashkasu; 5—Northern Karakungey; 6—Southern
Karakungey; 7—Chongsu; 8—Sarysu; 9—Ming-Teke; 10—Lower
Ak-Kiol; 11—Snake-Head; 12—Lower-Aral; 13—Kokomeren;14—
Ornok; 15—Displaced Peneplain; 16—Kyzylkiol caldera-like collapse;
17—Karachauli; and 18—Lower Kokomeren

Fig. 2 Overview of the
Kokomeren Rockslide whose ca.
400 m high body had been
completely dissected by erosion
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2019). These relationships, some of which are characterized
by very high correlation coefficients (R2 > 0.9), can be used
for fast assessment of the landslide hazards and associated
risks if the potentially unstable slope is identified and its
height and volume are estimated.

Parts of the entire database were used for testing new
software developed for automatic generation of landslide
profiles (Li et al. 2020) and for elaboration of the more strict
determination of landslide longitudinal shape (Li et al.
2022).

Fig. 3 Succession of lacustrine
sediments accumulated in the lake
dammed by the Kokomeren
rockslide (above) and
composition of its basal unit—
mixture of dark-grey Paleozoic
metasediments rubble and red
Neogene claystone
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The Central Asian rockslide database serves as a reference
point for various regional and site-specific studies of natural
hazards and risks associated with rockslides, rock avalanches
and rockslide dams (e.g. Fomenko et al. 2020; Jones et al.
2021). It has been also used for the landslide susceptibility
assessment of the Central Asian states performed within the
frames of the ongoing World Bank funded project. In future,
the database will be enlarged by quantifying those case
studies whose parameters have not been measured yet.

4 Conclusions

Activities of the World Centre of Excellence (WCoE) of JSC
“Hydroproject Institute” and of Institute of Seismology of
National Academy of Sciences of Kyrgyz Republic are
focused on the study of the most disastrous types of land-
slides in mountainous regions—large-scale rockslides and
rock avalanches.

Fig. 4 Terrace-like body
downstream from the breached
70 m high Lower Aral rock
avalanche dam. These deposits
left by the final phases of the
outburst flood are composed of
layers of angular unrounded clasts

Fig. 5 Participants of the 2018
KSS with local family
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WCoE performs both scientific (compilation of the
Central Asian rockslide database and study of the most
informative features) and educational (Kokomeren Summer
School) tasks. Besides, results of our studies have been used
and will be used in future for practical purposes—to assess
landslide and seismic hazards of the particular sites and
associated risks.
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Fig. 6 Drinking kumis in the
shepherd’s yurt

Fig. 7 Spatial distribution of
large rockslides, rock avalanches
and DSGSDs’ in the Central
Asian region
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Fig. 8 The 7.5 km long
Chukurchak rock avalanche, Tien
Shan, Kyrgyzstan. Headscarp is
marked by elevation marks 2970
and 2250 m a.s.l., while other
elevation marks are placed at the
front of rock avalanche branches

Fig. 9 Rockslide (rock
avalanche) dam of the Big
Almaty Lake, Kazakhstan. Red
arrows mark the headscarp at
3000–3300 m a.s.l.; yellow
arrows—rock avalanche front.
Lake level was raised by small
earthfill dam
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Fig. 10 Rockslide dam in
Chinese Pamir and completely
silted and forested dammed lake

Fig. 11 Gigantic breached
natural dam ca. 500 m high at the
junction of the Dura and
Munjiang River in the Kokcha
River basin in Afghanistan. It was
formed by the Pazhuk rockslide
about 3 km3 in volume
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Fig. 12 Ca. 5 km long DSGSD at the northern slope of the Peter the First Range, Tajikistan

Fig. 13 Oblique view of the tremendous Padjvar rockslide in Afghan
Badakhshan ca. 6 km3 in volume. The entire ridge about 6 km long
collapsed in the adjacent valley of the left tributary of the Pianj River

and filled it almost completely with the deposits up to 650–700 m thick
that cover 19.72 km2, while the total affected area is about 27 km2
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A Global Database of Giant Landslides
on Volcanic Islands

Matt Rowberry, Jan Klimeš, Jan Blahůt, Jan Balek, and Michal Kusák

Abstract

This paper describes a comprehensive online database of
giant landslides on volcanic islands compiled by
researchers from the Institute of Rock Structure and
Mechanics, Czech Academy of Sciences, in the frame-
work of IPL Project 212. The database was constructed
from 2016 to 2018. It comprises a total of seventy-five
events from the Atlantic Ocean and Mediterranean Sea,
sixty-seven events from the Pacific Ocean, and forty
events from the Indian Ocean. In this paper some of the
main benefits of landslide inventories and thematic
databases are outlined and the global distribution of giant
landslides on volcanic islands is described in depth. The
database is hosted on the website of the Institute of Rock
Structure & Mechanics and records can be downloaded as
a spreadsheet or kml file for integration in a number of
geospatial programs including ArcGIS and Google Earth.
However, since completion of the database in 2018, a
number of potentially significant studies of giant land-
slides on volcanic islands have been published from
archipelagos in the Atlantic and Pacific Oceans while
outstanding modern analogues for past events are repre-
sented by the collapse of Anak Krakatau on 22 December
2018 and the collapse of Hunga Tonga-Hunga Haʻapai on
15 January 2022. Consequently, the recent literature will
be scrutinized with the aim of updating information
already contained in the database while two new layers
are planned: the first of these will provide information
about recent volcanic collapses and the second will
provide information about the long-term instrumental
monitoring of giant landslides. It is intended that the
second release of the database will be available online in
early 2023.

Keywords

Giant landslides � Landslide inventories � Thematic
databases � Debris avalanches � Slumps � Volcanic
islands

1 Introduction

In the 1960s it was shown that the Hawaiian Ridge hosted a
pair of giant landslides (Moore 1964) but the geomorpho-
logical evidence used to document these events was not
greeted with universal enthusiasm (Langford and Brill
1972). Not only were the original observations corroborated
by later research but it has become clear that the vast
majority of volcanoes are prone to episodes of slope insta-
bility and subsequent structural failure (McGuire 1996).
Indeed it is now known that the structural failure of a vol-
cano can create some of the largest landforms generated in a
single geological moment (Whelan and Kelletat 2003).
Instability may be caused by magma emplacement, periph-
eral erosion, the overloading of slopes, or the oversteepening
of slopes while subsequent failure may be triggered by a
suite of climatic, magmagenic, or seismogenic processes
(McGuire 1996). The potential for instability may be
increased on oceanic island volcanoes due to edifice
spreading along weak sedimentary horizons or in response to
seaward creeping masses of olivine cumulate (Fig. 1). In
many instances, it is probable that more than one preparatory
factor is operating prior to the initiation of a specific trigger.

The seafloors and subsurfaces of numerous volcanic
archipelagos have now been imaged in unprecedented detail
thanks to advances in a range of geophysical techniques such
as single and multibeam echo sounders, sidescan sonar, and
reflection and refraction seismic surveys (e.g. Crutchley and
Kopp 2018; Hughes Clark 2018; Klaucke 2018). Giant
landslides on volcanic islands transport hundreds of thou-
sands of cubic metres to hundreds of cubic kilometres of
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material and create arcuate embayments and steep cliffs
(Fig. 2). Through time these features are degraded by ero-
sion and partially or completely hidden by further volcan-
ism. Their deposits can be transported for hundreds of
kilometres and can extend over areas of many hundreds of
square kilometres (Masson et al. 2002). In the sea, these
accumulations are often well preserved but they tend to lie at
considerable depths so investigating their internal structure
requires access to—usually proprietary—borehole data.
Consequently, giant landslides on volcanic islands remain
among the most poorly studied types of terrestrial landslide
despite their global distribution and potential to generate
catastrophic failures and tsunamis (Day et al. 2015; Ramalho
et al. 2015).

Insufficient information pertaining to the internal struc-
ture of giant landslides on volcanic islands means that such
events are poorly defined. They are usually interpreted as
either debris avalanches or slumps; debris avalanches are

thought to reflect a sudden single catastrophic event while
slumps are thought to reflect protracted slope deformation.
Evidence for both of these end members are sometimes
found in a single archipelago, occasionally even on a single
volcanic edifice, such as on the main island of Hawaiʻi and
on El Hierro in the Canary Islands. Furthermore, some debris
avalanches have been reinterpreted as multistage collapses
(Hunt et al. 2013) while some slumps present evidence for
recurring periods of rapid slip (Blahůt et al. 2020). It is also
possible that structural failure then triggers an eruption in
much the same way as was seen on Mount Saint Helens in
May 1980. In such a scenario, evidence for the initial
structural failure could disappear almost instantaneously.
There is also the possibility that slumps transition into
catastrophic debris avalanches but no unequivocal evidence
for this has yet been recognised.

Until recently, information about giant landslides on
volcanic islands had not been rationalised into a single
online resource. Here an outline of the first comprehensive
global database of giant landslides on volcanic islands is
presented. The database was compiled over a three year
period from 2016 to 2018: the first year concentrated on
investigating events in the Atlantic Ocean; the second year
concentrated on investigating events in the Pacific Ocean;
and the third year concentrated on investigating events in the
Indian Ocean. In this paper, attention focuses, first, on the
benefits of landslide inventories and thematic databases,
second, on the global distribution of giant landslides on
volcanic islands and, third, on plans to update the database
and implement some changes. It is hoped that the database
will be used by the research community to investigate the
spatial and temporal distribution of such landslides, to
investigate their morphometric characteristics in more detail,
and to assess the hazard and potential risks posed by future
events. The complete database is available at: https://www.
irsm.cas.cz/ext/giantlandslides.

Fig. 1 Factors contributing towards the development of structural
instability at active volcanoes (modified from McGuire 1996)

Fig. 2 An example of an arcuate
embayment and steep cliffs
formed by a giant landslide on a
volcanic island: the Las Playas
debris avalanche on El Hierro in
the Canary Islands (photograph
by Jan Klimeš)
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2 Landslide Inventories and Thematic
Databases

Landslide inventories and thematic databases provide
essential information needed to assess the spatial and tem-
poral distribution of landslides, their preparatory factors and
triggers, and their negative societal impacts (Guzzetti et al.
2012). The scope of such inventories and databases can be
regional (Blahůt et al. 2012; Strozzi et al. 2018) or global
(Kirschbaum et al. 2010; Froude and Petley 2018) or it can
extend beyond the Earth to cover extraterrestrial bodies such
as Mars (Brunetti et al. 2014; Crosta et al. 2018). Despite
their importance, it is sometimes difficult to access infor-
mation about landslide databases in terms of, for example,
their completeness, format, and structure and such infor-
mation is necessary in order to be able to generate reliable
susceptibility, hazard, and risk assessments (Van Den
Eeckhaut and Hervás 2012). Nonetheless, in many instances
the rapid preparation of more reliable and relevant landslide
inventories is being facilitated by advancing technologies
coupled with data mining from media reports (e.g. Kreuzer
and Damm 2020; Franceschini et al. 2022) or social net-
works (e.g. Pennington et al. 2015; Juang et al. 2019).

There is still the fundamental issue that landslide inven-
tories have only been prepared for a small proportion of the
globe. In terrestrial settings, it has been estimated that
inventory mapping covers only around one percent of the
total land surface (Guzzetti et al. 2012). In submarine set-
tings, this figure is thought to be lower, in light of the fact
that more than three quarters of the seafloor is still not
mapped at a resolution of 1 km (Jakobsson 2020). However,
there are an increasing number of inventories and databases
that have focused on compiling information about submarine
landslides (Camerlenghi et al. 2010; Urlaub et al. 2013;
Gamboa et al. 2021). These are particularly useful because
such landslides have the potential to cause devastating tsu-
namis in coastal regions far from the triggering event.
However, due to the financial and time constraints associated
with seafloor mapping, there is a tendency for submarine
landslide inventories to come from regions of high economic
importance (Chaytor et al. 2009; Katz et al. 2015). It is
anticipated that in the future an increasing number of giant
landslides will be recognised in more remote, less prosper-
ous volcanic islands such as those in the Subantarctic.

3 Database Structure

The term giant landslide is used here to refer to any mass
movement whose main body can be defined with some
degree of confidence and whose volume is in the order of
cubic kilometres while the term volcanic island is restricted

to only those islands whose origins are entirely volcanic
(Blahůt et al. 2018a, 2019). The majority of the information
found in the database has been sourced from peer reviewed
scientific publications—both manuscripts and book chapters
—while a small proportion comes from other sources such
as professionals reports and technical documents. This
information has been supplemented by insights gleaned from
altimetric and bathymetric models. For the European islands
—including those that comprise the autonomous community
of Spain, the Canary Islands, and those that comprise the two
autonomous regions of Portugal, Azores and Madeira—al-
timetric data were obtained from the Shuttle Radar Topog-
raphy Mission (SRTM 2019) and bathymetric data were
obtained from the European Marine Observation & Data
Network (EMODNET 2019). In all other cases—including
the French overseas department of La Réunion—the alti-
metric data and the bathymetric data were obtained from the
Global Multi Resolution Topography (GMRT 2019). To
define the spatial characteristics of each giant landslide it has
been necessary to georeference published maps using Arc-
GIS. The georeferenced maps have been subjected to rig-
orous accuracy assessments prior to inclusion of the data in
the database (Fig. 3). A complete list of all the parameters
included in the database is presented on Table 1.

4 Global Distribution

4.1 North Atlantic Ocean

In the North Atlantic Ocean, giant landslides have been
recognised in the archipelagos of Madeira, the Azores, the
Canary Islands, the Cape Verde Islands, and the Lesser
Antilles (Fig. 4). The database includes eight events from the

Fig. 3 Flow diagram outlining our approach to construction of the
giant landslides on volcanic islands database (modified from Blahůt
et al. 2018a)
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volcanoes of Madeira. Seafloor mapping of this region has
been performed using multibeam echosounder. Four giant
landslides are known from the main island of Madeira while
two are known from each of the islands of Desertas and Porto
Santo (Quartau et al. 2018). The database includes five events
from the volcanoes of the Azores. Seafloor mapping of this
region has also been performed using multibeam echo-
sounder. Four giant landslides are known from the island of
Pico (Costa et al. 2014; Omira et al. 2016) and one is known
from the island of São Miguel (Sibrant et al. 2015).

The database includes thirty two events from the volca-
noes of the Canary Islands. Seafloor mapping of this region
has been performed using side scan sonar and multibeam
echosounder. Nine giant landslides are known from the
island of La Gomera, seven are known from El Hierro, seven
are known from Tenerife, four are known from Gran
Canaria, three are known from La Palma, and one is known
from each of the islands of Fuerteventura and Lanzarote
(Carracedo et al. 1999; Urgeles et al. 1999; Gee et al. 2001;
Krastel et al. 2001; Masson et al. 2002; Acosta et al. 2003;
Ancochea et al. 2006; Casillas et al. 2010; Dávila Harris
et al. 2011; Hunt et al. 2011; Boulesteix et al. 2013; Hunt
et al. 2014; Becerril et al. 2016; León et al. 2017).

Table 1 Data compiled in the
giant landslide on volcanic island
database. Uncertainties in these
data are described in more detail
elsewhere (Blahůt et al. 2019)

Name The name of the giant landslide

Island The name of the volcanic island hosting the landslide

Archipelago The name of the archipelago to which the island belongs

Type The type of mass movement according to the source document

Island age The age—often given as a range—ascribed to the volcanic edifice

Island age: mean The mean of the age range ascribed to the volcanic edifice

Source Source document or documents used for georeferencing the landslide

Bathymetric method Method used to create the maps in the source document(s)

Landslide age The age—often given as a range—ascribed to the landslide

Landslide age: mean The mean of the age range ascribed to the landslide

Total volume The volume—often given as a range—ascribed to the landslide

Volume: mean The mean of the volume range ascribed to the landslide

Area The area of the landslide derived from the georeferenced map

Width The width of the landslide derived from the georeferenced map

Length The length of the landslide derived from the georeferenced map

Perimeter length The perimeter length of the landslide derived from the georeferenced map

W—gHM (J) The potential energy of the landslide (see Blahůt et al. 2019)

Hmax Maximum elevation of the landslide derived from the georeferenced map

Hmin Minimum elevation of the landslide derived from the georeferenced map

DH The fall height of the landslide derived from the georeferenced map

Complete Is a complete outline of the areal extent of the landslide defined

H/L The apparent friction coefficient of the landslide

Mean slope The mean gradient of the landslide

L/H The relative runout of the landslide

Fig. 4 Distribution of giant landslides on volcanic islands from the
Atlantic and Indian Oceans. Global relief model derived from Global
Bathymetry and Topography at 15 Arc Sec: SRTM15 + V2.1 (Tozer
et al. 2019)
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The database incorporates twelve events from the volca-
noes of Cape Verde. Seafloor mapping of this region has
been performed using multibeam echosounder. Four giant
landslides are known from each of the Barlavento Islands of
Santo Antão and São Nicolau, two are known from the
Sotavento Island of Fogo, one is known from the Barlavento
Island of São Vicente, and one is known from the Sotavento
Island of Santiago (Le Bas et al. 2007; Masson et al. 2008).
In addition, the database incorporates thirteen events from
the volcanoes of the Lesser Antilles. Seafloor mapping of
this region has also been performed using multibeam echo-
sounder. Seven giant landslides are known from the Leeward
Island of Montserrat, three are known from the Windward
Island of Martinique, and one is known from each of the
Windward Islands of Dominica, Santa Lucia, and St Vincent
(Deplus et al. 2001; Brunet et al. 2016; Coussens et al.
2016).

4.2 Mediterranean Sea

In the Mediterranean Sea giant landslides have been recog-
nised in the Aeolian Islands and the Cyclades (Fig. 4).
Seafloor mapping around the Aeolian Islands has been per-
formed using side scan sonar and multibeam echosounder
while it has been performed using multibeam echosounder
around the Cyclades. From the Aeolian Islands, one giant
landslide is known from the island of Stromboli (Romagnoli
et al. 2009). From the Cyclades, two giant landslides are
known from the island of Santorini (Hooft et al. 2017).

4.3 South Atlantic Ocean

In the South Atlantic Ocean, giant landslides have been
recognised in the archipelagos of Tristan da Cunha and the
South Sandwich Islands (Fig. 4). Seafloor mapping around
Tristan da Cunha has been performed using side scan sonar
while multibeam echosounder has been used around the
South Sandwich Islands. From Tristan da Cunha, one giant
landslide is known from the main island of Tristan da Cunha
(Holcomb and Searle 1991). From the South Sandwich
Islands, one giant landslide is known from the Traversay
Island of Zavodovski (Leat et al. 2010).

4.4 Indian Ocean

In the Indian Ocean giant landslides have been recognised in
the Mascarenhas Archipelago (Fig. 4). The database
includes forty events from the island of La Réunion (Oehler
et al. 2008). Seafloor mapping of this region has been per-
formed using deep tow side scan sonar and multibeam

echosounder. No other volcanic edifice is thought to have
hosted so many giant landslides and yet these are the only
events hitherto identified in the Indian Ocean.

4.5 Northern Pacific Ocean

In the northern Pacific Ocean giant landslides have been
recognised in the Aleutian Arc—including Alaska—and in
the Hawaiian Islands (Fig. 5). The database includes four
events from Alaska and nine events from the volcanoes of
the Aleutian Arc. Seafloor mapping around Alaska has been
performed using multibeam echosounder while side scan
sonar and multibeam echosounder has been used around
other parts of the Aleutian Arc. From Alaska, four giant
landslides are known from Augustine Island (Begét and
Kienle 1992; Waythomas et al. 2006). From the Aleutian
Arc, three giant landslides are known from the Delarof
Island of Gareloi, one is known from each of the Rat Islands
of Kiska and Segula, and one is known from each of the
Andreanof Islands of Great Sitkin, Bobrof, Kanaga, and
Tanaga (Coombs et al. 2007).

The database includes nineteen events from the volcanoes
of the Hawaiian Islands. Seafloor mapping in this region has
been performed using side scan sonar. Eleven giant land-
slides are known from the main island of Hawaiʻi, three are
known from the island of Oʻahu, two are known from the
island of Kauaʻi, and one is known from each of the islands

Fig. 5 Distribution of giant landslides on volcanic islands from the
Pacific Ocean. Global relief model derived from Global
Bathymetry and Topography at 15 Arc Sec: SRTM15 + V2.1 (Tozer
et al. 2019)
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of Lanaʻi, Maui, and Molokaʻi (Lipman et al. 1988; Moore
et al. 1989, 1994; McMurtry et al. 2004). The inventory of
giant landslides on the Hawaiian Islands is exceptional in the
sense that it includes the only instance of a sandrubble flow
—from the island of Hawaiʻi—as well as seven slumps from
three different islands—five from the island of Hawaiʻi, one
from Maui, and one from Oʻahu.

4.6 Southern Pacific Ocean

In the southern Pacific Ocean giant landslides have been
recognised in the Bismarck Archipelago and in French
Polynesia (Fig. 5). The database incorporates thirteen events
from the volcanoes of the Bismarck Archipelago. Seafloor
mapping in this region has been performed using side scan
sonar and multibeam echosounder. Two giant landslides are
known from each of the Madang Province islands of Crown
and Karkar, one is known from the Madang Province island
of Manam, one is known from each of the East Sepik Pro-
vince islands of Bam and Kadovar, one is known from each
of the Morobe Province islands of Ritter, Sakar, Tolokiwa,
one is known from each of the West New Britain Province
islands of Garove, Lolobau, and New Britain (Silver et al.
2009; Day et al. 2015).

The database includes twenty-two events from the vol-
canoes of French Polynesia. Seafloor mapping in this region
has been performed using single beam and multibeam
echosounder. From the Austral Islands, four giant landslides
are known from Rūrutu Island, three from Tupuaʻi Island,
three from Ra’ivāvae Island, and two from Rimatara Island
(Clouard and Bonneville 2004). From the Society Islands,
three giant landslides are known from the Leeward Island of
Bora Bora, two from the Leeward Island of Raiatea, two
from the Leeward Island of Taha’a, one from the Leeward
Island of Tupai (Clouard and Bonneville 2004) along with
two from the Windward Island of Tahiti (Clouard et al.
2001; Hildenbrand et al. 2006).

5 Future Plans for the Database

More than three years have passed since the full database of
giant landslides on volcanic islands first appeared as an
online resource. On the basis of information contained in the
database, it has been possible to investigate the basic mor-
phometric characteristics of the giant landslides and the
relationships that exist between these characteristics (Blahůt
et al. 2019). Until now, the database has not helped to shed
any light on the association between giant landslides and
megatsunamis, while the information contained in the data-
base has not yet been used as part of a susceptibility, hazard,
and risk assessment.

In the intervening period, important new research on giant
landslides has been published from many parts of the Atlantic
Ocean including Cape Verde (Martínez-Moreno et al. 2018;
Barrett et al. 2020; Cornu et al. 2021), the Azores (Hilden-
brand et al. 2018; Marques et al. 2020, 2021), the Canary
Islands (Coello-Bravo et al. 2020), and the Lesser Antilles
(Solaro et al. 2020) as well as the Bismarck Archipelago in
the Pacific Ocean (Watt et al. 2019). Moreover, the collapse
of Anak Krakatau on 22 December 2018 stimulated much
research (Williams et al. 2019; Grilli et al. 2019, 2021; Hunt
et al. 2021; Cutler et al. 2022) and it is anticipated that the
collapse of Hunga Tonga-Hunga Haʻapai on 15 January 2022
will provide the impetus for many new studies. Conse-
quently, this feels like an auspicious time to update the global
giant landslides on volcanic islands database.

First, the recent literature will be scrutinised with the aim
of updating the information already contained in the data-
base. Second, two new layers will be added. The first of
these layers will provide information about recent volcanic
collapses such as those of Anak Krakatau and Hunga
Tonga-Hunga Haʻapai. Synthesising information about these
events is important because they represent outstanding
analogues for past collapses. The second of these layers will
provide information about the long term monitoring of giant
landslides on volcanic islands through direct instrumental
methods such as dilatometric gauges (Blahůt et al. 2017,
2018b) and GNSS (Owen et al. 2000; Hildebrand et al.
2012). Such monitoring is important because it serves to
verify remote sensing observations, which could be espe-
cially helpful in relation to hazard assessment. It is intended
that the second release of the giant landslides on volcanic
islands database will be available online in early 2023.

6 Conclusions

Landslide inventories and thematic databases provide essential
information needed to assess the spatial and temporal distri-
bution of landslides, their preparatory factors and triggers, and
their negative societal impacts. In this paper, an online database
of giant landslides on volcanic islands has been described. The
database was constructed from 2016 to 2018 and comprises a
total of seventy-five events from the Atlantic Ocean and
Mediterranean Sea, sixty-seven events from the Pacific Ocean,
and forty events from the Indian Ocean. However, there is now
a clear need to update the existing database in light of poten-
tially significant recent research from archipelagos in the
Atlantic and Pacific Oceans coupled with major collapses on
Anak Krakatau and Hunga Tonga-Hunga Haʻapai. Two new
layers will provide information about recent volcanic collapses
and the long-term instrumental monitoring of giant landslides.
The second release of the database should be available online in
early 2023.
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Landslide Disasters Caused by the 2018
Eastern Iburi Earthquake in Hokkaido Japan
and the Countermeasures to Completely
Prevent the Similar Disasters in the Future

Fawu Wang and Kounghoon Nam

Abstract

The catastrophic 2018 Hokkaido Eastern Iburi Earth-
quake triggered thousands of shallow liquefied landslides
in pyroclastic fall deposits one day after the passage of
Typhoon Jebi. The landslides were highly mobile and had
long runouts. This study reports novel findings pertaining
to distinctive properties of the widely distributed, weath-
ered Plinian Ta-d tephra deposit from Tarumae volcano
and their impact on the spatial clustering of the Iburi
landslides. Distribution of the landslides is positively
correlated with the spatial distribution of the Ta-d tephra.
Liquefaction occurred in the weathered Ta-d pumice that
has lower soil strength than other local pumice units,
despite the absence of unconfined groundwater. The
volumetric soil moisture content of weathered Ta-d
pumice is very high (> 90%) and exceeds other soil
layers, regardless of precipitation variation. The presence
of hydrated halloysite was confirmed by X-ray diffraction.
The halloysite enhances the shaking-triggered liquefac-
tion because it maintains weathered Ta-d pumice in a
highly saturated and exceedingly loose state, even in the
absence of unconfined groundwater.

Keywords

Iburi earthquake � Landslides � Liquefaction �
Ta-d pumice � Hydrated halloysite

1 Introduction

A magnitude (Mj) 6.7 earthquake occurred on 6 September
2018 at a depth of approximately 35 km in the central and
eastern Iburi regions of Hokkaido in Northern Japan. The
reported damage included 41 fatalities, 691 injured persons,
and 1,016 completely collapsed houses. The Japan Meteo-
rological Agency (JMA) designated this earthquake the 2018
Hokkaido Eastern Iburi Earthquake (Fujiwara et al. 2019).
Most of the landslides (5627 failures) occurred intensively
between the epicenter and the station that recorded the
highest peak ground acceleration (No. HKD 127, Japan).
Hundreds of aftershocks followed the main shock. More-
over, in Iburi region, there is a high possibility of earth-
quakes occurring in the future. Effective countermeasure
works are required for sustainable management and disaster
mitigation in the study area.

2 Study Area and Geological Settings

Hokkaido is located in one of the most tectonically active
regions in the world. It is subjected to westward subduction
of the Pacific Plate and convergence between the North
American and Eurasian Plates (Kimura 1994; Tamaki et al.
2010). More specifically, due to the collision of the North-
east Honshu Arc-Japan Trench and the Kuril Arc-Trench,
Hokkaido presents complex tectonic associations and geo-
logical features (Arita et al. 1998). Numerous earthquakes
have occurred along the southwestern region of the Kuril
Trench, such as the 1993 Mw 7.6 Kushiro-Oki earthquake,
the 1994 MJMA 8.1 Hokkaido-Toho-Oki earthquake, and
the 2003 Mw 8.3 Tokachi-Oki earthquake (Arita et al. 1998;
Okamura et al. 2008). The Hidaka Collision Zone, which is
an area of deformation characterized by right-lateral
strike-slip movement in central Hokkaido, consists of five
belts, i.e., the Sorachi-Yezo Belt (SY), the Idonnappu Belt
(ID), the Hidaka Belt (HD), the Yubetsu Belt (YB), and the
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Tokoro Belt (TB) (Fig. 1) (Kimura 1983). Their ages range
from the Late Jurassic to Paleogene (Kimura 1983). The
study area is situated at the frontal fold and thrust belt cre-
ated by the westward vergence of the Hidaka Mountains
(Ozaki and Taku 2014) and extending to an adjoining low-
land terrace (Ishikari Depression). Faults and active faults in
this region are extremely developed with near north-south
strikes, especially at the Eastern Boundary Fault Zone of the
Ishikari Lowland (Fig. 2).

The main part of the Eastern Boundary Fault Zone of the
Ishikari Lowland originates from Bibai and ends at Abira,
Yufutsu, with a convex curve distribution striking from
NNE/SSW to NNW/SSE. Two reverse active fault zones
(behavioral segments) of the Eastern Boundary Fault Zone
of the Ishikari Lowland (i.e., the Yufutsu faults and the Maoi
faults) run across the study area. Another active fault, the
Karumai behavioral segment, is located southwest to the
epicenter of the Iburi earthquake (Fig. 2).

Two major faults, the Atsuma and Biratori faults, with a
general NNW/SSE trend, are in the central study area.
Eighteen geological units (including water) were classified
based on a 1:200,000 seamless geological map and the
Seamless Geoinformation of Coastal Zone “Southern Coastal
Zone of the Ishikari Depression” (Ozaki and Taku 2014)
published by the Geological Survey of Japan, AIST. The
outcropped strata in the area are dominated by Neogene and

Fig. 1 Simplified tectonic setting
and geochronology around
Hokkaido. Tectonic divisions are
modified after Kimura (1994),
Arita et al. (1998), Takashima
et al. (2002), Zhang et al. (2019).
Plates boundaries are derived
from U.S. Geological Survey.
Geochronologic map is classified
based on 1:200,000 geological
map of Japan from Geological
Survey of Japan, AIST

Fig. 2 Geological setting of the study area. Geological units and
(active) faults are categorized based on the 1:200,000 seamless
geological map published by the Geological Survey of Japan, AIST.
The descriptions of geological units (such as N2sn, Hsr, Q3tl, and
Q3vp) are listed in Table 1
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Quaternary marine and non-marine sedimentary rocks and
Late Pleistocene non-alkaline pyroclastic flow rocks (Ozaki
and Taku 2014). The eastern part is characterized by rugged
terrain along with high elevations and presents complex
lithologic characteristics. The main strata of the eastern area
are represented by Eocene to Oligocene coal-bearing fluvial
and marine sedimentary rocks, Early Miocene to Middle
Miocene mudstone, sandstone, and alternating beds of
sandstone and mudstone with conglomerate and tuff, and
Late Cretaceous marine muddy turbidite and mudstone. In
addition, ultramafic rocks and Early to Middle Miocene mafic
plutonic rocks (which may indicate complex tectonic
movement) are also scattered in the vicinity. The hilly terrain
is mainly derived from Tarumae Caldera. At least three
cyclothemic interbedded layers, i.e., Tarumae-d pyroclastic
fall deposits, Tarumae-c pyroclastic fall deposits and
Tarumae-a, b pyroclastic flow deposits were determined
(Tajika et al. 2016). The nethermost layer comprised paleosol
(Ta-d loam) and Tarumae-d pyroclastic fall deposits (8–9 ka),
including lithic fragments (Ta-d1) and pumice fall (Ta-d2).
Middle humus and Tarumae-c pyroclastic fall deposits (2.5–3
ka) constituted the second layer. Humic surface soil,
Tarumae-a pyroclastic fall deposits, and Tarumae-b

pyroclastic fall deposits at the top make up the surface layer
(Tajika et al. 2016). The total depth of the pyroclastic tephra
deposits distributed in the study area above is approximately
4–5 m (Yamagishi and Yamazaki 2018). The central study
area is underlain by Middle Miocene to Pliocene mudstone,
siltstone, sandstone, and conglomerate. The western part is
located in the Ishikari Lowland and consists of Late Pleis-
tocene to Holocene fluvial deposits and Late Pleistocene
non-alkaline pyroclastic flow rocks.

To better understand the general features of the study area
and to evaluate the effect of primary and triggering factors
on landsliding, three terms in addition to the aforementioned
CA (class area), LSN (landslide number), and LSA (land-
slide area) are introduced in this study. These are TLSN
(total landslide number), TLSA (total landslide area), and
TCA (total class area). Another two indexes, i.e., LSAP
(percentage of landslide area) and CAP (class area percent-
age), in addition to the above-mentioned LSNP (landslide
number percentage) and LC (landslide concentration), are
also described herein. LSNP (LSAP) represents the
percentage of number (area) of landslides in one class. LC
shows the landslide density of certain class. CAP is the area
percentage of one class to the total classes (Table 1).

Table 1 Classification of geological units and coseismic landslides that occurred in each unit

Code Age Lithology CA
(km2)

LSN LSA
(km2)

N2sn Middle to late miocene Sandstone, mudstone, conglomerate, and sandstone (with
tuff)

606.3 4924 41.7

N3sn Late miocene to pliocene Diatomaceous siltstone with sandstone and conglomerate 199.1 517 3.1

Hsr Late pleistocene to holocene Clay, silt, sand, gravel, and peat 230.4 88 1.1

Q2th Middle pleistocene Mud, sand, gravel, and peat 129.2 40 0.1

N1sr Early miocene to middle
miocene

Mudstone, sandstone, and conglomerate (with tuff) 82.7 20 0.1

Q2sr Middle pleistocene Mud, sand, gravel, and peat 17.1 23 0.2

Q3tl Late pleistocene Mud, sand, gravel, peat, and volcanic materials 53.5 8 0.1

PG3sr Late eocene to early oligocene Tuffaceous siltstone with sandstone and conglomerate 79.3 2 0.002

Q3sr Late pleistocene Sand and volcanic ash sand 0.1 0 0

Hsw Late pleistocene to holocene Swamp deposits 0.9 0 0

PG2sr Middle eocene Sandstone, mudstone, and conglomerate (with coal and tuff) 1 0 0

N1ga Early to middle miocene Basaltic andesite 0.3 0 0

K22mf Late cretaceous Marine muddy turbidite 4.8 0 0

Q3vp Late pleistocene Rhyolite pumice block, lapilli, and ash 84 0 0

Hfn Late pleistocene to holocene Fan deposits gravel, sand, and mud (with peat and volcanic
ash)

21.8 0 0

Uu Unknown Ultramafic rocks 1.8 0 0

K22ms Late cretaceous Marine sandstone 32.3 0 0

Wt Water 12.5 3 0.04

Total 1557.2 5625 46.3

Modified from Zhang et al. (2019)
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3 Coseismic Landslides Generated by Iburi
Earthquake

Based on the field investigation, the Iburi landslides are
mainly shallow translational landslides with planar slip
surfaces. Most landslides are characterized by high mobility
and long run-out distances, and almost all the upper slip
surfaces are exposed. The shallow landslides began from the
collapse of the gully head, incorporated a vast sliding mass
along the valley, heaped irregularly at the gully mouth, and
ruined several houses and drainage system (Fig. 3a–d).
These figures illustrate the soil composition of the landslide
in the right flank and in the scarp integrated sliding body.
The left-hand side of the scarp, which is located near the
ridge of the hill slope and did not collapse due to its shal-
lower dip angle, exhibits a stratigraphic sequence of pyro-
clastic deposits originating from the Tarumai Volcano.
Isopach contour map and field investigation show that Ta-b
(AD 1667), Ta-c (ca. 2.5 ka), and Ta-d (ca. 9 ka), with two
layers of interbedded Andosols, indicating that this material

corresponds to the pale-brown, clay-rich deposit found on
the scarp. The thicknesses of Ta-d, En-a and Spfa-1 pyro-
clastic fall deposits are 0.3–1.0 m, 0.1–1.0 m and 3–4 m
respectively. The top layer has a gray-colored fine humic
surface with a depth of about 300 mm. The middle layer is
composed of middle humus and Tarumae-c pyroclastic fall
deposits formed about 2000 years ago, while the bottom
layer is composed of brownish and grayish pumice. The
grain size of the bottom layer decreases from the lower to
upper part. The potential sliding surface is located in the
grayish-green dense pumice deposited about 9000 years ago.
The soil composition is closely related to the historic erup-
tion and repose of the Tarumae Volcano (Tajika et al. 2016),
and most coseismic landslides occurred in the interface
between Ta-d pumice layers. It is discovered through the
field reconnaissance that the sliding mass moved along the
planar interface of the Ta-d pumice and the underlying
paleosol. Sliding zone liquefaction and grain crushing
occurred within the saturated pumice layers during the
down-slope motion. The crushed and liquified pumice layers

Fig. 3 Isopach map of pyroclastic fall deposits (Ta-a, Ta-b, Ta-c, Ta-d, En-a and Spfa-1) and field investigation on sliding surface (general view:
a–d, and soil profiling: e and f)
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spread in the deposition area and resulted in the extension of
the upper sliding mass in horizontal directions. The slope
angle after failure remains unchanged as the pyroclastic fall
deposits were evenly deposited on the original slope surface.
A sharp-free face appears at the scarp and creates a high
possibility of retrogressive slope failure due to future seismic
oscillation. According to Kameda et al. (2019), the clay-rich
Ta-d layer including halloysite-bearing soils acted as the sole
weak and failure plane within the volcanic deposits covering
the slopes (Fig. 4). The liquefaction and fluidization of this
specific horizon provided the prerequisite conditions for the
seismic triggering of the recent landslides.

4 Soil Properties of Ta-d Unit

Although most recent studies have noted the widespread
association of Iburi landslides with the Ta-d unit, there has
been limited examination of the mechanical and hydrologi-
cal properties of this deposit. To this end, we carried out a
series of in-situ investigations (trench observation, in-situ
volumetric soil moisture content (Wv) measurement, and
hardness testing) and laboratory tests (grain size analysis,
water content measurement, and void ratio testing) on the
pyroclastic fall deposits comprising the sliding mass and
sliding zone. Based on soil physical properties, the Ta-d unit
can be subdivided into four subunits, i.e., pumice with ash
(Ta-d P&A), high liquid limit volcanic cohesive soil (Ta-d
VH2), medium gravely soil (Ta-d MG), and coarse sandy
soil (Ta-d CS). A representative stratigraphic section and
stratigraphic column depicting soil composition of the Iburi
landslides is illustrated in Fig. 5. Grain size analysis shows
that Ta-d pumice has a significant clay content, with a peak
of > 20% in Ta-d VH2 (Fig. 5), whereas clay-sized particles
are virtually absent in other layers (even in humus or pale-
osols). Moreover, Ta-d VH2 must have maintained a nearly
fully saturated state during the Iburi earthquake, as Wv
reaches a peak of approximately 100% in Ta-d VH2 (Fig. 5).

To verify the nearly fully saturated state of Ta-d VH2, the
Wv measurement of watermelon and pear were conducted in
laboratory as well. For easy comparison, the Wvs of
watermelon and pear measurement were tested with the
volumetric soil moisture sensors (SE-STEWD-3-WET)
those were applied in the Wv measurement of the Ta-d VH2
and all tests were repeated five times. Similarly, the maxi-
mum and minimum values were excluded. The Wv of
watermelon ranges from 84.6 to 94.4%, and the Wv of pear
fluctuates between 85.3 and 94.4%. This means the water
content of Ta-d VH2 is even higher than that of watermelon.
The high Wv thus not only indicates a high saturation degree
of Ta-d VH2, but also signifies a loose state. Similarly, the
highest water content value was also observed in undis-
turbed soil in Ta-d VH2. The high degree of saturation of
Ta-d VH2 fully explains the high mobility of the Iburi
landslides, one of their striking features. In addition to high
saturation, low soil strength is a property favorable to slope
failure. Uniaxial compression strength values obtained in
hardness tests reach their minimum (almost zero) in Ta-d
VH2, indicating extremely low soil strength (Fig. 6). Void
ratios of undisturbed soils were also tested, and the highest
void ratio of eight was identified in Ta-d pumice (Fig. 6).
The Ta-d MG subunit is mainly composed of relatively
sound pumice grains with highest void ratio. In summary,
Fig. 6 shows how very low uniaxial compression strength
coincides with very high Wv in Ta-d VH2, along with high
vesicularity. This combination indicates that Ta-d VH2
existed in a highly saturated and loose state with low soil
strength, facilitating the widespread occurrence of the Iburi
landslides.

5 Countermeasure Works

Since earthquake occurrence in Hokkaido is frequent, it is
estimated that the similar phenomenon of rapid and long
runout landslides will be triggered by earthquake in the

Fig. 4 Schematic cross-section
of pyroclastic fall deposits in
study area based on XRD patterns
for air-dried (blue lines) and
heated (red lines) samples.
Hy = halloysite, Qz = quartz,
Pl = plagioclase, Po = portlandite
(cross section modified from
Zhang et al. 2019; Wang et al.
2021)

Landslide Disasters Caused by the 2018 Eastern Iburi Earthquake … 309



same area again (Hua et al. 2019; Kameda et al. 2019).
How to protect the local people from the landslide disas-
ter, and how to keep the facilities safe during the earth-
quake are big questions to be answered by the local
administration agency. Considering the earthquake of the
same intensity or higher will occur again, and the weath-
ering of the volcanic ashes will go deeper, if no action
is taken to change the current geological and

geomorphological condition, the same disaster will cer-
tainly happen in the future. Photos in Fig. 7 show the
slopes after removing the surficial volcanic ashes. This
kind of work has been conducted in the area covered by
volcanic ashes including Ta-d, which has potential to
become to slide and threaten the safety of people and
infrastructures. It is a rare case over the world, and it is of
high value to learn from it.

Fig. 5 a Representative
stratigraphic section at the crown
of LS1 and b stratigraphic column
showing locations of in-situ
monitoring sensors (modified
from Wang et al. 2021)
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6 Conclusions

This study is based on the field investigations on concurrent
failure of Iburi landslides in Ta-d, and a series of causative
tracing studies were then carried out systematically. The
positive correlation between spatial clustering of Iburi
landslides and the spatial distribution of the Ta-d pumice
verifies the crucial role of the Ta-d unit on Iburi landslide
distribution from a macroscopic point of view. The
causative-tracing study concerning the prevalent occurrence
of Iburi landslides in Ta-d led to the recognition of Ta-d and
the discovery of its distinguishing properties. Further

exploration of the reason for the generation of distinguishing
properties of Ta-d, especially the high saturation, led to our
most important finding in this work: the high saturation
results from the water-conservation or water-absorption of
Ta-d, rather than the preceding rainfall recorded during our
long-term monitoring. The water-conservation or water-
absorption of Ta-d is rationalized by the occurrence of hal-
loysite. This work argues against the previously stated
influence of preceding precipitation on the Iburi landslides
and emphasizes the role of distinguishable properties of
certain pyroclastic fall deposits on coseismic landslides,
even though coseismic landslides are unquestionably affec-
ted by factors such as seismic shaking, topography,

Fig. 6 Soil geotechnical properties along the stratigraphic section at the crown of LS1: a Grain size analysis, b Volumetric soil moisture content,
and c Uniaxial compressive strength (modified from Wang et al. 2021)

Landslide Disasters Caused by the 2018 Eastern Iburi Earthquake … 311



geological context, and tectonic assembly, among others.
Moreover, the correlation analysis between tephra dispersal
and coseismic landslide distribution, combined with dis-
covery of halloysite and its potential role in slope destabi-
lization, provides new thoughts for land use management,
and geo-hazard risk assessment and reduction, especially in
volcanic terranes at active margins world-wide.
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Landslide Travel Distances in Colombia
from National Landslide Database Analysis

Steven Moncayo and Guillermo Ávila

Abstract

The analysis of landslide processes and consequent
damages constitutes an important aspect in risk assess-
ment. The potential reach zones of a landslide can be
estimated by analyzing the behavior of past events under
particular geological, geomorphological, and climatic
conditions. Although landslide risk models have been
developed for temperate zones, little information is
available for tropical countries, so empirical equations
are used without validation. In this study, a dataset
comprising characteristic parameters for 123 landslides
from the Andean region of Colombia was compiled from
the digital inventory of the Colombian Geological Survey
Mass Movement Information System (SIMMA). Empir-
ical landslide travel-distance models were developed
using simple and multiple regression techniques. The
results revealed that the volume of the displaced mass, the
slope angle, the maximum landslide height, and geomor-
phological environment were the predominant factors
controlling the landslides travel distances in the study
area. Similarly, a strong correlation was found between
the planimetric area and landslide volume, validating the
model of Iverson et al. (1998) (Iverson et al., in Geol Soc
Am Bull 110:972–984, 1998). The proposed models
show a reasonable fit between the observed and predicted
values, and exhibited higher prediction capacity than
other models in the literature. An example of application
of the prediction equations developed here illustrates the
procedure to delineate landslide hazard zones for different
exceedance probabilities.

Keywords

Empirical relationships � Hazard � Landslide �
Travel distance � Statistical analysis

1 Introduction

One of the most important concepts in a landslide hazard
assessment is travel distance, and its evaluation constitutes a
key element for determining areas exposed to these events.
There are several methodologies for estimating the travel
length of landslides; for example, numerical models or
physical scale models. Most commonly, distances are esti-
mated based on empirical correlations obtained from the
analysis of previous events. Landslide travel distances are
measured and correlated with variables such as the angle of
slope, the volume, types of materials, geological and geo-
morphological characteristics, and the maximum landslide
height, among others (e.g., Corominas 1996; Finlay et al.
1999; Guo et al. 2014; Rickenmann 1999). Unfortunately,
correlations are only applicable to the regions where they are
developed, so it is necessary to produce local equations
where landslide reach studies are scarce, especially in
heavily populated tropical environments.

This study uses information from 123 events in the
Andean zone of Colombia. Simple and multiple regression
statistical techniques are applied to obtain linear equations
with the best goodness of fit for determining the extent of
landslides from certain influencing factors. Subsequently,
the equations obtained are validated and the prediction
capacity is compared with other models available in the
literature. Finally, an application of the empirical-statistical
models in the hazard zonation processes is presented.S. Moncayo (&) � G. Ávila
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2 Materials and Methods

2.1 Study Area

The information that serves as the basis for this study cor-
responds to the Andean zone of Colombia. This
landslide-prone zone extends from the border with Ecuador
in the south, to the border with Venezuela in the northeast, as
shown in Fig. 1. The region has an area of 305000 km2, and
an average elevation of 2000 m above sea level, ranging
from areas close to sea level to peaks over 5000 m above sea
level. This is the most populated area in the country,
encompassing several cities connected by numerous roads.
Many of the reported landslides are associated with the
intensive road network, urban expansion, and industrial
development.

From a physical point of view, this area offers a high
degree of complexity due to the tropical climate conditions
with high levels of rainfall. Rainfall amounts vary from
1500 mm to more than 3000 mm per year, while mean
temperatures range between 8 °C in high mountain areas, up
to 28 °C in the valley floors. The complex geology, with the
presence of active geological faults in a predominant
SW-NE direction, and highly variable soil thicknesses
between a few centimeters and several meters, results in the

occurrence of frequent landslides of multiple dimensions,
and broad range of travel distances. These conditions con-
tribute to dense vegetation cover and limit land use in the
region, and negatively affect the terrain, in such a way that
91% of the total area of the Andean region in Colombia is
located in a medium to high landslide hazard category (De
Leon 2018).

2.2 Landslide Data

The Colombian Geological Survey oversees the manage-
ment of a national digital inventory of landslides called the
Mass Movement Information System (SIMMA). This sys-
tem records, stores, and displays information on the most
important landslides in Colombia. Records extend from the
beginning of the twentieth century to the present, although
most data correspond to events occurring over the last
30 years. The inventory is the result of extensive fieldwork
undertaken by specialized professionals following the
guidelines of the “Andean Multinational Project: Geo-
sciences for the Andean Communities”. The database adopts
the Cruden and Varnes (1996) classification system and
distinguishes five types of failure mechanisms: fall, flow,
lateral spread, slide, and topple.

Fig. 1 Distribution map of the
123 landslides in the Andean
region of Colombia

316 S. Moncayo and G. Ávila



For the purposes of this study, 5994 events corresponding
to the period 1900–2019 were initially collected from the
SIMMA inventory. An exhaustive depuration of the data
was then undertaken. Lateral spreads and topples were
excluded because landslide mobility models generally do not
include these types of slope failures. In many cases, the
information available, even though very useful in identifying
the occurrence and characteristics of the landslides, was
incomplete with respect to travel distance, or presented some
inconsistency for analyses. It was, therefore, necessary to
discard many records and use only those with complete
information. The number of useful data points was then
reduced from 5994 to only 123. This ensured only the most
reliable information was used in the regression analyses, and
that data volumes were similar to those reported in other
studies (e.g., Guo et al. 2014; Qiu et al. 2018).

To validate the statistical models under development, data
were divided into two subsets. The first subset was the
training dataset from which empirical equations were
obtained. The second corresponded to the test dataset, used
to evaluate the accuracy of resulting models. Approximately
81% of the data were used to build the training dataset, and
19% to build the test dataset. Through simple random
sampling, 100 landslides were selected to build the statistical
models, and the remaining 23 for validation.

The spatial distribution of the landslides used for the
analyses is shown in Fig. 1. Yellow triangles correspond to
training landslide data and red triangles to test landslides
data.

2.3 Definition of Terms

Certain attributes described the anatomy of the movement of
each registered landslide. These attributes were subsequently
used in an analysis of mobility events. The descriptions were
based on those published by the IAEG (1990). The travel
distance (L) was the horizontal distance from the crown of
the sliding source to the toe of the displaced mass. The
maximum landslide height (H) was the difference in eleva-
tion between the crown and the toe of the landslide. The
slope angle (h) referred to the mean value of the slope gra-
dient before failure. The landslide area (A) was the hori-
zontal projection of the landslide polygon that comprises the
total area of the movement. The scheme of a landslide
showing each of these attributes is shown in Fig. 2. Another
of the attributes analyzed, but not shown in Fig. 2, was the
volume (V), which referred to the total volume of the dis-
placed mass. Volume was obtained by multiplying the total
area affected by the average thickness of the landslide.

Additionally, six qualitative attributes were collected to
describe each landslide in the database. The same attributes
were used to develop the statistical models.

(1) The Geomorphological Environment attribute was
divided into five types: denudational, structural, fluvial,
glacial, and volcanic.

(2) The Triggering Factor attribute was divided into six
categories: rainfall, erosion, poor drainage manage-
ment, undermining, mixed, and other (includes ice melt
and artificial vibration).

(3) The Water Content attribute was divided into four
categories: dry, slightly moist, moist, and very moist.

(4) The Lithology attribute was divided into five types:
igneous rock, sedimentary rock, metamorphic rock,
deposit, and mixed lithology.

(5) The Landslide Type attribute was divided into four
categories: rotational landslide, translational landslide,
flow, and fall.

(6) The Obstruction attribute was divided into three types:
obstructed travel path, partial obstruction, and no
obstruction.

2.4 Methods

Travel distance is evaluated using diverse analysis methods,
including empirical, analytical, and numerical methods.
Empirical methods, unlike analytical and numerical approa-
ches, consider simpler parameters. For this reason, empirical
methods are frequently used as a preliminary evaluation of
travel distance when rheological parameters or mechanical
details of the movement are not available or required. In
addition, simple empirical tools offer a practical method of
prediction, especially in regions where information is limited

Fig. 2 Conceptual diagram of the anatomy of a landslide. Modified
from IAEG (1990)
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(Guo et al. 2014; Whittall et al. 2017). A common practice is
to relate the mobility of landslides to the most important
geometric parameters, mobility being generally represented
by the travel distance, or the reach angle. As defined by Heim
(1932), this is the angle of the line connecting the highest
point from the source of the landslide with the distal margin
of the displaced mass (Chen et al. 2015). It is calculated as the
arctangent of the ratio H/L, which is equivalent to the coef-
ficient of friction (Shreve 1968). Early authors noted a clear
relationship between mobility and volume of the displaced
mass (Hsü 1975; Scheidegger 1973). The incidence of other
factors on the reach of mass movements was later confirmed.

Other authors consider a two-dimensional approach, such
as the one described by Iverson et al. (1998). These
researchers obtained a power-law relationship between the
planimetric area and volume of the displaced mass through a
mass balance approach, with an exponent equal to 2/3. This
value was subsequently validated in later studies (e.g., Berti
and Simoni 2007; Crosta et al. 2003; Scheidl and Ricken-
mann 2010). Empirical methods lead to prediction equations
through the application of a variety of statistical tools but
require validation and adjustment for local conditions, such
as those presented here.

In this work, simple and multiple regression techniques
were used to obtain the best prediction models to apply to
the travel distances from the training dataset of the study
region. Initially, the one-to-one relationships between the
travel distance and main morphometric parameters were
evaluated: maximum landslide height, slope angle, and dis-
placed volume. Later, an area-volume model was obtained to
validate the model of Iverson et al. (1998).

To improve the relationships obtained with the simple
regression technique, multiple linear regression models were
designed. The independent variables used in this analysis
were three geometric variables (V, H, h) and six qualitative
variables (Geomorphological Environment, Water Content,
Triggering Factor, Lithology, Landslide Type, and
Obstruction). Two multiple regression methods were used:
the backward elimination method, and the forward selection
method. The elimination or selection criteria used were the
p-value, and the adjusted coefficient of determination (ad-
justed R2) criteria. After obtaining the best prediction
models, it was necessary to verify that the assumptions of the
linear model were met, namely: linearity, normality,
homoscedasticity, independence, and non-collinearity. This
was achieved using the gvlma (), shapiro.test (), ncvTest (),
durbinWatsonTest () and vif () functions of the R software,
respectively; corresponding to different statistical tests that
evaluated each of the assumptions.

The travel distance regression models were first validated
by self-verification using the training landslides. The models
were then applied to the test set, and the average errors of the
two datasets were calculated. For local landslides to have a

point of comparison, average errors were calculated after
applying other correlation equations developed by other
authors outside the study area. Mean absolute percentage
error (MAPE) and root mean square error (RMSE) were
used for this task. There were defined by Eqs. (1) and (2).

MAPE ¼ 1
n

Xn
i¼1

ŷi � yi
yi

����
����� 100%

 !
ð1Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 ŷi � yið Þ2
n

s
ð2Þ

Where ŷi and yi were the predicted and observed values,
respectively, and n the number of observations. Using these
two error measures together provided extra context on the
quality of the fit.

An advantage of empirical models was that the inherent
dispersion of the data made it possible to express outputs in
quantitative statistical terms (McDougall 2017). Following
this logic, and making use of statistical inference tools, it
was possible to transform the prediction intervals for a given
model in terms of exceedance probabilities. This made it
possible to construct a preliminary landslide mobility hazard
map. In this study, the models developed for both travel
distance and landslide area were used to generate a prelim-
inary hazard map from a landslide record that was not
included in the training and test datasets.

3 Results and Discussion

3.1 Distribution of Landslides in the Andean
Region

Table 1 shows the descriptive statistics for the numerical
variables of the training dataset, including: number of
observations (N), mean, standard deviation (StDev), median,
range, skewness, and kurtosis. The variables of Table 1
present a positive skewness, so it was necessary to transform
each by means of a logarithmic transformation, thus allow-
ing them to comply with statistical normality.

On the other hand, the database records six categorical
variables, whose distribution conditions the statistical mod-
els since each category influences the mobility of landslides
in a certain way. The Geomorphological Environment vari-
able is distributed as follows: 39 events come from
denudational environments, 34 from structural environ-
ments, 19 correspond to volcanic environments, and finally,
glacial and fluvial environments have 4 events. The Trig-
gering Factor variable has 60 landslides in the erosion cat-
egory, 27 in the rainfall category, 4 in the mixed category,
and 3 events in the remaining categories. Regarding the
Water Content variable, 40 landslides were identified within
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the moist category, 31 within the slightly moist category, 17
within the very moist category, and 12 within the dry cate-
gory. Regarding the Lithology, 32 landslides come from a
lithology derived from igneous rocks, 27 landslides from a
lithology of sedimentary rocks, 15 landslides from a lithol-
ogy of metamorphic rocks, 13 landslides come from
deposits, and 13 from a mixed lithology. The Landslide
Type variable presents the following distribution: 59 land-
slides correspond to translational landslides, 34 to rotational
landslides, 4 to falls, and 3 to flows. Regarding the
Obstruction variable, 67 landslides had an obstruction in
their travel path, 25 did not, and 8 landslides were partly
obstructed.

3.2 Relationship Between Mobility
and Landslide Volume

It is observed that the H/L ratio tends to decrease with an
increase in landslide volume, i.e., the greater the volume, the
greater the travel distance of the landslide. The first to notice
this behavior was Heim (1932). Later, Scheidegger (1973)
used this concept to make predictions through a regression
line, establishing that the equivalent friction coefficient
decreases with volume for values greater than 105 m3 and
that below this threshold, movements exhibit a constant
reach angle. Hsü (1975) arrived at a similar conclusion, and
Corominas (1996) recognized that the volume of small
events also influences landslide mobility.

Controversial conclusions have been reached when
studying the effect of volume on the reach of mass move-
ments. Kilburn and Sørensen (1998) developed an analytical
model in which they observed a clear dependence of H/L on
volume. Legros (2002) found a positive relationship between
travel distance and volume for both volcanic submarine
landslides and non-volcanic submarine landslides, despite
the marked differences between the environments in which
they are triggered. Budetta and de Riso (2004) also found a
good correlation between the two variables for debris flows
in Italy. In contrast, Okura et al. (2003) and Hunter and Fell
(2003) did not find a clear relationship between volume and
the H/L parameter. Some authors, such as Skermer (1985),
have established that there is no clear relationship between
H/L and volume, and that mobility is determined by the

height of fall. The higher the landslide initiation is the greater
will be the travel distance (Corominas, 1996). Staron and
Lajeunesse (2009) stated that the correlation between the
volume and mobility of a landslide is purely geometric, and
does not contain information about the dynamics of the
movement.

Figure 3 illustrates the relationship between travel dis-
tance and volume in a log–log plot for the study region. The
line of best fit is shown along with its equation, the 95%
confidence and prediction intervals, and the value of the
coefficient of determination (R2). Observe that there is an
increase in mobility with the increase in the displaced vol-
ume. Although this is in agreement with most of the studies
presented in the literature, the coefficient R2 (0.52) indicates
the model has a poor goodness of fit, since volume is not the
only factor controlling landslide mobility.

3.3 Relationship Between Travel Distance
and Maximum Landslide Height

The relationship between these two variables is often used to
model average equivalent coefficients of friction. Some
studies examine the effects of topography on landslide
mobility (e.g., Finlay et al. 1999; Hunter and Fell 2003).
Basharat and Rohn (2015) confirm the relationship between

Table 1 Descriptive statistics of
the numerical variables of the
database

Variable N Mean StDev Median Range Skewness Kurtosis

L (m) 100 94.95 93.46 64.45 456.00 1.86 3.18

H (m) 100 50.28 55.04 30.00 308.00 2.73 8.45

h (°) 100 44.25 17.61 40.00 72.00 0.42 −0.57

V (m3) 100 85,862.54 252,844.68 14,205.00 2,279,940.00 7.11 58.92

A (m2) 100 11,490.73 26,370.80 3,584.00 186,950.38 4.94 27.49

Fig. 3 Relationship between travel distance and landslide volume
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travel distance and fall height in a logarithmic plot applied to
earthquake-induced rockfall events in northeastern Hima-
layas, Pakistan. This relationship is explained by taking into
account that the height of fall governs the potential energy,
which makes it responsible for the speed of the landslide,
and its travel distance when it is transformed into kinetic
energy. Therefore, a greater height of fall leads to a higher
speed, and thus a longer travel distance (Corominas 1996;
Guo et al. 2014). Other authors indicate that maximum
landslide height does not influence the extent of the dis-
placed mass, and is of secondary importance, simply adding
dispersion to the analysis (Davies 1982; Hsü 1975; Legros
2002). However, making height an independent variable
improves multiple regression models (Finlay et al. 1999; Qiu
et al. 2017). Figure 4 shows a trend of increasing travel
distance with increasing maximum height. Nevertheless, the
model does not present a strong goodness of fit (R2 = 0.45).

3.4 Relationship Between Travel Distance
and Slope Angle

In the literature, slope angle has an established negative
relationship with travel distance. For example, numerical
simulations by Okura et al. (2000) find a positive relation-
ship between H/L and the slope angle: that is, the greater the
angle, the shorter the travel distance. Hattanji and Moriwaki
(2009), after analyzing a set of relict landslides in Japan,
confirm that the equivalent friction coefficient increases with
increasing slope steepness (Qiu et al. 2017). Hühnerbach and
Masson (2004) conclude that the positive relationship
between volume and travel distance supports the relationship
with the angle of inclination, since it is common to associate
large events with low slopes.

Figure 5 confirms the negative relationship between the
travel distance and slope angle; however, the fit is very weak

(R2 = 0.18). The data present a large dispersion around the
line of best fit, which supports the hypothesis that a single
factor, as the slope angle, is not capable of explaining the
mobility of landslides.

3.5 Area-Volume Model

Sometimes mass movements not only propagate forward,
but also laterally if orthogonal forces occurring during the
movement exceed the basal friction of the soil (Strom et al.
2019). This condition creates the need to analyze the land-
slide area as a mobility index. The study by Iverson et al.
(1998) is noteworthy in the literature. These authors estab-
lish that the planimetric area is proportional to the volume
displaced with an exponent equal to 2/3. This value is in
accordance with the assumption of geometric proportionality
(Crosta et al. 2003).

Figure 6 illustrates the relationship between the landslide
planimetric area and displaced volume for the study area
training dataset (logarithmic relationship, base 10), whose
equation is given by (3).

LogA ¼ 1:012þ 0:624LogV ð3Þ
Figure 6 shows a good fit between the variables, with a

high coefficient of determination (0.84). The slope of the line
is very close to that reported by Iverson et al. (1998).
Through a hypothesis test, these authors derive a statistical
significance of equaling the best-fit slope with a value equal
to 2/3. Using relevant statistical inference tools, and the help
of the t-statistic and p-value, our test results produce a
t-statistic equal to −1.550, and a p-value of 0.124. Thus, it not
possible to reject the null hypothesis that the data can be fitted
to a linear model with a slope equal to 2/3 on a log–log plot.

Figure 7 shows the line resulting from the previous pro-
cedure, whose equation is given by (4).

Fig. 4 Relationship between travel distance and maximum landslide
height

Fig. 5 Relationship between travel distance and slope angle
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LogA ¼ 0:827þ 2=3LogV ð4Þ
Additionally, Fig. 7 overlaps the regression lines for

different international studies that validate Iverson et al.
(1998). Equation (4) can be written as a power-law follow-
ing the properties of the logarithm, according to Eq. (5).

A ¼ 6:71V2=3 ð5Þ
The form of Eq. (5) is useful as it allows conclusions to

be drawn about differences in mobility when different types
of landslides and materials are analyzed under particular
geological conditions. For example, Fig. 7 shows that
landslides in the Andean region of Colombia exhibit much
lower propagation values than reported in studies from other
parts of the world. Most Andean events correspond to
rotational and translational landslides. This contrasts with

other studies focusing on phenomena with greater mobility,
such as debris flows or lahars. The equation derived from the
coarse debris flow research of Crosta et al. (2003) has a
coefficient similar to that of this study. In Fig. 7, the line
with the highest coefficient that accompanies the volume
corresponds to the work of Iverson et al. (1998). That paper
reports a value equal to 200 and is mostly applied to lahars.
The implication of this value is that those phenomena can
flood areas 30 times larger than other landslides in the
database of this study. The analysis of this coefficient and the
comparison for different regions is important since this
contains information about the properties of the flow during
the depositional phase (Scheidl and Rickenmann 2010).

3.6 Travel Distance Multiple Regression Model

Simple regression models show that the landslide travel
distance cannot be explained with a single factor. For this
reason, a multiple regression model is developed to improve
the fit equations obtained with simple regression. Three
geometric variables are used: V, H, and tan (h) in logarith-
mic form, and the six qualitative variables from the study
database. The regression model incorporates the four sta-
tistical variable selection methods described.

These results reveal that the volume of the displaced
mass, the maximum height of the landslide, the slope angle,
and the geomorphological environment were the most
influential variables regarding travel distance. These vari-
ables were found to be statistically significant (p-value less
than 0.05). The resulting equation for predicting the travel
distance of landslides in the study region is expressed by
Eq. (6).

LogL ¼ 0:263þ 0:156LogVþ 0:617LogH
� 0:521Log tan hð ÞþGE ð6Þ

In Eq. (6) the value of the term “GE” (Geomorphological
Environment) depends on the category that needs to be
evaluated. The reference level is the denudation environment
(GE = 0). For a structural environment, GE = − 0.155; for
a fluvial environment, GE = − 0.149; for a volcanic envi-
ronment, GE = 0.052; and for a glacial environment, GE =
0.053. Eq. (6) has a coefficient of multiple determination of
0.85, which represents a strong goodness of fit and means
the model can explain 85% of the variability of the depen-
dent variable. The statistical model satisfies the assumptions
of linearity, normality, homoscedasticity, independence, and
noncollinearity (all tests yield p-values greater than the 0.05
significance level used). The model was also tested for sta-
tistical significance with the help of the F statistic; obtaining
a p-value below the significance level (0.05), i.e., this con-
dition is met.

Fig. 6 Power-law relationship between planimetric area and landslide
volume for different datasets in the form of Eq. (5)

Fig. 7 Line of best fit for the area-volume model
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Equation (6) reflects the same trends observed in the
one-to-one relationships. For example, coefficients that cor-
respond to the volume and the maximum height are positive.
That is; an increase in these variables leads to an increase in
the response variable, which in this case is the travel dis-
tance. On the other hand, the coefficient value for slope
angle is negative, reflecting an inverse relationship with the
dependent variable, similar to what is shown in Fig. 5.

The statistical model reveals the importance of geomor-
phology as a factor influencing travel distance. The results
show that landslides in volcanic and glacial settings are more
mobile than in other environments. This is in agreement with
international literature indicating volcanic events achieve
greater travel distances due to their ability to involve larger
volumes of water when compared with other landslide types
(Hayashi and Self 1992; Korup et al. 2013; Siebert 1984; Ui
1983; Voight et al. 1983).

The model of Eq. (6) requires that practicing profes-
sionals have knowledge about the geomorphology of the
study area: a requirement that can be limited in many situ-
ations. For this reason, an alternative statistical model with
only numerical variables was developed using the backward
elimination method, whose equation is given by:

LogL ¼ 0:286þ 0:159LogVþ 0:563LogH
� 0:618Log tan hð Þ ð7Þ

Although this statistical model complies with all the
assumptions evaluated for the previous one, the goodness of
fit is lower, with a multiple R2 equal to 0.82.

3.7 Model Validation

To evaluate their predictive capacity, Eqs. (6) and (7) are
applied to the two datasets (training and test). The models of
Qiu et al. (2018) and Rickenmann (1999) are also applied to
the same sets. Table 2 shows the results of calculating the
errors in the predictions, applying the four models using Eqs.
(1) and (2). Considering that the predicted values refer to the
travel distance, an inverse transformation of Eqs. (6) and (7)
is performed to obtain the response variable in correct units.

In general, the MAPE for the models developed in this
study are lower than for the international models. The
Rickenmann (1999) model reports very large MAPE values
that exceeds 200% because of the focus on debris flow
research. Although the model of Qiu et al. (2018) reports
low error values, it does not outperform the predictive
capacity of the models developed here.

Regarding the RMSE, Eq. (6) has the lowest value among
the evaluated models (93.67 m). Although this value may
seem high, in long-runout landslides it represents only a
small percentage of the total travel length, making it a good
approximation. The best fit model for the study region has a
MAPE equal to 31.25%, outperforming the alternative
model (MAPE = 35.13%). This value is similar to the
average error reported by other authors (Guo et al. 2014;
Tang et al. 2012).

The previous results show that the models developed (full
and alternative model) have a good prediction capacity for
the Colombian Andes. Nevertheless, the models are limited,
since they are specific to the study region, or in areas with
similar geological and geomorphological settings. The errors
in the predictions can be reduced if other variables that were
not analyzed are considered. For example, the 3D effect of
the travel path, the drag of material, the effect of pore
pressure, and mechanical properties of the soil.

3.8 Application of Empirical-Statistical Models

The model of Eq. (6) is defined as an intermediate level
model according to the guidelines of Fell et al. (2008), which
allows its use in the elaboration of preliminary hazard maps.
According to McDougall (2017), the prediction intervals of a
statistical model can be translated as estimates of the prob-
ability of exceedance of the response variable (travel length
or landslide area). For example, the line of best fit can be
associated with a 50% exceedance probability (i.e., a 50%
probability that future landslides of the same type and size
will travel farther). Similarly, for a 95% prediction interval,
the lower bound value is associated with an exceedance
probability of 97.5%, and the upper bound with an

Table 2 Comparison of the
prediction capacity for the
proposed and international
models for the estimation of the
landslides travel distance. The
units of the variables in the
international models are the same
as those used in Table 1

Model MAPE
Training data (%)

MAPE
Test data (%)

MAPE
Average (%)

RMSE
(m)

Equation (6) 29.77 37.69 31.25 93.67

Equation (7) 34.58 37.53 35.13 101.16

Qiu et al. (2018)
L ¼ 0:635V0:247H0:536 tan hð Þ�0:215

44.66 48.41 45.36 158.20

Rickenmann (1999)
L ¼ 1:900V0:160H0:830

226.61 304.18 241.11 412.38
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exceedance probability of 2.5% (distribution of two tails).
With different prediction intervals, more exceedance proba-
bility limits are obtained.

It is possible to obtain a preliminary landslide-mobility
hazard map with these tools. As an example, a landslide in
the study region not considered in the test and training
datasets is used. This event corresponds to a landslide on
October 26, 2007 in the municipality of Ricaurte, located in
the department of Nariño, southern Colombia. The move-
ment is classified as a rotational landslide developed in
colluvium comprising strongly weathered rock blocks with a
clayey matrix rich in iron oxides. The event is identified as
wet and was triggered by pluvial erosion in a denudational
environment. From the morphometric point of view, the
maximum height is 80 m and it moved a total of 8000 m3 of
material at an angle of 25°; the direction of motion with
respect to north is 130°.

From the crown of the landslide, different probabilities of
exceedance are calculated to define the hazard zones
according to the models of Eqs. (3) and (6). The 50 and 95%
prediction intervals are used, resulting in five hazard cate-
gories (Table 3). In summary, a travel distance and plani-
metric area values are obtained for each hazard category.

A 12.5 m resolution DEM of the event area and the ESRI
software ArcGIS is used to create the preliminary hazard
map. From the crown of the landslide, and with the help of
the ArcMap Buffer 3D function, concentric circles are drawn
as a guide to delimit each hazard level, and whose radii are
determined by the travel distance indicated in Table 3.
Additionally, concentric sectors are drawn on the circles
with an area equal to that indicated in Table 3. The areal
extent of each sector depends on the considered hazard level
and takes into account the direction of movement (130° with
respect to true north). The results of this procedure are
shown in Fig. 8. This geometric approximation does not
exactly represent reality since landslide forms will vary
according to the conditions of each site. However, for

practical purposes, and in preliminary phases of mapping, it
is important to know the potential travel distance along with
the planimetric area that may be reached by a landslide.

Figure 8 represents an example of a preliminary hazard
map built from two empirical-statistical models. Although at
first glance it seems “very simple”, the map is highly
effective in identifying the exposed elements around the
zone of influence of the landslide; in this case, a road and a
house are located within a moderate hazard level sector. This
map serves as a guide for decision makers and land planners
involved in landslide risk management.

4 Conclusions

In this study, a database of 123 well-documented landslides
distributed was obtained across the Andean zone of
Colombia. Most were rotational and translational landslides,
and, to a much lesser extent, debris flows that exhibited a
limited travel distance.

Various detailed statistical analyses were performed on a
training subset of this dataset. The results of simple regres-
sions reveal that travel distance is positively related to dis-
placed volume and maximum slide height, and negatively
related to slope angle. A strong correlation is observed
between the planimetric landslide area and volume. Addi-
tionally, landslides from the study region follow the

Table 3 Travel distance and landslide area limit values that define the
hazard categories

Hazard
level

Exceedance
probability (%)

Travel
distance (m)

Planimetric
area (m2)

Very high
hazard

97.50 74.65 810.85

High
hazard

75.00 125.93 1,832.69

Moderate
hazard

50.00 165.05 2,795.50

Low
Hazard

25.00 216.32 4,264.22

Very low
hazard

2.50 364.92 9,637.85

Fig. 8 Preliminary hazard map showing the reach zones of the
landslide in the municipality of Ricaurte in 2007
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area-volume relationship proposed by Iverson et al. (1998).
Differences in the proposed regression line, when compared
with those presented by other authors, are accounted for by
considering variations in failure mechanism of the different
landslides included in the datasets.

Simple landslide travel-distance models are improved by
incorporating a multiple regression model using stepwise
statistical methods. Results show that volume, maximum
crown height, slope angle, and geomorphological environ-
ment are the variables with a predominant effect on landslide
travel distance in the Colombian Andean zone. The multiple
regression analyses found there to be no significant contri-
bution from variables such as triggering factor, water con-
tent, lithology, landslide type, and obstruction. An
alternative model with only numerical variables was also
constructed. The equations developed are appropriate for use
in tropical areas such as the Colombian Andes and other
tropical cordilleran regions (e.g., SE Asia).

The accuracy of the two models is evaluated using
training and test sets from database. Satisfactory error values
are obtained when compared with the values derived from
other models applied to the study area.

Empirical-statistical modeling and resulting preliminary
hazard map incorporate travel distance and the planimetric
areas. The most important function of this map is to identify
possible zones affected by landslide processes.
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Landform Geometry for Restoration
of Mountain Roads and Landslide Hazard
Resilience

A. A. Virajh Dias, H. M. J. M. K. Herath, and L. K. N. S. Kulathilake

Abstract

Traveling on a mountainous road is attractive but
questionable under aggressive climatic conditions such
as extreme rainstorms. Roads are often designed in
different geological complexity overlaying upper and
lower terrains. The complexity of slope geometries,
potential deformities, ground discontinuities, soil-rock
composite nature, factors incorporated in structural
integrity, the complexity associated with infrastructure
developments, and unstable landform have long been
causes of the increasing cost of road constructions in hills.
In many instances, landform geometries and the natures
of slope observed in-situ allow us to understand many
salient features that we need to know in the design to
mitigate landslide threats. The extent to which we make
the collective effort to gather many features of landforms
and their static representations concludes its validity.
Findings are more forced to be based on geometrical
evidence of slopes and cross-checked with an appropriate
design criterion. A provision should describe a design or
construction method that is deemed to comply with the
site-specific conditions. Such an approach will save the
enormous cost of investigations, design, and simplifica-
tion for numerical evaluations, and also contribute to an
indirect approach to road restoration and improve an
appropriate approach for resilience to landslide hazards.

Keywords

Landform � Geometry � Roads � Slopes � Landslide �
Rockfall

1 Introduction

A mountain road is the most connecting way of community
in a low country with far the most beautiful cities of the hill
country (Fig. 1) by allowing transportation for vehicles and
pedestrians. A landform is the silent feature of the ground
and can be a crucial element in understanding the difficulty
of infrastructure developments in the mountains. In many
instances, widening mountain roads often pose a challenge
in avoiding potential landslide hazards, mainly due to vari-
ous landform features of the upper and lower slopes (Fig. 1).

2 Geomorphological Evidences of Failure

Landslide is often considered as a downward and outward
movement of earth-formed material on hill slopes. It is
usually triggered under extreme rainfall or ground shaking
(seismicity). Fortunately, no records of landslides occurring
during the dry season or due to seismicity are found in Sri
Lanka. Geomorphological pieces of evidence such as
topography, geology, hydrology, slope, groundwater, and
land use are considered to be intrinsic and extrinsic vari-
ables. In contrast, extrinsic variables are accounted for
improper land-use practices, roads, infrastructure develop-
ments, and man-made activities. The landslide initiation can
be explained as the slip initiation of the upper sliding surface
due to the loss of resistance of earth mass, where accelera-
tion occurs towards the downward slope, and deceleration
occurs in a lower section. In addition, the spatial distribution
of landslide geometry clearly integrates potential energy
relief of soil, rock, water, vegetative species, and other
spatial element spreading over the landslide boundary. Many
observations of such large-scale landslides were recorded in
Sri Lanka during the last two to three decades, and some of
those are depicted in Figs. 2, 3, 4, 5, 6, and 7.

The Mulhalkelle landslide (1989), Gampalakadawala
(2003), and Aranayake landslide (2017) were identified as
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large-scale landslides in terms of physical dimensions,
numbers of victims, transported earth mass volumes, damage
to infrastructures, relief efforts, failure patterns, and geo-
logical complexities. All those landslides seriously impacted
many road networks and economic development due to
being located in agroecological zones of Sri Lanka (Pan-
abokke 1996). Observations indicate the start of a landslide
as a de-stabilization of a vast mass of earth on the hillslope,
which is subjected to the high water saturation that might
trigger regolith sliding on the bedrock interface. It can
induce substantial failure on the adjoining steeper down-
slope, including large rock fragments embedded in wet soil.
The moving earth masses of the Mulhalkele landslide
(Fig. 3), Gampalakadawala landslide (Fig. 4), and the Ara-
nayake Landslide (Fig. 5) contained highly saturated rego-
lith material (unconsolidated, loose, heterogeneous
superficial deposits covering soil and solid rock). It was
noted that the rock-soil interface was saturated due to the
propagation of the parched water table closer to the interface.
Finally, the displaced material appears to have turned into a

highly mobile flow, judging from damage to many elements
at the lower elevation. The underlying geological structure
of this area might be complex, jointed, highly foliated, and
thus highly deformable structures. The rock surfaces visible

Fig. 1 From Kandy travel along the Teldeniya road and
Kandy-Mahiyangana-Padiyatalawa to completely travel along the 18
Bend Road. (Photo by Attractions Sri Lanka 2019)

Fig. 2 Traffic disrupted (trees and rock has fallen in to the road) on to
the road at 6th bend area of the Kandy-Mahiyangana “18 hairpin road”,
20th January, 2020 (Photo by Hirunews.lk 2020)

Fig. 3 This photo shows a stretch of a mountain slope destroyed by
mudslide in Mulhalkelle, Nuwara Eliya district, 1986, NBRO Report
(1988)

Fig. 4 Gampalakadawala Landslide (6 victims, Kalawana). Outburst
floods resulted from mass movements temporarily blocking a “Delgoda
Ganga” river at lower elevation, May, 2003
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on the remaining ridge have different inclinations from those
exposed on the bedrock. Such geological complexities are
usually difficult to explore before a landslide occurs. The
mobile material appears to be weathered regolith interacting
with a massive volume of groundwater during transportation
of the earth material.

3 Study Background

This research aimed to develop a database of stable and
unstable cut slopes (older than 20 years) through field ver-
ifications after heavy rainstorms recorded in the hilly/
mountainous areas of Sri Lanka. The research started in late
2000 by implementing the “Pre-Feasibility Study for
Designing Major Roads in Landslide Area” by the Central
Engineering Consultancy Bureau (CECB 2000). The project
was funded by the Japan International Cooperation Agency
(JICA) through the Road Development Authority (RDA) of
Sri Lanka. The activity was further studied under the IPL
Certified Project ID-200, 2015, titled “An assessment of the
rockfall susceptibility based on cut slopes adjacent to high-
ways and railways,” implemented by the CECB. Subse-
quently, the study was carried out in 2003, 2006, 2008,
2012, 2016, and 2019. In addition, the CECB has been
awarded the World Center of Excellence (WCoE) (Dias et al.
2017) for Landslide Risk Reduction under the theme of
“Model Policy Framework, Standards and Guidelines” by
the International Programme of Landslide (IPL) since 2014.
The main objective of the study is investigating the design
requirements of road cut slope stability along the (a) Ratna-
pura-Balangoda-Haputale highway, (b) Kandy-Gampola-
Nuwara Eliya highway, and (c) Kandy- Hunnasgiriya-
Madamaha Nuwara-Mahiyangana highway (See Fig. 8).
Considering the ages of these highways, we realize that the
non-engineered remedial designs adopted for the roads have
stayed in balance with the road environments for 20 years or
longer.

4 Landforms in Sri Lanka

Sri Lanka is characterized by a southern-central mountain
range that rises to 2524 m above sea level at its peak (Erd.,
1984). According to the various findings and documentation,
the island consists of seven major landform units, viz.
(i) coastal plain, (ii) continental shelf, (iii) circum-island
peneplain, (iv) central massif, (v) Sabaragamuwa hills,
(vi) Galoya hills and (vii) Elahera ridges (Erd.,1984).The
entire area is covered by various landforms, from flat erosion

Fig. 5 Aranayake landslide in Sri Lanka is now thought to have killed
about 122 people. The landslide was triggered by an exceptional
rainfall associated with a slow-moving tropical cyclone, 2016. Photo by
Sri Lanka Red Cross

Fig. 6 Sliding surface or the point of initiation of the Aranayake
landslide in Sri Lanka, 2016 Photo by Sri Lanka Red Cross (2016)

Fig. 7 A landslide area at Kaluthara, 80 km from Colombo Sri Lanka
on May 26, 2017, Photo by The Straitstimes Asia (2017)
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or peneplain to a complex assemblage of mountains, ridges,
plateaus, and valleys.

The mountainous landform is mainly due to geological
and erosional history, which is considered one of the oldest
and most stable parts of the earth’s crust, namely Precam-
brian deposits in the Highland series (Cooray 1967). More
than 90% of Sri Lanka is covered with highly crystalline,
non-fossiliferous, Precambrian age, metamorphic rocks.
These Precambrian rocks, which metamorphose under
granulite facies and amphibolite facies, are subdivided into
three groups based on lithology, structures, and ages of the
rocks (Cooray 1984). Almost all hill country regions overlie
highland series high grade, crystalline metamorphic rocks
(Herath et al. 2014). The main rock types of this series are
meta-sediments (quartzite, Marbles, garnet-sillimanite
schists) and charnockite gneisses. Other rock types are bio-
tite gneiss, hornblende-biotite gneiss and schists, and
garnet-sillimanite gneiss (Cooray 1984).

5 Hydrological Records

In the late ‘80 s, when information was scarce, the landslide
triggering rainfall threshold was placed at 200 mm in 72 h,
provided rain in the area continued (Bhandari et al. 1992).

The above criterion did work partially; the probability of
landslide occurrence as a rainfall intensity ratio spotlights the
indicators that help assess the dynamic of rain-triggered

slope movements (Bhandari and Dias 1996). This study was
conducted during the ‘90 s. The conditional probabilities
were only examined partially in the case of reactivation of
recent, seasonally active landslides. Rainfall records for the
months of landslide events tell that 24 h rainfall associated
with a landslide event was generally 2 to 23 times higher
than the average daily rainfall (Bhandari and Dias 1996).
The empirical rule is reasonably accurate if the average
annual rainfall exceeds more than 3000 mm in the wet zone
of the country.

The intense rainfall of 522 mm/day followed by a tropical
storm on 15th May 2003 triggered 78 landslides in the
Kalawana Division. Antecedent rainfalls during the ten days
before the storm reached about 272 mm, increasing the soil
moisture and causing soil surface erosion in various parts of
Kalawana in the Ratnapura District. In November, the total
three-day rainfall reached 656 mm and was the highest in
1947 (Dias and Gunathilaka 2014).

6 Landform Geometry and Mountainous
Road Infrastructure

The mountainous slopes are predominantly convex-concave
form and occasionally retain a planar slope segment within
dipping slopes of in-situ rock. Dipping rock surfaces and
many eroded rock slopes favor the development of various
instabilities, and some lead to triggering significant land-
slides. Slope deformities and geometries initiate the natural
degradation process of soil and rock, and history can be
traced back millions of years (Fig. 9).

Fig. 8 Location map of the study and field verification survey
locations. a Ratnapura-Balangoda-Haputale highway, b Kandy-
Gampola-Nuwara Eliya highway and c Kandy- Hunnasgiriya-
Madamaha Nuwara-Mahiyangana highway
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Fig. 9 Typical cross section of mountain hill slope

330 A. A. Virajh Dias et al.



7 Data and Method of Approach

A total of 67 records were targeted for a detailed study out of
110 records of cuttings, bank failures, or landslides, as indi-
cated in Table 1. The study is concerned with observations on
the heights of failure, stable ground conditions, failure pat-
terns, landforms, land uses, and geologies (Fig. 10).

7.1 Failure on Upper Slope Stability

The most common instabilities in roadside slopes mainly lie
in immediate upper slope landform at which land-use prac-
tices were cultivation of economic crops (tea, vegetable),
forestry, or home garden. The failure patterns are commonly
associated with shallow rotational or translational failures

Table 1 Assessing potential stability according to the refined data

Point No. Easting Northing Elevation
MSL

Location Type
of
failure

Slope
angle

soil/rock
type

Upper
veg

h1/m h2/m Total
H

toe
wall

drain

POI 098 001-92-811 001-62-123 520 Kudawa, A4 Road S 60.26 RS/HWR HG 6.3 4.9 11.2 no no

POI 103 001-95-434 002-64-209 569 Dambagahamada S 63.43 SN HG 4 – 4 no yes

POI 104A 001-96-269 002-65-008 561 100 m away from
Halgahawela (loc.10)

S 70.35 WR HG 4 – 4 no no

POI 113 001-98-399 001-67-353 563 Seelogama, A4 Road S 74.05 RS/WR HG 5 5 14 no no

POI 115 001-98-999 001-67-802 557 Seelogama, A4 Road S 63.43 MWR HG 3 6 9 no yes

POI 115A 001-98-999 001-67-802 557 Seelogama, A4 Road S 74.05 MWR HG 6 4 13 no yes

POI 116 001-99-600 001-68-431 572 Belihuloya, A4 Road S 66.8 MWR HG 7 – 7 no no

POI 119 A 001-99-600 001-68-431 572 Belihuloya, A4 Road S 77.91 RS FO 4.5 – 4.5 no yes

POI 121 002-02-012 001-69-083 628 Pambahinna, A4Road S 74.05 HWR HG 5 – 5 no no

POI 144 001-83-398 002-12-887 939 Pussellawa, A4Road S 75.96 MWR/WR TEA 4.5 5 9.5 no no

POI 145A 001-84-234 002-12-875 976 Somagama, A4 Road S 75.96 RS/WR TEA 4 3 7 no yes

POI 145C 001-84-234 002-12-875 976 Somagama, A4 Road S 77.9 RS/WR TEA 4 8 12 no yes

POI 146 001-84-762 002-12-575 972 at Pssellawa Police
Station

S 65.09 RS/HWR HG 3.5 2.5 9 no yes

POI 151 001-92-108 002-04-635 1271 Palagolla, A5 Road S 77.9 HWR HG 6 6 12 no yes

POI 152 001-92-646 002-04-333 1379 Wedamulla S 66.8 HWR TEA 4.5 4.5 9 no yes

POI092 00,191,834 00,161,429 541 Balangoda Bypass,
AB7

S 75 RS HG 4.0 4 no yes

POI095 00,193,773 00,162,852 520 Imbulpe, A4 Road S 59 HW/CWR FO 8.7 7.1 15.8 no yes

POI112 00,208,053 00,173,869 784 at 119 km post S 58 CWR FON 6.9 4.0 10.9 no no

POI 099 001-93-222 002-62-014 519 Gammaduwa, Matale F 57.26 RS/HWR HG 6 6 no no

POI 100 001-93-784 002-62-825 506 Gammaduwa, Matale F 57.26 RS/HWR HG 8 8 16 no no

POI 101 001-93-729 001-63-376 513 Rathmalwinna F 60.26 RS/HWR HG 8 – 8 no no

POI 102 001-95-253 002-64-205 550 Dambagahamada F 66.8 HWR HG 10 – 10 no no

POI 104 001-96-269 002-65-008 561 Halgahawela F 66.8 WR HG 12 – 12 no no

POI 105 001-97-107 001-66-090 481 Imbulpe, A4 Road F 47.12 RS/WR HG 7 – 7 no no

POI 106 001-97-411 001-66-295 477 Imbulpe, A4 Road F 70.35 WR HG 8 – 8 no yes

POI 107 001-97-605 001-66-409 512 Gilma-Imbulpe F 60.26 RS/HWR HG 7.2 2.5 9.7 no yes

POI 107A 001-97-605 001-66-409 512 Gilma F 63.43 HWR HG 6.2 3 9.2 no yes

POI 107B 001-97-605 001-66-409 512 Gilma F 64.43 HWR HG 6 3 9 no yes

POI 108 001-97-638 001-66-510 513 Gilma F 64.43 RS HG 6.2 5 11.2 no yes

POI 108A 001-97-638 001-66-510 513 about 50 m away F 63.43 RS HG 5.5 1.5 7 no yes

POI 109 001-98-065 001-66-813 555 Imbulpe, A4 Road F 77.91 RS/WR HG 5 6 11 no yes

POI 109A 001-98-065 001-66-813 555 Imbulpe, A4 Road F 74.05 RS HG 7 – 7 no yes

POI 110 001-97-984 001-66-877 556 Imbulpe, A4 Road F 60.26 RS/WR HG 10 – 10 no yes

POI 111 001-97-936 001-66-962 560 Imbulpe, A4 Road F 63.43 HWR HG 4.6 4.6 9.2 no no

(continued)
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followed by a flowage mass. Observations revealed the fact
that heavy rainfall events trigger failures (Fig. 11).

Weathered rock with upper slope de-stability
Soil layer contact with impermeable bedrock leads to

increased pore water pressure at the interface of soil and

rock and ultimately causes a significant reduction of
shear strength. The maximum permissible strain of soil
material cannot withstand in-situ and leads to move
downward and outward movement (see Figs. 12, 13
and 14).

Table 1 (continued)

Point No. Easting Northing Elevation
MSL

Location Type
of
failure

Slope
angle

soil/rock
type

Upper
veg

h1/m h2/m Total
H

toe
wall

drain

POI 112 001-98-093 002-67-115 565 Puwakgahawela old
land slide

F 70.35 RS FO 12 – 12 no no

POI 114 001-98-452 001-67-478 558 Seelogama, A4 Road F 60.26 RS/HWR FO 12 – 12 no yes

POI 115B 001-98-999 001-67-802 557 Seelogama, A4 Road F 70.35 MWR HG 6 5 15 no yes

POI 118 002-00-221 001-68-818 613 Galagama, A4 Road F 75.96 HWR/MWR FO 4.5 – 4.5 no yes

POI 118A 002-00-221 001-68-818 613 Galagama, A4 Road F 79.88 HWR FO 4.6 4.6 9.2 no no

POI 118B 002-00-221 001-68-818 613 Galagama, A4 Road F 75.96 HWR FO 9 – 9 no no

POI 119 002-00-466 001-68-615 634 Belihuloya, A4 Road F 77.91 RS FO 5 – 5 no yes

POI 120 002-00-707 001-68-611 635 Belihuloya, A4 Road F 77.91 WR RF 6.5 – 6.5 no no

POI 123 002-04-634 001-07-056 741 Dimbulgoda F 60.25 WR FO 6 6 12 no yes

POI 124 002-04-954 001-70-226 758 Dimbulgoda F 58.73 HWR FO 8 6 16.5 no no

POI 125 A 002-08-021 001-73-804 787 Kalupahana, A4 Road F 63.43 RS FO 5 4 14 no no

POI 126 002-09-051 001-74-045 787 Sapugaha watta,
Kalupahana—near the
tunnel

F 63.43 RS/COL HG 7 7 15 no no

POI 128 002-13-981 001-73-672 973 Beragla, A4 Road F 75.96 MWR HG 7.5 4 11.5 no no

POI 130 002-20-140 001-74-071 1400 Boralumankoda, A5
Road

F 80.67 WR HG 3 11 14 no no

POI 137 001-80-176 002-26-771 532 at 2 km post-Kandy Gampola road F 75.96 RS/HWR HG 5.5 2 7.5 no yes

POI 138A 001-78-644 002-16-667 516 Boralumankada, Gampola—N’eliya road F 79.87 RS HG 4.5 6 10.5 no no

POI 139 001-78-674 002-16-346 540 Ulapane, A5 Road F 77.9 RS/HWR HG 5 2 7 yes no

POI 139A 001-78-674 002-16-346 540 Ulapane, A5 Road F 77.9 RS/HWR HG 3 3 6 yes no

POI 140 001-79-956 002-14-552 595 Ulapane, A5 Road F 70.35 RS/WR HG 5 5 10 no yes

POI 141 001-80-730 002-13-291 737 Ulapane, A5 Road F 77.9 MWR HG 2.6 2 4.6 no no

POI 143 001-82-684 002-12-900 888 Udapalatha, A5 Road F 77.9 RS/HWR TEA 6 2 8 no yes

POI 143A 001-82-684 002-12-900 888 Udapalatha, A5 Road F 79.87 RS/HWR TEA 3.5 – 3.5 no no

POI 145 001-84-234 002-12-875 976 Pussellawa, A5 Road F 75.96 RS/HWR TEA 4 10 14 no yes

POI 145B 001-84-234 002-12-875 976 Pussellawa, A5 Road, Near to KP 145 F 77.9 RS/WR TEA 4 6 10 no yes

POI 145D 001-84-234 002-12-875 976 Pussellawa, A5 Road, Near to KP 145 F 79.87 RS/WR TEA 4 5 9 no no

POI093 00,192,751 00,162,136 523 Balangoda, A4 Road F 59 RS HG 8.5 8.5 no yes

POI094 00,192,946 00,162,157 511 Balangoda, A4 Road F 75 RS/WR HG 4.5 4.5 no yes

POI096 00,195,268 00,164,219 553 at damaged house F 45 HW/CWR FO 10.0 10 no no

POI100 00,198,069 00,166,812 550 Belihuloya, A4 Road F 79 HWR FO 6.2 6.2 no yes

POI102 00,197,921 00,166,950 565 Belihuloya, A4 Road F 79 CWR FO 4.5 2.0 6.5 no

POI105 00,200,267 00,168,785 635 near Bilihuloya F 73 RS FO 4.9 2.3 7.1 no yes

POI109 00,200,717 00,168,634 640 Wellawaya, A4 Road F 72 RS/CWR FO 6.1 6.1 no yes

POI110 00,200,746 00,168,679 640 abt 50 m frm POI 109 and 159 km post F 67 RS/CWR FON 7.8 7.8 no no

F Fail, S Stable, RS Residual Soil, HWR Highly Weathered Rock, MWR Moderately Weathered Rock, WR Weathered Rock, CWR Completely weathered rock, COL
Colluvium, FO Forest, HG Home Garden, FON Natural Forest reservation, TEA Tea, KP Kilometer post.
The overall location specific data was more than 110 locations and refined below according to most viable for design supportive road sections in mountain slope.
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8 Evaluation of Landform Restoration
Potential

The landslide is ‘almost all varieties of mass movements on
slope including rockfalls, topples and debris flow sliding
mass’ defined by Varnes 1984. The landslide body entrains a
large volume of residual surface soil and then moves down-
stream along a gully to produce a debris flow disaster (Gao
et al. 2017). The evaluation focused mainly on site-specific
data collected during investigations, planning, designs, con-
structionworks, andwidening ofmountain roads. The number
of road guidelines and specifications that describe site-specific
design optimization of mountain roads is limited (Wyllie
1987). Therefore, experiences in understanding the process of
slope degradation, refinements for site-specific issues, reac-
tions to natural events, and historical records are critical tools

for understanding mountain road restoration works. The
findings obtained through the study will create an appropriate
environment for the decision-making process for roadway
designs and mountain travels.

Some of the observations of the first-hand records were
bound with geological evidence, landform patterns, land use,
and improving the decision-making process towards reduc-
ing landslide vulnerability of roadway. Therefore, the fol-
lowing observations (see Figs. 15, 16, 17, and 18) are
concluded as a decision-making tool for understanding
observation-based approaches for assessing the potential
stability based on the refined database of the study.

8.1 In-Situ Formed Weathered Rock
or Completely Weathered Soil Form
Geometries

Soil slopes fail differently, depending on the site settings
(upper and lower slope stability), geometry, resistance to
erosion, and other topographical factors. However, the
numerical simulations have shown the collapse patterns,
Type-a and Type-b in Figs. 15 and 16 are less likely to occur.
And resistance to collapse is mainly governed by the unsat-
urated soil parameters. However, any prolonged heavy rain-
storms will saturate the soil surface. In such instances, shallow
slope failures are significant (Russel et al. 2008). According to
the site records, a relatively low-cost, eco-friendly remedial
design will help enhance the slope stability.

8.2 De-Stabilized Soil, Colluvium or Rock-Soil
Complex Form of Geological Sections

Type-c and Type-d geometries (Figs.17 and 18) usually
contain complex forms of stability. Many uncertainties are

Fig. 10 Upper and lower slope de-stabilization after construction of a
road in mountain environment

Fig. 11 Immediate upper slope (slope section above the road)
de-stabilization, Kalawana, Ratnapura, 2003

Fig. 12 Failure observation of a road side slope cut section which was
constructed at 0.5 to 3.5 m high without any retaining structures
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among site-specific observations. The movements of rocks
and rock-soil composites are two different modes of failure
under those circumstances. Falling, rolling, bouncing, and
sliding of rock are major sequences of de-stabilizing mech-
anisms (Brawner et al. 1975 and 1994) of failure related to
the above. Therefore, a detailed study on geometries, energy,
and simulations in different scenarios will conclude the
appropriate remedial designs.

9 Statistical Interpretation of Data

Landform geometrical features coupled with mountain road
restoration works for enhancing landslide hazard resilience
were further interpreted through a statistically determined

approach. Many site-specific construction works are rela-
tively old, more than 20–30 years at the data collection, and
the research has continued since 2000. The historical data
usage approach mainly focused on observations of
weather-associated consequences as a tool for understanding
roadside slope stability potential. The statistical interpreta-
tion primarily focused on understanding the way to reduce
the cost of landslide remediation work and, thus, the
appropriate roadway design on a mountain slope. The
landform is a feature on the terrain’s surface, which is further
subdivided based on land use. We interpreted the collapsed
and intact slope landforms in terms of land use, slope angle,
slope height, and slope azimuth, as shown in Figs. 19, 20,
and 21.

Fig. 13 Example of rock formed failures along the road side slope. Wedge failure, translational slides and falling rocks are very much significant
along the road sides. High hazard potential zone can be observed due to foliated and jointed rock formations

Fig. 14 Some stable landforms were also noticed during investiga-
tions. Highly to completely weathered rock surfaces consist of
unsaturated soils, each having different visual and physical character-
istics. Surface erosional potential is high if the weathered surface

contains any soluble minerals of metamorphic rocks. Usually, those
sections stay stable for 20–40 years or more with minor surface
improvements
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An illustrative example of the landform interpretation
(Fig. 22) highlights the importance of studies on landform
geometry of mountain road restoration. The studies signifi-
cantly optimize the cost of total slope remedial measures
against slope degradation in mountain road construction.
Though observations were limited to 67 case histories, more
data will support more corrective decisions during road
designs.

10 Conclusion

Spatial interpretation and a case study
Hilly terrains in Sri Lanka, belonging to the humid

weather pattern caused by global climate change, are wet
and deserve attention in planning, designing, constructing,
and maintaining mountain roads. Unsaturated residual soil

Road

Soil
Slope

 Completely in-situ  
FR/WR or weathered soil, 
moderate slope, circular 

shallow failures are 
common due to excessive 

rainfall

 Completely 
weathered rock / 

residual soil 
slope   

Fig. 15 Type-a: No rocks/rock outcrop at the upper slope, lower slope
is stable or failed with in-situ residual soil formations. Limited or less
potential threat of slope failures

 Moderately to 
completely weathered  
MWR/CWR or in-situ 

form of RS, steep slopes, 
very limited record of 

failure   

Fig. 16 Type-b: In-situ formed soil or completely weathered rock, less
tendency or less potential slope failure according to field evidences

 Colluvium slope or 
immediate below the 

escarpment slope; 
talus slope which is 

highly saturated 
during rainstorm  

Upper – rock falling 
and rolling tendency 

Middle- deep 
circular failure or 

surface failure with 
talus deposits   

th

Fig. 17 Type-c: Rock falling, bouncing and rolling tendency of
escarpment slope segments. Highly potential failure records at road side
slope

Road 

 Completely in-situ  
FR/WR or 

weathered rock 
formations  

Fig. 18 Type-d: Completely rock slope, moderately to highly
jointed/foliated rock face; Limited failure records, but highly potential
rock falling, bouncing and rolling
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formations often cover these areas, indirectly contributing to
high values of apparent cohesion during the non-saturated
condition. Slopes of completely weathered soils (including
highly weathered rocks) retain themselves in place due to the
unsaturated behavior of soils, as shown in Fig. 21. There-
fore, many cut-slopes of height not exceeding 3.2 m are
potentially stable or can be restored with the least cost of
remedial measures.

Land use in the upper slope significantly contributes to
soil restoration potential. The geological complexity of cut

slope sections always needs to be toughly studied with an
appropriate guideline of site-specific design.

The results of the study are summarized as follows.

I. The complexity of slope geometries, potential defor-
mities, ground discontinuities, and soil-rock com-
posite nature are compulsory elements to understand
and dominant parameters to describe the on-site sta-
bility of earth cut slope.

II. Cut slopes of roads are often designed in different
geological complexity overlaying upper and lower

Fig. 19 Unstable slope records of stability plots for Slope Angle vs Total Height of earth cutting against to Land use above the road/upper slope
segment (FO-Forest, HG-Home Garden, RF-Reforestation, and TEA-tea plantation). Height below 3.2 m is stable

Fig. 20 Unstable slope records of stability plots for Slope Angle vs Total Height of earth cutting against Geology (ie. highly to completely
weathered rock; HWR, MWR, CWR and residual soil condition; RS. Cutting Height below 4.6 m is stable
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Fig. 21 Decision making stability plots for Slope Angle versus Total
Height of Earth cut; Each point data contains different visual and
physical characteristics including geology (highly to completely

weathered rock, land surfaces), multiple landforms, stability criteria,
failure-F and stable-S. Study concludes height below 3.2 m is stable
even under different geological conditions or land use

Fig. 22 Mountain slope stability measures adopted in “18 Hairpin Bend” Kandy-Mahiyangana highway (Photo by https://www.mapakadavillage.
lk/En/five-facets-about-mahiyanganaya/), Sri Lanka
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landforms. Therefore, accurate interpretation of those
data is essential.

III. Understanding factors incorporated in geo-structural
integrity and potentially unstable landform are the key
elements that decrease the cost of remedial measures
on hill slopes.

IV. In many instances, designing a wider section of
mountain road is often challenging given landslide
potential due to various landform features of upper
and lower slopes.

Investigating and analyzing the soil properties and
parameters that affect the stability of residual soil slope
against all road cutting sections are usually expensive and
time-consuming.

The above finding and approach allowed for site-specific
generalization.Therefore, it is advisable to use additional criteria
to predict the stability potential of cut slopes in road designs.
More information about the cut slopes of mountain roads is
required for more reliable prediction or design optimization.

More research on the road cut slope protections, data
gathering of constructed slopes, data evaluation, and design of
remedial measures will be recommended for very mountain
regions/countries deep in mountains. They ultimately con-
tribute to the development of landslide hazard resilience.
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LS-RAPID Manual with Video Tutorials

Beena Ajmera, Hossein Emami Ahari, Doan Huy Loi, Hendy Setiawan,
Khang Dang, and Kyoji Sassa

Abstract

LS-RAPID is an integrated simulation model capable of
capturing the entire landslide process starting from a state
of stability to landslide initiation and movement to the
mass deposition. This paper provides an overview of the
use of LS-RAPID to simulate landslide case histories
around the world, provides a manual for readers to begin
using the program for simulations, and describes the use of
the program for several models. Specific steps to use the
basic and advanced features in LS-RAPID are provided
within the paper. Additionally, video tutorials are pro-
vided to supplement the descriptive steps provided in this
paper. These tutorials are developed to focus on individual
aspects of the program. The paper concludes with three
tutorials that provide a complete walk-through of the use
of the program from start to finish. These tutorials are for
(1) an example of a rainfall-induced failure, (2) an
example of an earthquake-induced failure, and (3) the
case study of the Atami debris flow. The Atami debris flow
illustrates the ability of LS-RAPID to reproduce reliable

results associated with the initiation and runout motions of
the observed failure.

Keywords

Computer simulation � LS-RAPID � Video tutorials �
User manual � Examples

1 Chapter 1: Introduction

LS-RAPID was developed by Sassa et al. (2010) as an
integrated landslide simulation model that aims to model the
whole process of a landslide including the stable state,
failure stage, post-failure shear strength reduction, landslide
motion, steady state condition and the mass deposition stage.
This model is an upgrade to a numerical simulation model
for landslides proposed by Sassa (1988).

In principle, the LS-RAPID model is intended to integrate
the initiation mechanism and the behavior motion of a
landslide from the initial failure of the slope (stability
analysis) to the mobilization and expansion of landslide
materials (dynamic analysis) to the deposition stage. The
user can also perform partial analysis for a landslide model,
for example, only simulate the motion simulation, or con-
duct full mode simulation that includes initiation, motion
and expansion. Within the LS-RAPID model, changes in the
behavior of the landslide can be captured when the trigger-
ing factors are initiated.

The LS-RAPID model can accommodate landslide sim-
ulations for failures induced by rainfall as well as earth-
quakes, For rainfall-induced landslides, simulations can be
undertaken by inputting either the pore water pressure ratio or
using hourly rainfall data time series. For earthquake-induced
landslides, the simulation can be conducted using the static
mode with a seismic coefficient, cyclic loading or seismic
loading provided from an earthquake peak ground accelera-
tion time series record. The program can also consider
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combined triggering factors, that involve both rainfall and
earthquake conditions applied simultaneously. The applica-
tion is based on the data that is inputted into the simulation.

1.1 Example Case Studies

LS-RAPID has been applied in the study of numerous
landslide cases around the world. The use of LS-RAPID in
some case studies was integrated with laboratory tests
through undrained dynamic loading ring shear apparatus to
obtain the dynamic and residual shear strength of soils, i.e.,
post-failure state during large shear displacements and the
pore-water pressure conditions as input parameters. Mean-
while, other studies have used approximate parameters
estimated from back analysis, results of peak shear strength
and static geotechnical tests.

Table 1 present a list of case studies in which LS-RAPID
models were utilized. These case studies involve landslides
triggered by rainfall or earthquake and have already been
published in journals, chapter books and conference pro-
ceedings. The relevant references for additional information
about the case study are also provided.

2 Theoretical Background

2.1 Basic Principle and Governing Equations

The concept of the LS-RAPID model was established by
considering that the unstable slope consists of the landslide
mass and stable ground in a form of a vertical imaginary
column (Fig. 1). The forces acting within this moving
landslide mass include the weight of the column (W), the
vertical seismic force (Fv), horizontal seismic forces in the x-
and y-directions (Fx and Fy, respectively), lateral pressure
acting both on side walls (P), shear resistance acting on the
bottom and interface with the stable ground (R), the normal
stress acting on the bottom (N) from the stable ground as a
reaction to the normal component of the self-weight, and the
pore pressure acting on the bottom (U).

Following Newton’s laws of motion, the acceleration
(a) of the landslide mass (m) will be the result of the sum of
driving forces (self-weight and seismic force), shear resis-
tance (R) and the change in lateral pressure (P), denoted as:

a � m ¼ W þFv þFx þFy

� �þ @Px

@x
Dxþ @Px

@y
Dy

� �
þR

ð1Þ
However, the effects of forces N and U that are projected

in the upward direction of the maximum slope line

contribute before the motion and work during the motion
against the direction of the landslide mass movement. All
stresses and displacements are projected and calculated in to
the horizontal plane (Sassa 1988).

The left side of Eq. (1) is then projected in to the x-, y-
and z-directions by considering the flows in and out of the
column element with constant average velocity as shown
below:
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ð3Þ

The velocity along z-direction is neglected since the
simulation is typically conducted to understand the mecha-
nism and motion behavior of the moving landslide mass in
area.

To represent the moving landslide mass, the LS-RAPID
model uses the soil flow to x-direction per unit width as flux
M and the soil flow to y-direction per unit width as flux N,
that are both associated with the velocities and the height of
soil column (h). They are expressed as:

M ¼ u0 � h and N ¼ v0 � h ð4Þ
Therefore, the left side of Eq. (1) will become Eqs. (5)

and (6) below:
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As a result of the moving landslide mass, the right side of
Eq. (1) consists of:

• the gravity term, W þFv þFx þFy

� �

• the pressure term, @Px
@x

Dxþ @Px
@y

Dy, and

• the shear resistance per unit area on x–y plane, R.

The gravity term, by including the seismic acceleration, is
projected to x- and y-directions and associated with the
vertical seismic acceleration (g � Kv) and horizontal seis-
mic acceleration acting on x- (g � Kx) and y-directions (g
Ky), as stated below (Fig. 2):
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Table 1 Application of LS-RAPID in landslide case studies around the world

No Case study Country References

1 Earthquake- and rain-induced rapid
Leyte landslide

The
Philippines

Sassa K, Nagai O, Solidum R, Yamazaki Y, Ohta H (2010) An integrated
model simulating the initiation and motion of earthquake and rain induced rapid
landslides and its application to the 2006 Leyte landslide. Landslides 7:219–
236. https://link.springer.com/article/10.1007/s10346-010-0230-z

Tien P V, Sassa K, Khang D (2018) TXT-tool 3.081-1.1: An integrated model
simulating the initiation and motion of earthquake and rain induced rapid
landslides and its application to the 2006 Leyte landslide. In: Sassa K, Tiwari B,
Liu KF, McSaveney M, Strom A, Setiawan H (eds) Landslide Dynamics:
ISDR-ICL Landslide Interactive Teaching Tools pp 83–99. Springer, Cham.
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_2

2 Senoumi submarine megaslide in
Suruga Bay

Japan Sassa K, He B, Miyagi T, Strasser M, Konagai K, Ostric M, Setiawan H,
Takara K, Nagai O, Yamashiki Y, Tutumi S (2012) A hypothesis of the
Senoumi submarine megaslide in Suruga Bay in Japan—based on the undrained
dynamic-loading ring shear tests and computer simulation. Landslides
9:439–455
https://link.springer.com/article/10.1007/s10346-012-0356-2

Setiawan H, Sassa K, He B (2018) TXT-tool 3.081–1.3: A hypothesis of the
Senoumi submarine megaslide in Suruga Bay in Japan – Based on the
undrained dynamic-loading ring shear tests and computer simulation. In:
Sassa K, Tiwari B, Liu KF, McSaveney M, Strom A, Setiawan H
(eds) Landslide Dynamics: ISDR-ICL Landslide Interactive Teaching Tools
pp 131–147. Springer, Cham
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_5

3 Rainfall triggered rapid and long
run-out Hiroshima landslide

Japan Sassa K, Fukuoka H, Sato Y, Takara K, Huy L D, Setiawan H, Tien P V,
Khang D Q (2014) Initiation mechanism of rapid and long runout landslide and
simulation of Hiroshima landslide disasters using the integrated simulation
model (LS-RAPID). Proceeding of International Forum “Urbanization and
Landslide Disaster”, Kyoto, Japan, 8 October 2014, pp: 85–112

Huy LD, Sassa K, Fukuoka H, Sato Y, Takara K, Setiawan H, Tien PV, Dang K
(2018) TXT-tool 3.081-1.4: Initiation mechanism of rapid and long run-out
landslide and simulation of Hiroshima landslide disasters using the integrated
simulation model (LS-RAPID). In: Sassa K, Tiwari B, Liu KF, McSaveney M,
Strom A, Setiawan H (eds) Landslide Dynamics: ISDR-ICL Landslide
Interactive Teaching Tools pp 149–168. Springer, Cham
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_6

4 Kostanjek landslide, Zagreb Croatia Gradiški K, Sassa K, He B, Arbanas Ž, Arbanas S M, Krkač M, Kvasnička P,
Oštrić M (2018) TXT-tool 3.385-1.1: Application of Integrated Landslide
Simulation Model LS-Rapid to the Kostanjek Landslide, Zagreb, Croatia. In:
Sassa K, Tiwari B, Liu KF, McSaveney M, Strom A, Setiawan H
(eds) Landslide Dynamics: ISDR-ICL Landslide Interactive Teaching Tools
pp 101–109. Springer, Cham
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_3

5 Landslide susceptibility on flysch
slopes in Istra

Croatia Jovančević S D, Nagai O, Sassa K, Arbanas Ž (2018) TXT-tool 3.385-1.2:
Deterministic Landslide Susceptibility Analyses Using LS-Rapid Software. In:
Sassa K, Tiwari B, Liu KF, McSaveney M, Strom A, Setiawan H
(eds) Landslide Dynamics: ISDR-ICL Landslide Interactive Teaching Tools
pp 169–179. Springer, Cham
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_7

6 Grohovo landslide, Rječina River
Valley, Rijeka

Croatia Prodan M V, Jovančević S D, Arbanas A (2018) TXT-tool 3.385-1.3: Landslide
Occurrence Prediction in the Rječina River Valley as a Base for an Early
Warning System. In: Sassa K, Tiwari B, Liu KF, McSaveney M, Strom A,
Setiawan H (eds) Landslide Dynamics: ISDR-ICL Landslide Interactive
Teaching Tools pp 263–275. Springer, Cham
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_13

(continued)

LS-RAPID Manual with Video Tutorials 345

https://link.springer.com/article/10.1007/s10346-010-0230-z
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_2
https://link.springer.com/article/10.1007/s10346-012-0356-2
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_5
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_6
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_3
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_7
https://link.springer.com/chapter/10.1007/978-3-319-57777-7_13


Table 1 (continued)

No Case study Country References

7 The 1792 Unzen-Mayuyama
megaslide

Japan Sassa, K., Dang, K., He, B. et al. (2014) A new high-stress undrained ring-shear
apparatus and its application to the 1792 Unzen–Mayuyama megaslide in
Japan. Landslides 11, 827–842
https://link.springer.com/article/10.1007/s10346-014-0501-1

Sassa, K., Dang, K., Yanagisawa, H. et al. (2016) A new landslide-induced
tsunami simulation model and its application to the 1792 Unzen-Mayuyama
landslide-and-tsunami disaster. Landslides 13, 1405–1419
https://link.springer.com/article/10.1007/s10346-016-0691-9

8 Earthquake- triggered Aratozawa
landslide

Japan Setiawan H, Sassa K, Takara K, Ostric M, Miyagi T, Fukuoka H (2018)
TXT-tool 4.081-1.2: Mechanism of the Aratozawa large-scale landslide induced
by the 2008 Iwate-Miyagi earthquake. In: Sassa K, Tiwari B, Liu KF,
McSaveney M, Strom A, Setiawan H (eds) Landslide Dynamics: ISDR-ICL
Landslide Interactive Teaching Tools pp 819–831. Springer, Cham. https://link.
springer.com/chapter/10.1007/978-3-319-57777-7_54

Setiawan H, Sassa K, Takara K, Fukuoka H (2017) Detail study of the
Aratozawa large-scale landslide in Miyagi Prefecture, Japan. In: Mikoš M.,
Vilímek V., Yin Y., Sassa K. (eds) Advancing Culture of Living with
Landslides pp 473–480. WLF2017. Springer, Cham
https://link.springer.com/chapter/10.1007/978-3-319-53483-1_56

9 Kuridaira and Akatani landslides, the
Kii Peninsula

Japan Van Tien P, Sassa K, Takara K, Fukuoka H, Dang K, Shibasaki T, Ha ND,
Setiawan H, Loi DH (2018) Formation process of two massive dams following
rainfall-induced deep-seated rapid landslide failures in the Kii Peninsula of
Japan. Landslides 15: 1761–1778
https://link.springer.com/article/10.1007/s10346-018-0988-y

10 Takanodai and Aso-ohashi landslides
due to Kumamoto earthquake

Japan Dang, K., Sassa, K., Fukuoka, H. et al. (2016) Mechanism of two rapid and
long-runout landslides in the 16 April 2016 Kumamoto earthquake using a
ring-shear apparatus and computer simulation (LS-RAPID). Landslides 13,
1525–1534. https://link.springer.com/article/10.1007/s10346-016-0748-9

11 Marappalam area of Nilgiris district,
Tamil Nadu state

India Senthilkumar, V., Chandrasekaran, S. & Maji, V. (2017) Geotechnical
characterization and analysis of rainfall—induced 2009 landslide at
Marappalam area of Nilgiris district, Tamil Nadu state, India. Landslides 14,
1803–1814. https://link.springer.com/article/10.1007/s10346-017-0839-2

12 Shenzen landfill, Guangdong China Yin, Y., Li, B., Wang, W., Zhan, L., Xue, Q., Gao, Y., Zhang, N., Chen, H.,
Liu, T., Li, A. (2016). Mechanism of the December 2015 catastrophic landslide
at the Shenzhen landfill and controlling geotechnical risks of urbanization.
Engineering, 2(2), 230–249
https://www.sciencedirect.com/science/article/pii/S209580991630950X

13 Pasir Panjang landslide, Brebes
Regency, Central Java

Indonesia Setiawan H, Wilopo W, Wiyoso T, Fathani TF, Karnawati D (2019)
Investigation and numerical simulation of the 22 February 2018
landslide-triggered long-traveling debris flow at Pasir Panjang Village, Brebes
Regency of Central Java, Indonesia. Landslides, Vol. 16(11): 2219–2232. First
Online 5 August 2019
https://link.springer.com/article/10.1007/s10346-019-01245-0

Setiawan H, Fathani TF, Wilopo W, Karnawati D (2019) Analysis of potential
landslide and its motion behavior in Salem District, Brebes Regency, Central
Java of Indonesia by using the LS-RAPID numerical simulation. Proc. Int.
Conf. on Landslide and Slope Stability SLOPE 2019 pp. E3(1–12), Bali,
Indonesia

14 Arayanake landslide Sri Lanka Dang, K., Sassa, K., Konagai, K. et al. (2019) Recent rainfall-induced rapid and
long-traveling landslide on 17 May 2016 in Aranayaka, Kagelle District, Sri
Lanka. Landslides 16, 155–164. https://link.springer.com/article/10.1007/
s10346-018-1089-7

Tan, Q., Sassa, K., Dang, K. et al. (2020) Estimation of the past and future
landslide hazards in the neighboring slopes of the 2016 Aranayake landslide,
Sri Lanka. Landslides 17, 1727–1738
https://link.springer.com/article/10.1007/s10346-020-01419-1
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1þKv works in the x� direction : g
tana
qþ 1

1þKvð Þ ð7Þ

1þKv works in the y� direction : g
tanb
qþ 1

1þKvð Þ ð8Þ

For horizontal acceleration along x : g Kx cos
2 a ð9Þ

For horizontal acceleration along y : g Ky cos
2 a ð10Þ

The pressure term is the difference of the lateral pressure
acting on both sides of columns in the x- and
y-directions (Fig. 3), where the lateral pressure is expressed
using the lateral earth pressure ratio (k), as shown in
Eqs. (11) and (12).

1þKvð Þ � k � g � @h
@x

ðx� directionÞ ð11Þ

1þKvð Þ � k � g � @h
@y

ðy� directionÞ ð12Þ

According to Sassa (1988), shear resistance per unit area
on the x–y plane is acting in the direction opposite to the
direction of the movement of the landslide mass. The com-
ponents of shear resistance in the x- and y- directions are
given by Eqs. (13) and (14), respectively:

g

qþ 1ð Þ1=2
� uo

u2o þ v2o þw2
o

� �1=2 hc qþ 1ð Þþ 1� ruð Þ htanuaf g

ð13Þ

Table 1 (continued)

No Case study Country References

15 Shallow landslide, Halong City Vietnam Ha, N.D., Sayama, T., Sassa, K. et al. (2020) A coupled
hydrological-geotechnical framework for forecasting shallow landslide hazard
—a case study in Halong City, Vietnam. Landslides 17, 1619–1634
https://link.springer.com/article/10.1007/s10346-020-01385-8

Loi, D.H., Quang, L.H., Sassa, K. et al. (2017) The 28 July 2015 rapid landslide
at Ha Long City, Quang Ninh, Vietnam. Landslides 14, 1207–1215. https://link.
springer.com/article/10.1007/s10346-017-0814-y

16 Landslide induced tsunami, Truong
River in Quang Nam province

Vietnam Duc, D.M., Khang, D.Q., Duc, D.M. et al. (2020) Analysis and modeling of a
landslide-induced tsunami-like wave across the Truong River in Quang Nam
province, Vietnam. Landslides 17, 2329–2341
https://link.springer.com/article/10.1007/s10346-020-01434-2

17 Catastrophic landslide dam at Jure
Village

Nepal Van Tien, P., Luong, L. H., Sassa, K., Takara, K., Sumit, M., Thanh Nhan, T.,
Dang. K., Minh Duc, D. (2021). Mechanisms and Modeling of the Catastrophic
Landslide Dam at Jure Village, Nepal. Journal of Geotechnical and
Geoenvironmental Engineering, 147(11), 05,021,010
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002637

Fig. 1 Column element within a
moving landslide mass as basis of
the LS-RAPID model (Sassa et al.
2010)
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g

qþ 1ð Þ1=2
� vo

u2o þ v2o þw2
o

� �1
2

hc qþ 1ð Þþ 1� ruð Þ htanuaf g

ð14Þ
where wo = −(uo tana + vo tanb), while the effect of the
apparent friction coefficient (tan/a), the pore pressure ratio
(ru) and cohesion in the unit of height (hc) are dependent on
the shear strength reduction stages.

Based on the deductions provided above, Eq. (1) can be
completely expressed into the x- and y-directions as given
by Eqs. (15) and (16), respectively below:
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@t
þ @
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uoMð Þþ @
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voMð Þ ¼g h
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qþ 1

1þKvð ÞþKx cos
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� �1=2
hc qþ 1ð Þþ 1� ruð Þ htanuaf g

ð16Þ
If it is assumed that the total density of the landslide mass

does not change during motion, i.e., the sum of landslide
mass flowing into a column (M, N) is balanced by the
change in the height of the soil column, then:

@h

@t
þ @M

@x
þ @N

@y
¼ 0 ð17Þ

Equations (15) to (17) were generated for both the pro-
cesses of the landslide initiation and its motion. The vari-
ables in these equations are provided in Table 2.

The values of /a, hc, and ru vary across three conditions:
(i) pre-failure state before shear displacement (start of shear
reduction), (ii) transient state after failure up to a steady
state, and (iii) steady state (residual state) after the end of
strength reduction. The lateral earth pressure ratio in
Eqs. (15) and (16) is expressed using Jaky’s equation (Sassa
1988) as follows:

k ¼ 1� sin/ia ð18Þ

tanuia ¼
cþ r� uð Þtan/ið Þ

r
ð19Þ

where tan /ia is the apparent friction coefficient within the
landslide mass and tan /i is the effective friction coefficient
within the landslide mass, which is not always the same as
the effective friction coefficient during motion on the sliding
surface (/m).

The value of k differs depending on whether the sample is
in the liquefied state or in the rigid state. It can be expressed
as follows:

Fig. 2 Projection of (left) gravity and vertical seismic force and (right)
gravity and horizontal seismic force

Fig. 3 Lateral pressure acting on a soil column
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• Liquefied state, r = u, c = 0, sin/ia = 0 and k = 1.0
• Rigid state, c is significant, sin/ia = 1.0 and k = 0

An increase in the pore water pressure within a slope due
to rainfall, rises of the groundwater table, and/or earthquakes
may affect stresses, particularly along the susceptible sliding
(slip) surface of a slope. A landslide occurs when the
effective stress path in the stress-shear graph moves from the
initial stress condition and reaches the peak failure line (/p).
Volume reduction will take place as shear displacement
progresses in saturated soils after failure as a result of grain
crushing/soil particle breakage and the generation of excess
pore water pressures.

The stress path will travel down along the failure line
during motion of the landslide mass with certain friction
(/m) angle until it reaches the steady (residual) state con-
dition. The steady-state condition describes failure of the
sample when there is no further grain crushing occurring at a
constant value of pore water pressure with unchanged vol-
ume of the samples. Under this condition, only shear dis-
placement occurs under a condition of constant shear
resistance, which is known as the steady-state shear resis-
tance. It is described by the following formula:

sss ¼ rsstan/m ¼ r0tan/aðssÞ ð20Þ

where sss and rss are the shear and normal stresses,
respectively, at the steady-state condition and tan/a(ss) is the
associated apparent friction coefficient. Thus, the apparent
friction coefficient can be expressed as the ratio of
steady-state shear resistance (sss) and the initial normal stress
acting on the sliding surface (r0), which corresponds to the
total normal stress (r) due to the in-situ soil weight in the
simulation.

tan/aðssÞ ¼
sss
r

ð21Þ

Ideally, from the ring shear tests, the apparent friction
coefficient (tan /a(ss)) can be obtained by knowing the
steady-state shear resistance (sss) and the normal stress (r).
In addition, the concept of shear strength reduction during
the progression of shear displacement from the pre-failure
state to steady-state motion is shown in Fig. 4 (Sassa et al.
2010). The transient state from the peak state to the
steady-state was observed when conducting ring shear tests
(Sassa and Dang 2018). As an example of this
shear-displacement relationship, Fig. 5 shows the shear
strength reduction in terms of shear resistance (in kPa) with
respect to the shear displacement (in mm, plotted in loga-
rithmic scale) within a sample during a undrained cyclic
loading test using a ring shear apparatus.

The shear strength reduction within the landslide mass
consists of four stages, which are: (i) initial state,
(ii) pre-failure state, (iii) transient state, and (iv) steady-state.
In the initial state, soil stability is obtained under the peak
friction coefficient (tan /p). The pre-failure state occurs
when shear resistance reaches the peak friction coefficient
due to rainfall, rises in the groundwater table, earthquakes or
the combination of these factors. The critical shear dis-
placement in the pre-failure state (stated as DL) indicates
failure of soils and the occurrence of landslide. The transient
state take place during the transition from failure point to the
steady-state condition (Fig. 4). Pore pressure generation and
shear strength reduction will occur during the transient state
as a result of grain crushing, landslide mass mobilization and
shear strength reduction. The critical shear displacement
from the transition state to steady state condition is indicated
by the end of shear reduction (stated as DU; Fig. 5). Th

Table 2 Variables in the equations for LS-RAPID

Remarks Description

h Height of soil column within a mesh (depth of the moving mass)

g Gravitational acceleration

a, b Angles of the ground surface to the x–z plane and y–z plane, respectively

uo, vo, wo Velocity of a soil column in the x-, y-, and z- directions, respectively (velocity distribution in the z- direction is neglected by
considering it to be a constant)

M, N Discharge of soil per unit width in x- and y- directions (M = uo. h, N = vo. h), respectively

k Ratio of lateral to vertical pressures

tan /a Apparent friction coefficient mobilized at the sliding surface of the landslide

hc Cohesion (c) expressed in the unit of height (c = q g hc, q = density of soil)

q tan2 a + tan2 b

wo � uotanaþ votanbð Þ
Kv, Kx, Ky Seismic coefficients to the vertical, x- and y- directions, respectively

ru Pore pressure ratio (u/r)
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friction coefficient represents the shear resistance during
shear loading in the constant normal stress (Dr = 0).

According to the description of the shear strength
reduction stages above, the shear displacement (D), the
friction coefficient (tan /), and the effect of pore pressure
ratio (ru) can be expressed in each stage as follows:

• Initial deformation stage before failure (D < DL):

tan /a = tan /p

c = cp
ru = cu

• Transient state after failure (DL � D � DU):

tanua ¼ tanup �
logD� logDL
logDU � logDL

tanup � tanuaðssÞ
� 	

c ¼ cp 1� logD� logDL
logDU � logDL

� �

ru ¼ ru � logDU � logD
logDU � logDL

• Steady-state motion (D > DU):

tan /a = tan /aðssÞ
c = 0
ru = 0

3 User Manual

3.1 Simulation Overview

The steps involved in simulating a landslide using
LS-RAPID are summarized in Fig. 6. The simulation begins
with the establishment of settings that will allow viewing of
the topography being modeled. Data related to the topog-
raphy is then inputted into the program. There are two paths
that can be taken to do so. In the first, a topography control
point is established using which the topography is estimated.
Alternatively, the mesh data for the topography is directly
inputted and the control point is then established.

A process similar to the topography mesh and control
point may be used to simulate the sliding surface and its
associated control point. However, if a sliding surface mesh
and/or control point are not available, the sliding surface for
the landslide may be determined through several other
means within LS-RAPID. Specifically, the sliding surface
can be established using the ellipsoidal parameters or by
modeling the filling and excavation processes. This infor-
mation can be then be converted into mesh data that estab-
lishes the sliding surface for the simulation.

The final steps before the start of the simulation will
involve the configuration of various settings within
LS-RAPID. In particular, it will be necessary to input the
triggering factors (rainfall events, earthquake events or
both), properties of the soils present in the landslide mass
and sliding surface and properties of water. This chapter will
contain detailed information about the specific steps neces-
sary to simulate a landslide using LS-RAPID. Figure 6 also
indicates video tutorials that are available for the simulation
process. It is noted that depending on the available infor-
mation and specific details of the landslide being simulated,
several of the steps provided here may not be applicable.
Interested users may also need to perform additional steps,
not necessarily described in this section, to collect and for-
mat the data available for the purposes of their simulations.

Fig. 4 Shear strength reduction during the progression of shear
displacement (Sassa et al. 2010)

Fig. 5 Shear stress and shear displacement relationship in an
undrained cyclic loading test on the Tertiary Sand (Sassa and Dang
2018)
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3.2 Preparation of the Digital Elevation Data
Using DEMmake

Digital elevation models (DEMs) generally provide latitude,
longitude and elevation information in an (x,y,z) format within
a text file. Before this information can be used in simulations in
LS-RAPID, it will be necessary to convert the text file into
elevation mesh data. LS-RAPID is accompanied by a software,
an Excel Spreadsheet titled, “DEMmake,” that allows the user
to easily convert the DEM text file into the required elevation
mesh data for the LS-RAPID input. A tutorial of the use of the
DEMmake program, is titled, “1. Preparation of DEMData.”A
brief summary of the steps is provided below:

1. Open the DEMmake Excel program. The use of DEMmake
will require that use ofmacroswithinExcel is enabled. If this
is disabled, the setting can be changed by allowing content
in the warning that appears at the top of the Excel file when
DEMmake is opened. Macros can also be enabled by going
to the “File” menu in Excel and selecting “Options.” From
the dialog box titled, “Excel Options,” select “Trust Center”
and then click the button for “Trust Center Settings” on the
right. In the options on the left side, select “Marco settings”
and then select the “Enable all macros (not recommended;
potential dangerous code can run)” option. The opened
DEMmake program will resemble the contents in Fig. 7.

2. Using the “Select Text-file” button at the top left of the
DEMmake program, the text file containing the (x,y,z)
coordinates should be selected. The data in the text file
should be delineated (or separated) by commas or spaces
for its use in the DEMmake program.

3. Automatically compute the range (minimum and maxi-
mum values) of the x-, y- and z-coordinates using the
“Get Coordinate range information” button in the bottom
right. The ranges for the x- and y-coordinates will be
necessary in Step 4.

4. Transfer the ranges for the x- and y-coordinates (from
Step 3) into the green “Grid” cells in the center of the
DEMmake program. The interval of the x- and y- coor-
dinates will then need to be specified in the “Pitch”
column. Specifically, a pitch of 5.0 in the row containing
x-coordinate information and a pitch of 10.0 in the row
containing y-coordinate information would indicate that
the difference between adjacent x-coordinates will be
equal to 5.0, while the distance between adjacent
y-coordinates is equal to 10.0. Based on the range of the
coordinates and the pitch used, the number of grids will
be automatically calculated. The user is cautioned against
inputting any numbers in the grayed cells indicating the
number of grids.

5. Now that all of the input information has been entered
into the DEMmake program, it will be possible to

Fig. 6 Flowchart containing
steps for simulation using
LS-RAPID
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generate the DEM data needed for the LS-RAPID sim-
ulation. To do so, click on the “Generate DEM” button.
The DEM data that is generated will be stored in a sep-
arate Worksheet of the DEMmake Excel file. Specifi-
cally, the data will be found in the sheet titled,
“DEMdata,” as shown in the screenshot in Fig. 8. In the
cases when the control point was located at distance
greater than the value specified in Step 5 from the grid
point, the elevation (z-coordinate) information will not be
provided in the DEM data generated. If an elevation
value is necessary at a particular point, but not available
in the DEMdata sheet, it may be necessary to make
adjustments in Step 5 (by increasing the distance speci-
fied) and repeat this step.

The DEM data associated with the simulation area of
interest for the LS-RAPID model should then be selected
from the DEMdata sheet. When determining the Calculation
Area for the LS-RAPID (as will be discussed later in this
section), it will be necessary to know the number of mesh.
This is equal to one less than the number of grids for the
selected area. It is also possible to set-up the Simulation
Area prior to generating the DEM data using DEMmake, as
will be explained in the “Initial Topography” subsection
later in this chapter. If this process is adapted, the number of
grids will be automatically calculated by LS-RAPID.

3.3 Preparation of the Digital Elevation Data
Using DEMmake

When LS-RAPID is first opened, there will be no informa-
tion regarding the topography or details about the settings
for the simulation. In this section, details regarding inputting
this information to the program will be provided.

3.3.1 Simulation Area
The steps to establish the simulation area within LS-RAPID
are provided below. A video tutorial titled, “2. Initial Setting
of Topography 1” also describes this steps for interested
users to follow.

1. Locate the “Flow” panel on the left side of the
LS-RAPID program, as shown in Fig. 9. Within this
panel, expand Section “1: Mesh” and click on the
“Simulation area” button. A window titled, “Setting of
simulation area and input-data type” will open and look
similar to that shown in Fig. 10.

2. The minimum and maximum values of the x- and
y-coordinates associatedwith the calculation area should be
inputted in the top section titled, “Axial Setting of Calcu-
lation Area,” as shown in Fig. 10. LS-RAPID will allow
inputs between −999,999.999 and +999,999.999 m.

Fig. 7 Screenshot of DEMmake program when opened with macros enabled
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3. The second component of this window is the “Mesh
Setting of Calculation Area” section. This section is used
to input the pitch for the x- and y-directions. As with the
DEMmake program, LS-RAPID will then automatically
calculate the number of grids in both directions using the
ranges from Step 2 and the input pitch values. LS-RAPID
allows between 2 and 9999 numbers of mesh and pitch
values between 0.001 and 999,999.99.

4. The simulation area along with the grid developed will be
illustrated in the bottom part of the Setting of Simulation
Area and Input-Data Type Window. In particular, the red
box will delineate the extents of the calculation area, while
the gray lines will indicate the location of the grid lines.

5. Upon clicking “Ok,” the calculation area will be dis-
played in the right panel of the LS-RAPID program, as
shown in Fig. 11.

3.3.2 Editing Mesh

Slope Surface
As noted in the flow chart in Fig. 6, the topography can be
established in LS-RAPID using one of two different
approaches. In the first approach, the topography control
points are added and a mesh is generated while in the sec-
ond, the mesh is directly added into the program. The steps
to generate a mesh from the topography control points are
summarized below:

1. From the “Edit” menu in the toolbar at the top of the
program, select the “Editing of Control Point” option, as
illustrated in the screenshot in Fig. 12.

2. The control points can then be manually entered into the
appropriate tab in the window that opens titled, “Editing
of Control Point.” This window is presented in Fig. 13.
For this section, the control points would be entered into
the “Slope Surface Elevation” tab. Once the data has
been entered into the tab, Click “Ok.”

3. In lieu of manual entry as described in Step 2, a text file
containing the control point data may be imported into
LS-RAPID. To do this, from the “File” menu in the
Toolbar, select the “Read text data file” option. Next,
click on the “Read (Ground Elevation) Control Point” to
select the text file that contains the appropriate control
point data. The options available in the “File” menu are
shown in Figure 14. It is noted that the text file con-
taining the control point data should be in a CSV format
and separated by either a space, tab or comma to be
properly read by LS-RAPID.

4. Once the control points have been inputted as described
in Step 2 or have been imported following the instruc-
tions in Step 3, the results in the viewing panel will be
similar to that shown in Fig. 15.

5. The control points will now need to be converted into a
mesh. This is accomplished by selecting the “Transfer
control point data to mesh data” option in the “Edit”

Fig. 8 Screenshot of the DEMdata worksheet of the DEMmake program
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menu from the toolbar. This is shown in Fig. 12. The
mesh topography based on the control point data will
then be displayed in the viewing panel. An example is
shown in Fig. 16. If necessary, control points can be
edited using either Step 2 or Step 3 before.

Topography mesh data can also be directly added to
LS-RAPID without the use of the control points using one of
two different methods. The steps to both methods are sum-
marized below:

Method 1: Importing Mesh Data into LS-RAPID.

1. The mesh data can be imported into LS-RAPID if a text
file containing the data is available. To do so, select the
“Read text data file” option from the “File” menu shown
in Fig. 14. Next, click on the “Read (ground elevation)
mesh data” option.

2. The text file containing the topography mesh data should
be selected and the window closed. The result will be a
topography mesh similar to that shown in Fig. 16.

Method 2: Inputting Mesh Data into LS-RAPID.

The steps for this process are summarized below, but can
also be found in the video tutorial titled, “3. Initial Setting of
Topography 2.”

1. Mesh data is added into the calculation area using the
“Editing of Mesh” button in the “Flow” Panel under
Section “1:Mesh,” as seen in Fig. 9.

2. A window titled, “Editing of mesh” will open containing
several sections and tabs to input data. This window is
shown in Fig. 17. The “Change header” section should
be used to select the type of mesh representation pro-
vided in the rows and columns where data will be
inputted. Specifically, when “Index” is selected, the mesh
is represented with the numbers associated with the grid
lines in the calculation area. Alternatively, the “Position”
option will give the x- and y-coordinates of the calcula-
tion area where elevation data will be inputted. The one
most appropriate for the simulation at hand should be
selected.

3. The “Selection of input-data type” section will allow the
users to select how the sliding mass will be defined. In
particular, users may choose to provide the slope surface
elevation and the sliding surface elevation using the

Fig. 9 Screenshot of the flow panel (in red box) in LS-RAPID
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“Slope/Sliding Elev.” option. In this case, the thickness
of the sliding mass will be automatically calculated.
When the “Slope Elev./Mass Thickness” option is
selected, the user must define the elevation of the slope
surface and the thickness of the sliding mass. Using this
information, LS-RAPID will automatically determine the
elevations of the sliding surface. The final option avail-
able is “Sliding Elev./Mass Thickness” in which the
slope surface elevation is automatically computed based
on the inputted values of the sliding surface elevations
and the thicknesses of the sliding mass.

4. The tabs that will allow data input will vary based on the
option selected in Step 3. Data can be inputted into these
tabs in one of three ways: (a) manually entering the data
corresponding to the x- and y-coordinates shown in the
table, (b) copy and pasting data from DEMmake, and
(c) by adding a specific value to several selected cells
using the “Set in selected rectangle” button.

5. The “Polygon Area” on/off toggle button in the top right
corner of this window is another useful function. When
this option is on, any shape can be creating in the
topography with the left click of the mouse while
simultaneously pressing the Ctrl and Shift keys on the
keyboard. It is then possible to edit/add elevation infor-
mation within the selected area.

Sliding Surface
The sliding surface for the landslide can be created in mul-
tiple ways. If information about the sliding surface is known,
it can be inputted or imported into the LS-RAPID calculation
area using steps that are analogous to those described above
for the slope surface. In the cases when this information is
not known, possible sliding surfaces can be created within
LS-RAPID. These options are described in more detail in the
next section.

3.4 Creating Possible Sliding Surfaces

When sliding surface elevation or sliding mass information
is not available, there are several ways to establish potential
sliding surfaces within LS-RAPID. This section will high-
light two of those methods.

3.4.1 Ellipsoidal
In order to determine the possible sliding surface using the
ellipsoidal parameters, it will be necessary to have the mesh
data for the slope surface, for which the procedures were
described previously. Thus, only the steps involved in the
building of the sliding surface using this method are sum-
marized below. Please note that users may also opt to follow
the instructions in the video tutorial titled, “4. Ellipsoidal
Sliding Surface.”

1. There are three different ways to reach the window in
Fig. 18 to begin creating the ellipsoidal sliding surface.
a. Select the “Ellipsoid Sliding Surface setting” option

from the “Edit” Menu (Fig. 12). Or,
b. From the Toolbar, select “Ellipsoid Sliding Surface

setting” button. Or,
c. Open the “Editing of mesh” window in Fig. 17 by

clicking the “Editing of mesh” button in Section “1:
Mesh” from the “Flow” panel. Click the “Creation of
sliding surface” button and select the “Create sliding
surface section with section profile of ellipsoid (for
new landslides)” before clicking “Ok.”

2. The process will begin with the selection of a longitu-
dinal section. The section can be defined by either

Fig. 10 Screenshot of the setting of simulation area and input-data
type window
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inputting the x- and y-coordinates corresponding to the
start and end points of the section in the table on the top
left side of the window or by checking the “Input with a
mouse” option and clicking the start and end points in the
topographic map. The longitudinal section will be dis-
played in the figure on the right side of the window in
Fig. 18.

3. Locations through which the sliding surface will pass and
the center of the ellipsoid will need to be inputted in the
top part on the right side of the window. Specifically, the
coordinates of two points through which the sliding
surface passes should be entered into the table. As this

Fig. 11 Screenshot of calculation area

Fig. 12 Screenshot of edit menu in toolbar

Fig. 13 Screenshot of the editing control point window
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information is entered, the points will be identified in the
topographic map on the left side of the window.

4. The coordinates for the center of the ellipsoid should be
entered into the third row in the table in the top part on
the right side of the window. Once these coordinates are
entered, the ellipsoid will be displayed in the figure just
beneath the table.

5. In Steps 3 and 4, the coordinates were manually entered
into the table on the top part of the right side of the
window. In lieu of this, the locations for the points
through which the ellipsoid passes along with the center
of ellipsoid may also be inputted using the mouse. To do
this, check the “Input with a mouse” box beneath the
table and then click the locations of the two points
through which ellipsoid passes and its center.

6. The points through which the ellipsoid passes along the
cross-section will need to be specified in the bottom part
of the right side of the window in Fig. 18. Analogous to
the procedures described in Steps 3 to 5, the point
through which the ellipsoid passes along the
cross-section and the x-coordinate of the center of the
ellipsoid can be entered manually in the bottom table or
using a mouse after checking the “Input with a mouse”

option. It is noted that prior information in this process
will allow LS-RAPID to automatically determine the
coordinates for Point D and z-coordinate for the center of
the ellipsoid.

7. A sub-section can be created or edited using the radial
buttons in “The current editing section” options at the top
of the left side of the “Select profiles for drawing ellip-
soidal sliding surface” window. The procedure is iden-
tical to that described above for the main section, except
the locations will need to be adjusted to correspond to the
sub-section.

8. Finally, the section at the top right of the window allows
the user to re-size the images shown in the window. It also
allows to user to determine if the section scales should be
the same in the sections displayed in the window.

The ellipsoidal sliding surface generated using this pro-
cedure will then be displayed in the viewing panel in
LS-RAPID. A dialog box will contain the characteristics of
the ellipsoid.

3.4.2 Unstable/Bedrock Surface
The second method, described in this section, is used when
the unstable/bedrock surface is known. When a landslide has
occurred, the pre- and post-failure topography of the

Fig. 14 File menu options for inputting control point data text file

Fig. 15 Viewing panel with topography control point data
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Fig. 16 Example of topography mesh in viewing panel

Fig. 17 Screenshot of the editing of mesh window
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landslide area can be obtained and can be inputted as the
slope and the sliding surface elevations. The steps are
summarized below:

1. Input Slope Surface Elevation: The pre-failure topogra-
phy is used to create the “Slope Surface Elevation” in the
Section “1: Mesh.” The steps for inputting data were
described in Sect. 3.3.2.

2. Input Sliding Surface Elevation: The post-failure topog-
raphy is used to make the “Sliding Surface Elevation” in
the Section “1: Mesh”. The method for entering this data
is the same as that described in Step 1 above.

3. Determine the Source Area: The thickness of the sliding
mass will be automatically computed based on the
inputted value of the “Slope Surface Elevation” and
“Sliding Surface Elevation.” This is shown in Fig. 19. To
set the source area, in Section “1: Mesh” of the “Flow”
Panel, choose the “Delineating unstable mass” button
(shown in Fig. 9). From the “Editing of mesh” window,
clicking “Set landslide source area (red)” button for the

cells that belong to the source area. An example of the
result that will be obtained is shown in Fig. 19.

3.5 Fill and Excavate Topography

The sliding surface and original topography of the ground can
be created using the fill and excavate options in LS-RAPID.
The use of these options will require that the mesh data of the
slope surface be inputted. The procedures are provided in the
video tutorial titled, “5. Filling and Excavation,”while a brief
summary of the steps is provided below:

1. To use the fill and excavate options in LS-RAPID, the
“Filling and Excavating the Current Topography to
Estimate Pre-failure Topography” window will be nee-
ded. This window, shown in Fig. 20, can be opened
using one of the following three methods:
a. From the “Edit” menu in Fig. 12, select the “Recover

(Source area/Deposition area)” option. Or,

Fig. 18 Screenshot of the select
profiles for drawing of ellipsoidal
sliding surface window
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b. Click the “Recover (Source area/Deposition area)”
icon in the Toolbar. Or,

c. From the “Flow” panel, click on the “Editing of
mesh” button in Section “1:Mesh” to get the “Editing
of mesh” window in Fig. 17. After clicking on the
“Creating of sliding surface” button, select, “Create
sliding surface section with recovery setting (for
previous landslides)” option and click “Ok.”

2. Landslides will cause differing changes to the topography
that depend on the locations of the source and deposi-
tional areas. These zones should be delineated using the
options in the “Delineate an area for modifying geo-
graphical features” section (Fig. 20). Specifically,

a. Source areas will be those that have experienced a
reduction in the elevation as a result of the landslide.
Therefore, the filling of these areas will be necessary
to return to the original ground surface. These areas
are defined by selecting the “Recovery of Source area

by filling (Yellow)”. The source locations should then
be selected in the “Input parameters on the mesh chart
(Input depth of mass)” section in the window. Using
the “Set for all” button, the selected cells or high-
lighted region will be set as the source area that needs
to be filled to obtain the original ground surface.

b. On the other hand, deposition areas will have expe-
rienced an increase in the elevation from the landslide
and will need to be excavated to reach to the original
ground surface. The definition of the depositional
area is very similar to the delineation of the source
area. The radial button for “Recovery of Deposition
area by excavation (Green)” should be selected. The
cells for the depositional area should be selected in
the “Input parameters on the mesh chart (Input depth
of mass)” section. Finally, click on “Set for all” to
assign the highlighted cells or section as the deposi-
tion area.

Fig. 19 Screenshot of the delineating unstable mass tab of the editing of mesh window
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c. If an error occurs, the “Undo of setting (White)”
option can be used. Like the other options, the asso-
ciated radial button should be selected, the cell/s that
needs to be cleared should be selected from the “Input
parameters on the mesh chart (Input depth of mass)”
section and the “Set for all” button should be clicked.

d. The source and deposition areas or removal of these
areas can also be selected using a mouse by checking
the “Input with a mouse” box in the top left part of the
window and then left clicking while pressing down
the “Shift” key on the contour map. The “Set for all”
button still needs to be clicked once the user is ready
to assign the modification to the selected area/s.

3. Once the filling and excavation areas have been defined,
it will be time to start the recovery of the original ground
surface. This will be done through the “Start recovery
(Source area/Deposition area)” section in the window.
Once the direction of smoothing for the recovery is
selected, click on the “Recalculation” button. The chan-
ges in the depth of the sliding mass will be tabulated in
the “Input parameters on the mesh chart (Input depth of
mass)” section once the recalculation is complete.

4. Upon completion of the modifications to the topography
to obtain the original ground surface, click “Ok
(Reflection topographical recovery)” button. This will
yield a confirmation message. To confirm that the
recovered topography be added to the LS-RAPID model,
click “Ok.” Otherwise, click “Cancel.”

a. When “Ok” is clicked, the slope surface inputted in
LS-RAPID (that is, the slope surface prior to recov-
ery) will be taken as the sliding surface. The new
slope surface will be the source area that was created
by filling. However, if only excavation was applied to
the model, the sliding surface and slope surface will
coincide and the original slope surface data will be
deleted in these deposition area.

b. If “Cancel” is clicked, the confirmation window will
disappear and the “Filling and Excavating the Current
Topography to Estimate Pre-failure Topography”
opened before (Fig. 20) will return.

In the fill regions, the recalculation process finds a stan-
dard line that best fits the current slope surface topography.
If the elevation of the mesh is less than that of the standard
line, the value is increased until the elevation of the mesh is
equal to the elevation of the standard line. In the case, when
the elevation of the mesh is greater than the elevation of the
standard line, the recalculation process will not adjust the
elevation. In contract, in excavate regions, the elevation of
those regions where the mesh elevation is less than that of

the standard line will be increased to the elevation of the
standard line. For all other mesh locations, the elevation
remains unchanged.

Rather than using the automatic recalculation process
described above, it is also possible to fill and excavate the
source and deposition areas manually. To do so, the changes
in the elevation (or the depth of the mass) should be entered
into the “Input parameters on the mesh chart (Input depth of
mass)” section in the “Filling and Excavating the Current
Topography to Estimate Pre-failure Topography.” If manual
inputs are entered, the input data will remain valid (or will be
what is used in the computations) until the “Recalculation”
button is clicked.

3.6 Determine Source and Enlargement Areas

After the slope and sliding surfaces have been modeled in
LS-RAPID, it is possible to visualize the distribution of the
unstable mass in the calculation area. Using this information,
the landslide source area and the volume enlargement areas
can be specified. The procedures to specify these areas are
available in the video tutorial titled, “6. Delinating Unstable
Mass.” The steps are also summarized below:

1. Open the “Editing of mesh” window from Fig. 17. As a
reminder, this can be done in one of two different ways:
(a) By selecting “Delineation of unstable mass” from the
“Edit” menu, or (b) Clicking the “Delineating unstable
mass” button in Section “1: Mesh” of the “Flow” Panel
(Fig. 9).

2. In the “Editing of mesh” window, select the “Delineating
unstable mass” tab to get to window in Fig. 21.

3. The cells corresponding to the source area or the volume
enlargement area can now be assigned. To do this, the
cells that belong to the source area should be selected and
the “Set landslide source area (red)” button should be
clicked. Similarly, by selecting the cells corresponding to
the volume enlargement areas and clicking the “Set
volume enlargement area (blue)” button, the selected
cells will be said to belong the volume enlargement area.
The color of the cells will change to red if they have been
assigned to the source area or blue if they have been
assigned to the volume enlargement area. Unassigned
cells will remain white.

4. If an error is made, the cell/s with errors can be selected
and “Cancel setting” button can be clicked to remove the
assignment of those cells to either the source area or the
volume enlargement area.

5. Once the assignments have been made, click the “Set
Completed” button.
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3.7 Input Soil Properties

Before the soil properties are inputted in to the LS-RAPID
simulation, it is important to understand what soil properties
will be needed and some of the ways that they can be
obtained. Specifically, the following parameters will be
needed for simulations in LS-RAPID:

• Lateral pressure ratio,
• Friction coefficient inside landslide mass,
• Friction coefficient during motion at sliding surface,
• Steady state shear resistance at sliding surface,
• Rate of excess pore-pressure generation, and
• Unit weight of mass.

Fig. 20 Delineating unstable mass tab in the editing of mesh window

Fig. 21 Delineating unstable
mass tab in the editing of mesh
window
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In addition to the above parameters, the peak friction
coefficient at sliding surface and the peak cohesion at sliding
surface will be needed in simulations that consider strength
reduction in full simulations.

The techniques to measure these parameters are provided
in many geotechnical engineering textbooks with specific
procedures in testing standards such as those by the Amer-
ican Society of Testing and Materials (ASTM). In addition,
Tiwari and Ajmera (2018) describes all of the basic labo-
ratory tests in a living document. Therefore, specific details
regarding the measurement of these parameters is not pro-
vided here.

3.7.1 Typical Ranges
Typical ranges for the different soil properties are provided
in this paper. Engineering judgement should be utilized if
parameters are selected from the typical ranges provided
here. Furthermore, it is noted that the information presented
here is not a substitute for high quality sampling and testing,
which, when appropriately applied, provides the best esti-
mations of the field conditions.

Some typical values for the soil properties are summa-
rized below:

• Lateral pressure ratio: 0.30–0.50
• Friction coefficient inside landslide mass: 0.36–0.58
• Friction coefficient during motion at sliding surface:

0.46–0.70
• Steady state shear resistance at sliding surface: 5–50 kPa
• Peak friction coefficient at sliding surface: 0.65–0.78
• Peak cohesion at sliding surface: 10–100 kPa.

The rate of excess pore pressure generation will have a
value between 0 and 1.

3.7.2 Correlations
There are a number of correlations available in the literature to
estimate the residual shear strengths of soils. Some of the
available relationships at the time of publication are summa-
rized in this section. More details are available in Tiwari and
Ajmera (2020). Table 3 presents a summary of correlations for
the residual shear strength available in the literature. Several
relevant relationships are provided in Figs. 22, 23 and 24.

Table 3 Summary of available residual shear strength correlations

Liquid limit (LL) Multiple parameters

Relationship References Given Relationship References

453:1LL�0:85 Cancelli (1977) PI, rn’ Figs. 4 and 5 Hawkins
and Privett
(1985)

Fig. 1 Mesri and
Cepeda-Diaz
(1986)

LL, PI, CF,
test type

Figs. 1 and 2 Collotta
et al.
(1989)

Plasticity index (PI) CF, TT Figs. 3 and 4 Figs. 3 and
4

Relationship References LL, CF,
rn’

Fig. 4 Stark and
Eid (1994)

Fig. 1 Voight (1973) LL, CF,
rn’

Fig. 4.3 Eid (1996)

46:6
PI0:446

Kanji (1974)
Kanji and Wolle
(1977)

LL, M Fig. 10 Tiwari and
Marui
(2003)

Fig. 6 Lupini et al.
(1981)

PI, M Fig. 11 Tiwari and
Marui
(2003)

Fig. 6 Gibo (1985) LL, CF,
rn’

For CF < 20% and 30 < LL < 80

/
0
r;s

� 	
50kPa

¼ 39:71� 0:29LLþ 6:63� 10�4LL2

/
0
r;s

� 	
100kPa

¼ 39:41� 0:298LLþ 6:81� 10�4LL2

/
0
r;s

� 	
400kPa

¼ 40:24� 0:375LLþ 1:36� 10�3LL2

/
0
r;s

� 	
700kPa

¼ 40:34� 0:412LLþ 1:683� 10�3LL2

For 25% < CF < 45% and 30 < LL < 130,

/
0
r;s

� 	
50kPa

¼ 31:4� 6:79� 10�3LL� 3:616� 10�3LL2 þ 1:864� 10�5LL3

Stark and
Hussain
(2015)

Fig. 10 Borden and
Putrich (1986)

Fig. 7 Müller-Vonmoss
and Løken (1989)

Fig. 9 Tika and
Hutchinson
(1999)

(continued)
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Table 3 (continued)

/
0
r;s

� 	
100kPa

¼ 29:8� 3:627� 10�4LL� 3:584� 10�3LL2 þ 1:854� 10�5LL3

/
0
r;s

� 	
400kPa

¼ 28:4� 5:622� 10�2LL� 2:952� 10�3LL2 þ 1:721� 10�5LL3

/
0
r;s

� 	
700kPa

¼ 28:05� 0:208LL� 8:183� 10�4LL2 þ 9:372� 10�6LL3

For CF > 50% and 30 < LL, < 120,

/
0
r;s

� 	
50kPa

¼ 33:5� 0:31LLþ 3:9� 10�4LL2 þ 4:4� 10�6LL3

/
0
r;s

� 	
100kPa

¼ 30:7� 0:2504LL� 4:2053� 10�4LL2 þ 8:0479� 10�6LL3

/
0
r;s

� 	
400kPa

¼ 29:42� 0:2621LL� 4:011� 10�4LL2 þ 8:718� 10�6LL3

/
0
r;s

� 	
700kPa

¼ 27:7� 0:3233LLþ 2:896� 10�4LL2 þ 7:1131� 10�6LL3

For CF > 50% and 120 < LL < 300,

/
0
r;s

� 	
50kPa

¼ 12:03� 0:0215LL

/
0
r;s

� 	
100kPa

¼ 10:64� 0:0183LL

/
0
r;s

� 	
400kPa

¼ 8:32� 0:0114LL

/
0
r;s

� 	
700kPa

¼ 5:84� 0:0049LL

Fig. 17 Toyota et al.
(2009)

LL, CF,
rn’

Fig. 7a Eid et al.
(2016)

Clay fraction (CF) PI, CF, rn’ Fig. 7b Eid et al.
(2016)

Relationship Reference LL, M, ufs

(Fully
softened
friction
angle)

For kaolinite dominated soils,
/fs � /r ¼ 6:128� 10�7LL3 � 0:00036LL2 þ 0:0751LL
/fs�/r

/fs
¼ �1:547� 10�7LL3 þ 4:153� 10�5LL2 þ 7:862� 10�4LL

/fs�/r

/r
¼ 6:61� 10�5LL2 � 3:37� 10�4LL

For montmorillonite dominated soils with LL < 205,
/fs � /r ¼ �0:00149LL2 þ 0:0704LL� 2:6868
For montmorillonite dominated soils with LL < 180,
/fs�/r

/fs
¼ 1� 10�5LL2 þ 0:001LL� 0:092

For montmorillonite dominated soils with LL < 145,
/fs�/r

/r
¼ 2� 10�8LL3:596

For montmorillonite dominated soils with LL > 205,
/fs � /r ¼ �1:893� 10�5LL2 þ 0:00841LLþ 4:5773
For montmorillonite dominated soils with LL > 180,
/fs�/r

/fs
¼ �1:3� 10�6LL2 þ 0:000692LLþ 0:5018

For montmorillonite dominated soils with LL < 145,
/fs�/r

/r
¼ 2:91� 10�8Ll3 � 3:62� 10�5LL2 þ 0:013LL

Tiwari and
Ajmera
(2011)

Fig. 7 Skempton (1964)

Fig. 5 Lupini et al.
(1981)

Fig. 8 Tika and
Hutchinson
(1999)

Mineralogy (M)

Relationship Reference

Fig. 6 Tiwari and Marui
(2003)

. PI, M, ufs For kaolinite dominated soils,
/fs � /r ¼ 1:123ln PIð Þ � 0:377
/fs�/r

/fs
¼ �2� 10�5PI2 þ 0:0072PI

/fs�/r

/r
¼ 2:29� 10�5PI2 þ 0:076PI

For montmorillonite dominated soils with PI < 150,
/fs � /r ¼ 0:012PI1:223

For montmorillonite dominated soils with PI < 120,
/fs�/r

/fs
¼ 3:8� 10�5PI2 þ 0:000305PIþ 0:003054

/fs�/r

/r
¼ 3� 10�5PI2:219

For montmorillonite dominated soils with PI > 150,
/fs � /r ¼ 9:7� 10�8PI3 � 1:1� 10�4PI2 þ 0:033PIþ 2:57
For montmorillonite dominated soils with PI > 120,
/fs�/r

/fs
¼ 6:83� 10�9PI3 � 7:36� 10�6PI2 þ 2:21� 10�3PIþ 0:396

/fs�/r

/r
¼ 4:27� 10�8PI3 � 4:41� 10�5PI2 þ 0:012PIþ 0:324

Tiwari and
Ajmera
(2011)
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3.7.3 Inputting Soil Properties in LS-RAPID
The procedures for inputting the soil properties in the
LS-RAPID simulation are summarized below:

1. In the “Flow” panel, click on the “Soil parameters”
button from Section “2: Calculation condition.” This
section is shown in Fig. 25. The “Editing of Mesh”
window from Fig. 17 will be displayed.

2. In the “Editing of Mesh” window, select the “Soil
parameter” tab, as shown in Fig. 25.

3. The values of the parameter being edited should be
entered. This can be done manually by entering the data
corresponding to the x- and y-coordinates shown in the
table if the “Position” radial button in selected under
“Header” or to the x- and y- mesh indices if the “Index”
radial button is selected. Alternatively, a specific value
can added to several selected cells using the “Set in
selected rectangle” button.

4. These steps should be repeated until the values of eight
different parameters are entered in the “SoilParameter” tab.
These parameters are: (1) lateral pressure ratio, (2) friction
coefficient inside landslide mass, (3) friction coefficient
during motion at sliding surface, (4) steady state shear
resistance at sliding surface, (5) rate of excess pore pres-
sure generation, (6) peak friction coefficient at sliding
surface, (7) peak cohesion at sliding surface, and (8) unit
weight of mass. A description of the soil parameters can be
obtained in LS-RAPID by clicking the “About parameters
of soil characteristics” button. It is noted that except
parameters 6 and 7 (peak friction angle and cohesion at

Fig. 22 Relationship from Tiwari and Marui (2003) for the residual
friction angle in terms of the liquid limit and clay mineralogy

Fig. 23 Relationship from Tiwari and Marui (2003) for the residual
friction angle in terms of the plasticity index and the clay mineralogy

Fig. 24 Triangular correlation chart for clay mineralogy to estimate the residual friction angle developed by Tiwari and Marui (2003)
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sliding surface), all of the other parameters are required for
the simulation. The parameter that is being edited will be
indicted in the “Editing of Mesh”window with an asterisk
(*) in the “Edit” column of the table. For example, in
Fig. 26, the lateral pressure ratio is being edited.

The procedures for inputting soil properties are also
illustrated in the video tutorial titled, “7. Soil Parameters.”

3.8 Simulation Conditions

There are several different modes to simulate landslides in
LS-RAPID. The procedures for performing these simula-
tions are described below:

1. Open the “Set condition for calculation (Landslide)”
window shown in Fig. 27 by clicking the “Conditions for
calculation” button from Section “2:Calculation condi-
tion” in the “Flow” Panel on the left side of the program.

2. The type of simulation that will be performed is selected
from the “Condition of simulation” section in the “Set
condition for calculation (Landslide)” window.
a. If only the motion needs to be determined, the

“Motion simulation” radial button should selected
from the “Motion simulation” subsection.

b. Otherwise, a full mode simulation will need to be
selected from the “Fullmode simulation (Initia-
tion + Motion + Expansion)” subsection. Three radial
buttons present the options available for the simulation
type, namely, normal simulation, seismic simulation
and rainfall simulation. Depending on the radial button
selected, different options and parameter requirements
will be made available on the “Set condition for cal-
culation (Landslide)” window shown in Fig. 27.

i. Selection of the “Normal simulation” or “Seis-
mic simulation” radial buttons will make avail-
able a check box for “With pore pressure.” This
option allows pore water pressure to be consid-
ered as the trigger for the landslide. To use this
option, rainfall data will be necessary.

ii. Details of normal and rainfall simulations pro-
cedures are provided in the video tutorial titled,
“8. Setting for Rainfall Induced Landslide,”
whereas, the seismic simulation procedures are
in the video tutorial titled, “9. Settings for
Earthquake Induced Landslide.”

3. To perform a normal simulation with pore pressure, the
following steps will need to be followed:

a. In the “Method to give a graph of pore pressure ratio
(ru)” section shown in Fig. 27, enter the time at
which the rainfall begins in the “Time to start” box.

b. The pore water pressure condition will then need to
be specified by selecting either the “Static” or
“Survey” radial buttons.

Fig. 25 Screenshot of section 2: calculation condition of the flow
panel

Fig. 26 Soil parameter tab in the
editing of mesh window
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i. If the “Static” radial button is selected, the pore
pressure ratio will remain constant at the “Ru”
value specified for the “Duration” provided in
the data entry boxes.

ii. Selection of the “Static” radial button will also
provide an option to fluctuate the pore pressure
value by checking the “Fluctuate a value” box.
Checking this box will yield four locations
requiring parameters. The user should enter the
minimum pore pressure ratio in the “Min” box
and the maximum value that the pore pressure
ratio reaches in the “Max” box. The time
required to reach this maximum pore pressure
ratio should be entered in the “Max Time” box.
In other words, at the start of the rainfall sim-
ulation, the pore pressure ratio will then begin
at the value entered in the “Min” increasing to
the value in the “Max” box over the duration
noted in the “Max Time” box. This maximum
value will then remain constant for the duration
provided in the “Duration” data entry box.

iii. If the “Survey” radial button is selected, the
rainfall will vary according to the pore pressure
ratios provided at different time intervals. This
pore pressure ratio as a function of time is
specified by clicking the “Edition of ru” button,
which will yield the “Pore pressure ratio”
window shown in Fig. 28.

iv. The “Pore pressure ratio” will also contain a
table in which the pore pressure ratios should
be entered at different times of the rainfall
event being simulated.

v. Once the rainfall data has been entered, Click
“Ok” to return back to the “Set condition for
simulation (Landslide)” window in Fig. 27.

vi. Visualization of the rainfall data can be
obtained by clicking the “Graph preview” but-
ton in the bottom left corner of the Set condition
for calculation (Landslide)” window in Fig. 27.

4. A rainfall simulation can be performed by selecting the
“Rainfall simulation” radial button. The associated steps
for this simulation are:

a. Click on the “Edition of rainfall” button to open the
“Rainfall Data” window shown in Fig. 29.

b. The ten-minute rainfall intensities should be entered
at different times of the rainfall event being simulated
in the window in Fig. 29.

c. Once the data has been entered, click “Ok.”
d. As before, visualization of the rainfall data can be

obtained by clicking the “Graph preview” button in
the bottom left corner of the Set condition for calcu-
lation (Landslide)” window in Fig. 27.

5. Procedures associated with the seismic simulations are
described below. Note that the seismic waveforms can be
visualized by clicking the “Graph preview” button in the
bottom left corner of the Set condition for calculation
(Landslide)” window in Fig. 27.

a. If pore pressure is also considered as part of the
triggering mechanism, the “With pore pressure” box
should be checked. This will require information to be
entered into the “Method to give a graph of the pore
pressure ratio (ru) section.” The procedures for this

Fig. 27 Set condition for calculation (landslide) window
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entering the relevant information for this triggering
mechanism have been explained in Step 3.

b. The “Method to give a graph of seismic coefficient”
section of the “Set condition for calculation (Land-
slide)”window will allow the user to input data related
to the seismic excitation at the landslide location. The
beginning of the seismic load will correspond to the
time entered in the “Time to start” box.

c. The user then has three options to apply the cyclic
loads. These are given by the radial buttons labeled,
“Static,” “Cyclic,” and “Seismic.”The options selected
will determine whether the cyclic loads remain con-
stant or fluctuate with time. Specifically, when “Static”
is selected, the seismic coefficient will experience a
linear variation with time. Data corresponding to the
seismic coefficients should be entered into the “Static/
Cyclic parameter setting” subsection. The selection of
“Cyclic” will cause the seismic coefficient to fluctuate
following a sine waveform. Furthermore, the

amplitude of the seismic coefficient will experience a
linear change. Finally, seismic wave form data from an
actual ground motion may be entered into the simula-
tion when the “Seismic” option is selected. Thus, the
seismic coefficient will vary based on the data inputted
into the program.

a. For the “Static” option,

i. Horizontal seismic coefficients will be entered by
checking the “Horizontal seismic coefficient (Kh)”
box. This coefficient can be entered in one of two
ways: (1) Directional coefficients corresponding to
the x- and y-directions can be entered in the boxes
for the “X-direction coefficient Kx” and the
“Y-direction coefficient Ky,” respectively, when the
“Direction coefficient” radial button is selected, or
(2) The horizontal coefficient can be entered directly
by clicking the “Horizontal coefficient” radial but-
ton. In this option, the value of the horizontal
coefficient and the corresponding seismic direction

Fig. 28 Pore pressure ratio window obtained by clicking the edition of
ru button in the set condition for calculation (landslide) window

Fig. 29 Rainfall Data Window Opened when Edition of Rainfall
Button in Clicked
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should be entered into the “Kh” and “Seismic
direction hs” boxes, respectively.

ii. If a vertical seismic coefficient is needed, the
“Vertical seismic coefficient (Kv)” box should be
checked and the corresponding seismic coefficient
should be entered into the data box.

iii. Clicking the “Substitute the direction of landslide
profile” will cause the direction of the longitudinal
landslide section to be set as the direction of the
seismic coefficient if an ellipsoidal sliding surface
was created.

iv. In the “Frequency/MaxTime/Duration” subsection,
enter the “Duration” of the seismic load.

v. If the “Fluctuate a value” box is checked in the
“Frequency/MaxTime/Duration” subsection of
Fig. 27, the static seismic coefficient will begin at
zero and linearly increase to the values of the seis-
mic coefficients over the time specified in the “Max
Time” box. The seismic coefficient will then remain
constant before linearly decreasing from the maxi-
mum value to zero over the same “Max Time”
duration. The total duration of the seismic load
including the linear increase at the start and the
linear decrease at the end will still correspond to the
“Duration” value provided.

b. For the “Cyclic” option,

i. Follow the steps in given in Step 5.d.i to 5.d.iii.
ii. In the “Frequency/ MaxTime/ Duration” subsection,

the frequency of the sinusoidal waveform should be
entered in the “Hz” box and the number of cycles of
loading in the “Total Cycle (N)” box.

iii. Checking the “Fluctuate a value” box will yield
some additional options. Specifically, the number of
cycles required to reach the maximum seismic
coefficient should be entered in the “Kmax Cycle
(N)” box. This will indicate the number of cycles
over which the amplitude of the sine wave is
increased to the maximum value specified. This
increase will occur in a linear fashion. It also cor-
responds to the number of cycles at the end of the
seismic waveform over which the maximum seis-
mic coefficient is decreased to zero.

c. For the “Seismic” option,

i. Seismic coefficient data is entered by clicking on the
“Edition of seismicwaveform” button. Thiswill open
the “Data registration of seismic waveform”window.
Figure 30 contains a screenshot of this window.

ii. A name for the waveform should be entered in the
text box just beneath the text, “Case 1 Seismic
Waveform.”

iii. In the table just beneath the name, the user should
enter the time and corresponding values of the
acceleration for the east-west, north-south and
up-down directions. This information should
inputted into the corresponding columns titled,
“Time,” “EW-Acc,” “NS-Acc,” and “UD-Acc,”
respectively. When entering the data, the time must
be entered in chronological order with the corre-
sponding acceleration values in the associated row.

iv. Up to three different seismic waveforms may be
entered into the program. The steps for entering the
data are the same, except the data will be entered to
correspond to the seismic waveform case as shown
in Fig. 30.

v. Once the seismic wave form data has been entered,
click “Ok” to return to the “Set condition for cal-
culation (Landslide)” window from Fig. 27.

vi. In the “Seismic parameter setting” subsection, the
maximum seismic coefficients in the x-, y-, and
vertical directions will be displayed in the “Kx
max,” Ky max,” and Kv max” boxes, respectively.
The amplitude of these waveforms can be scaled
using the factors entered in the “EW Acc (gal)/
980x,” “NS Acc (gal)/980x,” and “UD Acc (gal)/
980x,” boxes, respectively.

6. Once the required data for the simulation have been
entered using the procedures described above, the next
section that will require user input will be the “Parame-
ters for condition for strength reduction” in the “Set
condition for calculation (Landslide)” window in Fig. 27.
In the full mode simulations, the peak values of the
friction coefficient and the cohesion are reduced to the
normal motion values in the unstable mass. In other
words, tan up and cp will reduce to tan um and cm,
respectively.
a. The reduction in the friction coefficient and the cohesion

will commence when the travel length of the landslide
reaches the distance specified in the “From (DL)” box
and continue until the distance specified in the “To
(DU)” box. Once the travel length exceeds the value in
the “To (DU)” box, normal simulation will begin.

b. In the “Except source area (by depth of mass)” box, the
user should specify the depth of the sliding mass (Dhcr),
which when reached will also trigger the start of the
normal motion simulation signifying the completion of
the reduction of the friction coefficient and cohesion.

i. Buoyancy can be incorporated into the simulation
by checking the “Calculate submergence” in the
“Setting of the submergence calculation” section.
Doing so will allow the user to enter the depth of
the ground water table (or the interface between
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the submerged and unsubmerged soil) in the box
for the “Level of the water surface.” The “unit
weight of water (c w)” box should be used to
specific the unit weight of water or the weight of
water in a unit volume.

7. Once all of the simulation information has been entered,
click the “Set Parameters” button in the bottom right
corner of the “Set condition for calculation (Landslide)”
window in Fig. 27.

8. The “Graph Preview” button in the bottom left corner of
“Set condition for calculation (Landslide)” window will
allow the user to view the ground motion that will be
applied in the simulation based on the parameters entered
in the steps described above.

3.9 Setting Time Steps

The degree by which the motion proceeds in the simulation
can be adjusted by using a time step. The video tutorial
titled, “10. Setting Time Step,” explains the procedure,
which is also summarized below:

1. Open the “Setting time step” window presented in
Fig. 31. This window can be obtained through the
“Flow” panel on the left side of the LS-RAPID program.
Under Section “2: Calculation condition,” click on the
“Setting time step” button.

2. The time step can be set to remain constant throughout the
simulation by checking the “Calculate with a definite time
step in the whole process” box. Otherwise, the parameters
in the “Set general time step” section should be edited.

3. The time step for the first step in the simulation should be
specified in the “Initial time step (DT1)” box.

4. The next time step will be calculated from the average
maximum velocity. In the event that this time step exceeds

Fig. 30 Data registration of seismic waveform window screenshot

Fig. 31 Setting time step window
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the value in the box labeled, “Upper bound value of time
step,” the next time step will be value provided in this box.

5. The number of calculations per mesh at which the next
time step should be calculated should be provided in the
next box.

6. In the subsection titled, “Time step for simulating initi-
ation process,” the time step used in the initial simulation
will be terminated as the reduction in the shear resistance
will be complete. After reaching this distance, the sim-
ulation will use the time step corresponding to the motion
simulation.

3.9.1 Setting of Other Conditions
There are several simulation settings that are not used very
frequently. This section will quickly summarize those set-
tings. To obtain these settings, click on the “Setting other
conditions” button from Section “2: Calculation condition”
in the “Flow” panel. The “Setting other conditions” window,
displayed in Fig. 32, will open. The video tutorial describing
these additional conditions is titled, “11. Setting Other
Conditions.”

3.9.2 Non-frictional Energy Consumption
Checking the “Trigger non-frictional energy loss function”
in the “Non-frictional energy consumption” section will
cause this energy consumption to be considered in the
simulation. It will be necessary to specify the coefficient, a,
at which the non-frictional energy function is triggered. Two
additional options also exist in this section, which allow the
non-frictional energy loss function to be triggered when the
specified velocity or specified depth of mass is reached,
when the corresponding boxes are checked.

3.9.3 Other Settings
Under the “Set for” subsection, several other setting options
are present. These are as summarized below:

• The “Threshold of flow rate (neglected below this value)”
setting allows the user to specify the minimum amount of
soil in the calculated mesh that is moving within a unit of
time. When the flow is less than the value specified, the
mesh rejects the flow. This value will depend on the size
of the landslide, but a good initial estimate is 0.01 m3/sec.

• Landslide movements down a torrent will be concentrated
along the torrent. However, some of the upper part of the
landslide may cross over the ridge when it is higher than
the ridge. Checking the “Calculate the case of crossing
over a ridge” option will consider this effect.

• Increases in the lateral pressure are expected when the ver-
tical stress increases. These increases depend on the lateral
earth pressure coefficient. When the “Calculate increased
lateral pressure at vertical earthquake loading” box is
checked, this effect will be considered in the simulation.

• A cohesion value can be assigned to all of the geo-
graphical features of the landslide mass with the use of
the “Cohesion inside mass” data box. Similarly, the
cohesion along the entire sliding surface during landslide
motion can be assigned using the “Cohesion at sliding
surface during motion” box.

• During the simulation, the total volume of the soil mass
should not change. However, in unsteady conditions, this
volume may increase and the effect can be adjusted by
increasing the velocity by a certain percentage before the
simulation begins in the “Calibration parameter of cal-
culated landslide mass” subsection.

3.9.4 Output Settings
The settings associated with the outputs from the simulation
should be configured next. The following steps will describe
how this configurations can be applied in LS-RAPID. Users
may also refer to the video tutorial, titled “13. Output Setting
for Landslide Simulation.” These settings can be accessed
through the “Flow” Panel in Section “3: Simulation” by
clicking the “Set calculation output” button. The “Output
setting” window pictured in Fig. 33 will open. The options
available in each section of this window will be discussed in
this section.

3.9.5 Calculation Step Numbers (for Result
Saving)

In the “Calculation step numbers (for result saving)” section
of the “Output setting” window in Fig. 33, the value entered
in the “Maximum step” data box will indicate the number of
steps after which the results are drawn in the topographicalFig. 32 Setting other conditions window screenshot
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display in LS-RAPID and when the results are saved. The
“Drawing interval” represents the time (or step) interval at
which the geographical features are updated during the
simulation. Additionally, it also indicates the interval at
which intermediate simulation results are saved.

The maximum x- and y- velocities will be obtained as an
average of the corresponding results at a number of sample
locations in each mesh. The number of samples that should
be used for this average can be specified in the box labeled,
“Necessary number of samplings to display Umax, Vmax”
in the “Calculation step numbers (for result saving)” section.

The LS-RAPID simulation terminates when all solid
features have stopped moving. A user may specify that the
simulation continue beyond this point by specifying the
“Minimum time for simulation.” This will cause the simu-
lation to continue to run even after the all the solid features
have stopped until the time entered is reached.

3.9.6 Output of Altitude Information
The “Output of altitude simulation” section primarily con-
tains the settings to save output files. Specifically, when the
“Output the altitude calculation result data” box is checked,
elevation data after the simulation will be saved into the
same folder as the project file. If a different location is
desired, the user may specify the preferred location by using
the open folder icon in the “Folder for output files” sub-
section. This location can be removed from the simulation
by clicking the delete folder icon.

The three-dimensional view in the LS-RAPID display
panel will not be updated when the “No refresh view during
calculation” box is checked. It is should be noted that the
computations will be performed faster if the display does not

need to be periodically updated during the simulation process.
Settings associated with the display during the simulation are
set in the “Drawing” section of the “Output setting”window in
Fig. 33. Details regarding these settings are provided next.

3.9.7 Drawing
During the simulation, the calculation time can be displayed
in either seconds or hours by selecting the radial button next
to “How to display calculation time” in the “Drawing”
section. Any comments that should be displayed during the
simulation should be provided in the text box under the
“Comments field.”

When drawings are being periodically generated during
the simulation, the “Waiting time for drawing result data”
will indicate the time at which the output files for the altitude
will be read and displayed. In the display, it may be of value
to display the seismic and/or rainfall functions as the simu-
lation progress. The length of the horizontal (or time) axis
for these landslide triggers can be specified in the “Drawing
period of landslide trigger” data box.

3.9.8 Output Options
The last section in the “Output settings” window shown in
Fig. 33 is “Output settings.” Under the “Assign the head
words for output files,” the word(s) that will proceed the
names for all files and folders generated during the simula-
tion can be specified. This is done by clicking the open
folder icon and selecting the location at which the output
files will be stored and typing the word(s) that should be
used as a prefix in all of the output files and folders. It is
noted that by default, the location shown in the window that
opens when the open folder icon is clicked corresponds to

Fig. 33 Output setting window
screenshot

372 B. Ajmera et al.



the location specified in the “Folder for output files” entry in
the “Output of altitude information” section. These word(s)
that serve as a prefix to the file and folder names can be
deleted by clicking the delete folder icon.

By default, all of the data from the beginning of the
simulation will be exported and saved. However, the user
may also specify the range of steps across which the data
should be saved if all of the data is not necessary. This can
be done by entering the desired range values in the data
boxes in “Step range to output calculation range.”

The text files that will be generated in the simulation can
be formatted in the “<Text files>” subsection. Users have the
choice between the use “Space” or “Comma” delimiters
between data in the text files. The “Output Digit” will
specify the number of decimal places that are provided for
the depth of the soil mass in the text files, while “Output
form” indicates how these data will be displayed. In par-
ticular, if “Matrix” is selected, the output data will be for-
matted in a matrix, whereas, the selection of “Control point
form” will format the text files to have rows containing the
mesh ID and the depth of soil mass.

The data that can be exported in the output files during
the simulation can be selected from the check boxes at the
bottom of the “<Text files>” subsection. When “‘VALUE’”
is selected, the depth of the unstable soil mass for each mesh
will be saved, while “’GRAPH’” will display the depth of
the unstable mass for each mesh graphically. The velocity of
the soil mass can be outputted by checking the “’U’,” “’V’,”
and/or “’UV Bar’” boxes. U and V represent the velocities in
the x- and y-directions, respectively. The mean value of the
velocity will be given by UV option.

The images generated during the simulation can be for-
matted using the options in the “<Picture files>” subsection.
Images can be saved as “’JPEG’ Files” and/or “’AVI’ File”
by checking the appropriate box(es). The number of images
to be saved per second of the simulation should be specified
in the box for “(frames/sec).” The area that will be included
in the images is specified by the settings in the “Pic-
ture clipping area” subsection. Selection of “Application
area” will focus on images associated with the regions with
movement in a two-dimension plan view of the failure. By
contrast, the selection of “3D-View area” will result in
images containing three-dimension views of the simulation
area based on the display in the viewing panel in the
LS-RAPID program.

3.9.9 Background Images in Simulation
Users may find it valuable to have an image of the topog-
raphy from Google Earth or other sources as the background
for the simulation area. Steps to insert and display this image
can be found in the “12. Setting Background Image for
Topography” video tutorial. Additionally, the steps are
briefly summarized in this section.

1. As shown in Fig. 34, select “Setting background image
file (R)” from the “File(F)” menu. This will open in the
“Setting background image file” window shown in
Fig. 35.

2. Use the “Select File” button from the “Background
image file” section to navigate to the location and select
the file associated with the background image. Please
note that only BMP and JPEG files can be used for this
setting. Once the file has been selected, click the button
labeled, “Open.”

3. The selected image will be displayed in the “(Image
Preview)” section in the “Setting background image file”
window shown in Fig. 35.

4. In the “Coordinate relation” section, specify the coordi-
nates of the corners of the images. The labeling of these
corners is identified in the “(Relation with simulation
area)” section.
Specifically, “Pos. A” refers to the bottom left corner of
the images while “Pos. B” is the bottom right corner.
Similarly, “Pos. C” and “Pos. D” correspond to the top
right and top left corners, respectively. The x-coordinate
should be entered in the cells under the “PX” column
heading, whereas, the y-coordinates should to be entered
in the “PY” column.

5. Click “Ok.” This will result in the background of the
topography being replaced by the image selected based
on the coordinates provided.

Fig. 34 Screenshot of file menu in LS-RAPID
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3.9.10 Starting a Simulation and Displaying
the Results

To begin the simulation, the user should click on the “Start
simulation” button in Section “3: Simulation” of the “Flow”
panel. Users may also refer to the video tutorial, titled “14.
Start Simulation.” This will result in a notification, like that
shown in Fig. 36, asking the user to confirm that the simu-
lation should be started. When “Ok” is clicked, the simula-
tion will begin. The pause, play and stop icons in the toolbar
can used to temporarily pause, restart and stop the simula-
tion, respectively.

There are several options that can be used during the
simulation. Clicking the black binoculars icon in the toolbar
will open the “Mesh value monitor” window, similar to that
pictured in Fig. 37. This window will display the mesh ID
and associated values of various different parameters at the
time step corresponding to when the black binoculars icon
was clicked. The drop down menu at the top of this win-
dow will allow the user to select which of the various
parameters used and/or generated at that specific time step
should be displayed. Specifically, the following nine
options are available: (1) friction coefficient at sliding sur-
face, (2) cohesion at sliding surface, (3) present mass dis-
tribution, (4) velocity along x-axis, (5) velocity along
y-axis, (6) flow rate along x-axis, (7) flow rate along y-axis,
(8) accumulated mass displacement, and (9) maximum
velocity record.

The green binoculars icon can be used to display the
triggering factors in the simulation. Figure 38 contains the
“Monitor value” window that is opened when the green
binoculars icon is clicked. In this window, both the rainfall
and earthquake loading information will be displayed.

Upon the completion of the simulation, the simulation
results can be displayed using the “Result of simulation”
button. This button is located in Section “3: Simulation” in
the Flow panel.

4 Examples and Tutorials

4.1 Generated Simple Slope with an Ellipsoidal
Sliding Surface

Interested users may also follow a video tutorial with this
example, titled, “15. Rainfall-Induced Simple Slope Land-
slide Tutorial.”

4.1.1 Initial Topography

Simulation Area
To create a simulation area within LS-RAPID for a simple
slope, click on the “Simulation area” button in the Sec-
tion “1: Mesh” within the “Flow” panel located on the
left side of the program. This will result in the image in
Fig. 9.

In the “Setting of simulation area and input-data type”,
input values of the x- and y-coordinates, as indicated in
Fig. 9. The simulation area will be 350 m in x-direction and
440 m in y-direction. The pitches for x- and y-directions are
set as 10 m each in the second component of “Mesh setting
of simulation area.” The numbers of grids are automatically
calculated based on the inputted values of x- and y- coor-
dinates and pitches. The simulation area is illustrated in the
bottom part of the window. Click “OK” to complete setting
of simulation area.

Editing Mesh
The second step is to establish the topography of the simple
slope. In this example, the mesh data for the topography of
the slope is estimated in an Excel file (as shown in Fig. 39)
and then is inputted into LS-RAPID. Mesh data is added into
the calculation area using “Editing of mesh” button of the
Section “1: Mesh” in the “Flow” panel (Fig. 9).

Fig. 35 Setting background image file window

Fig. 36 Notification confirming the start of simulation when start
simulation button is clicked
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In the “Editing of mesh” window, select the “Index”
option for the “Header Notation” section, select “Slope
Elev./Mass Thickness” option in the “Selection of input-data
type” section. In this case, the mesh is represented with the
numbers associated with the grid lines in the calculation area
and the slope surface elevation and the sliding mass thick-
ness will be defined.

Topography data is inputted into the “Slope Surface
Elevation” tab by copy-pasting from the Excel file. This step
is illustrated in Fig. 40. The topography mesh of the simple
slope will then be displayed in the viewing panel as shown
in Fig. 41.

4.1.2 Creating Sliding Surface
The potential sliding surface is created using ellipsoidal
parameters. As described previously in Sect. 3.4.1, the user
can use one of the three different ways to begin creating the
ellipsoidal sliding surface.

In this example, the longitudinal section is defined by
inputting start (180, 450) and end (180, 150) points in the
“Selection longitudinal section” table. The locations of
passing points A, B, and the center of ellipsoid on the lon-
gitudinal section of the sliding surface are selected as
(35, 110), (165, 50), and (200, 160), respectively. The
locations of passing points C and the center of ellipsoid on
the crossing section are (120, 95), (180, 160), respectively.
The location of passing point D is automatically calculated.
The parameters used in this example for this paper are
shown in the screenshot in Fig. 42.Fig. 38 Monitor value window opened by green binoculars icon

Fig. 37 Mesh value monitor window opened by black binocular icon
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4.1.3 Delineating Unstable Mass
The delineating unstable mass step is used to specify the
landslide source and enlargement areas. In Section “1:
Mesh” of the “Flow” panel (Fig. 9), click the “Delineating
unstable mass” button. Select all the cells corresponding to
the source area and then click “Set landslide source area
(red).” The color of the cells should change to red. The depth
of unstable mass in the enlargement area is set to 5 m. Select

the cells corresponding to the volume enlargement areas and
click the “Set volume enlargement area (blue)” button. The
color of the cells of the volume enlargement area will
become blue. This is illustrated in Fig. 43.

4.1.4 Input Soil Properties
In Section “2: Calculation condition” of the “Flow” panel,
click on the “Soil parameter” button to input soil properties.
Values of the parameters for this example are selected as
approximately the average of the typical values suggested in
the program and are specified in Table 4. Figure 44 shows
the lateral earth pressures entered in the model.

4.1.5 Simulation of a Rainfall-Induced Landslide
on Simple Slope

First, a rainfall-induced landslide simulation is performed on
the geometry of the simple slope described previously in this
chapter. The triggering factor of the landslide is considered
to be a high-intensity or/and long-term rainfall, which causes
a rise in level of the groundwater table. This will

Fig. 39 Cross section of the simple slope

Fig. 40 Input topography mesh data into the calculation area using “editing of mesh”
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subsequently cause an increase in the pore water pressure
and an associated decrease in the shear strength on the
sliding surface. The heavy rainfall used in the simulation
occurred from 14 to 18 May 2016 which triggered the
Aranayake catastrophic landslide in Sri Lanka (Dang et al.
2019). The observed rainfall data associated with this event
is provided in Table 5. From the observed rainfall, the water
pressure ratio (ru) was calculated using a SLIDE model (Liao
et al. 2010). The simulation is set to 80 h corresponding to
the more than three days of the rainfall event.

Setting Simulation Conditions
In LS-RAPID, click on the “Conditions for calculation”
button from Section “2: Calculation condition” in the
“Flow” Panel to open the “Set condition for calculation
(Landslide)” window. Figure 45 shows the window that will
be open when these steps are followed.

Select the “Rainfall simulation” radial button to conduct
a rainfall-induced landslide simulation. Click on the “Edi-
tion of rainfall” button to input the rainfall intensities
(Fig. 46). For the “Method to give a graph of pore pressure

ratio (ru),” select the “Survey” radial button and click on
the “Edition of ru” button to input the pore pressure ratio
data in the “Pore pressure ratio” window, as shown in
Fig. 47. To reduce the computation time for the landslide
simulation, the “Calculation pitch” and the “Velocity limit”
are set as 36,000 times and 0.10 m/s, respectively. The pore
pressure ratios estimated in Table 5 are entered into the
“Pore pressure ratio” window. Once the rainfall and pore
pressure ratio data have been entered, their graphs can be
previewed, as shown in Fig. 48. Click the “Set Parameters”
button in the bottom right corner of the “Set condition for
calculation (Landslide)” window (Fig. 45) to complete this
step.

Setting Time Steps and Other Conditions
For the example simple slope simulation, time steps and
other conditions are set as illustrated in Figs. 49 and 50.

Output Settings
The simulation of the rainfall-induced simple slope landslide
described in this section is long (80 h). The output settings

Fig. 41 Topography mesh of the simple slope example
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Fig. 42 Select profile to draw ellipsoidal sliding surface for the simple slope
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selected for this example are shown in Fig. 51. The “Max-
imum step” is set to 20,000, the “Minimum time for simu-
lation” and the “Drawing period of landslide trigger” are set
to 57 h and 10 steps, respectively. The calculation time is set
to display in hours. Other items were kept as default values.

Starting the Simulation and Displaying the Results
The results of the simulation of the rainfall-induced landslide
on the simple slope are shown on Fig. 52. The cyan line
represents the landslide mass in the source area, while the
pink line shows the calculated sliding mass distribution area.

Fig. 43 Assignment of source and volume enlargement areas of the simple slope landslide example

Table 4 Soil parameter used in
the simulation of the simple slope
landslide

Soil Parameters Normal
value

Value used in simulation

Lateral pressure ratio (k = rh/rv) 0.30–0.60 0.45

Friction coefficient inside landslide mass (tanui) 0.36–0.58 0.47

Friction coefficient during motion at sliding surface (tanum) 0.46–0.70 0.58

Steady state shear resistance (sss, kPa) 5–50 27.5

Rate of excess pore pressure generation (Bss) 0.0–1.0 0.8

Peak friction coefficient at sliding surface (tanup) 0.65–0.78 0.72

Peak cohesion at sliding surface (c, kPa) 10–100 50

Unit weight of the mass (ct, kN/m
3) 20
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When the pore pressure ratio reaches 0.36 at 58 h 30 m 00 s,
the failure initiates from the middle of the landslide source
area. When the pore pressure ratio reaches 0.42 at 68 h 15 m
08 s, the entire landslide mass has formed and starts to move
down at a speed of 20.6 m/s. At 68 h 15 m 42 s, the land-
slide mass has stopped moving and is completely deposited.

4.1.6 Simulation of an Earthquake-Induced
Landslide on the Simple Slope

The second example is to simulate an earthquake-induced
landslide on the designed simple slope. Since the slope
geometry is the same as the rainfall-induced landslide sim-
ulation discussed previously, the steps associated with the
creation of the geometry, entering soil properties, and other
parameters are not described again. The reader is referred to
previous sections in Sect. 4.

The 2008 Iwate-Miyagi earthquake record (MYG004),
which triggered the Aratozawa landslides (Sassa 2014a; b) is
used as the triggering factor for this example. The earth-
quake record is illustrated in Fig. 53.

A tutorial of the steps involved in preforming this sim-
ulation is also included with this paper. This video tutorial is
titled, “16. Earthquake-Induced Simple Slope Landslide
Tutorial.” Interested users may opt to follow the steps in that
video in lieu of the instructions provided below.

Setting Simulation Conditions
In LS-RAPID, click on the “Conditions for calculation”
button from Section “2: Calculation condition” in the
“Flow” Panel. This will open the “Set condition for calcu-
lation (Landslide)” window. A screenshot of this window
was provided in Fig. 45.

Select the “Seismic simulation” radial button in the
“Fullmode simulation (Initiation + Motion + Expansion)”
section to conduct the earthquake-induced landslide simu-
lation on the simple slope geometry, as shown in Fig. 54. In
this example, pore pressure is not considered as part of the
triggering mechanism. Click on the “Edition of seismic
waveform” button in the “Method to give a graph of seismic
coefficient” section to input the seismic data including name,

Fig. 44 Setting soil parameters (lateral pressure ratios) for the simple slope example
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Table 5 Data of Aranayake rainfall and pore pressure ratios used in the simulation

Date (yyyy/m/d hh:mm) Time (min) Hourly rainfall (mm/hour) Pore pressure ratio (ru)

2016/5/14 22:00 0 0 0.00

2016/5/14 23:00 60 0.75 0.00

2016/5/15 0:00 120 0.25 0.00

2016/5/15 1:00 180 0 0.00

2016/5/15 2:00 240 0.25 0.00

2016/5/15 3:00 300 2.5 0.00

2016/5/15 4:00 360 4.25 0.01

2016/5/15 5:00 420 1 0.01

2016/5/15 6:00 480 0.5 0.01

2016/5/15 7:00 540 1.5 0.01

2016/5/15 8:00 600 6.75 0.02

2016/5/15 9:00 660 13.25 0.03

2016/5/15 10:00 720 13.75 0.04

2016/5/15 11:00 780 20.75 0.06

2016/5/15 12:00 840 15.5 0.08

2016/5/15 13:00 900 13.5 0.09

2016/5/15 14:00 960 7.25 0.10

2016/5/15 15:00 1020 8.25 0.11

2016/5/15 16:00 1080 6.75 0.11

2016/5/15 17:00 1140 8.75 0.12

2016/5/15 18:00 1200 5.75 0.13

2016/5/15 19:00 1260 11.5 0.14

2016/5/15 20:00 1320 14.75 0.15

2016/5/15 21:00 1380 12.25 0.16

2016/5/15 22:00 1440 14.5 0.18

2016/5/15 23:00 1500 21.5 0.20

2016/5/16 0:00 1560 23.25 0.22

2016/5/16 1:00 1620 21.75 0.24

2016/5/16 2:00 1680 8.5 0.25

2016/5/16 3:00 1740 3.75 0.25

2016/5/16 4:00 1800 2.25 0.25

2016/5/16 5:00 1860 5 0.26

2016/5/16 6:00 1920 1 0.26

2016/5/16 7:00 1980 4.5 0.26

2016/5/16 8:00 2040 9.5 0.27

2016/5/16 9:00 2100 5.25 0.28

2016/5/16 10:00 2160 2.25 0.28

2016/5/16 11:00 2220 0.75 0.28

2016/5/16 12:00 2280 5.5 0.28

2016/5/16 13:00 2340 5.75 0.29

2016/5/16 14:00 2400 3 0.29

(continued)
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Table 5 (continued)

Date (yyyy/m/d hh:mm) Time (min) Hourly rainfall (mm/hour) Pore pressure ratio (ru)

2016/5/16 15:00 2460 2.5 0.29

2016/5/16 16:00 2520 2 0.29

2016/5/16 17:00 2580 3 0.30

2016/5/16 18:00 2640 3.5 0.30

2016/5/16 19:00 2700 2.5 0.30

2016/5/16 20:00 2760 5.25 0.31

2016/5/16 21:00 2820 10.75 0.32

2016/5/16 22:00 2880 2.75 0.32

2016/5/16 23:00 2940 11.5 0.33

2016/5/17 0:00 3000 7 0.34

2016/5/17 1:00 3060 1.5 0.34

2016/5/17 2:00 3120 0 0.34

2016/5/17 3:00 3180 0.5 0.34

2016/5/17 4:00 3240 9.5 0.34

2016/5/17 5:00 3300 9.75 0.35

2016/5/17 6:00 3360 4 0.36

2016/5/17 7:00 3420 1.75 0.36

2016/5/17 8:00 3480 4 0.36

2016/5/17 9:00 3540 0.25 0.36

2016/5/17 10:00 3600 0 0.36

2016/5/17 11:00 3660 0.75 0.36

2016/5/17 12:00 3720 21 0.38

2016/5/17 13:00 3780 2 0.38

2016/5/17 14:00 3840 26.75 0.41

2016/5/17 15:00 3900 4.25 0.41

2016/5/17 16:00 3960 4.25 0.41

2016/5/17 17:00 4020 4.75 0.42

2016/5/17 18:00 4080 2.25 0.42

2016/5/17 19:00 4140 2 0.42

2016/5/17 20:00 4200 2.25 0.42

2016/5/17 21:00 4260 1.25 0.42

2016/5/17 22:00 4320 1.5 0.42

2016/5/17 23:00 4380 1 0.42

2016/5/18 0:00 4440 0.25 0.42

2016/5/18 1:00 4500 0 0.42

2016/5/18 2:00 4560 0 0.42

2016/5/18 3:00 4620 0 0.42

2016/5/18 4:00 4680 0 0.42

2016/5/18 5:00 4740 0 0.42

2016/5/18 6:00 4800 0 0.42
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time and corresponding values of the acceleration for three
directions, as illustrated in Fig. 55. In the “Seismic param-
eter setting” subsection (Fig. 54), the maximum seismic
coefficients in the x-, y-, and vertical directions are kept the
same as the values in the 2008 Iwate-Miyagi earthquake
record (Fig. 53).

Once the seismic parameters for the simulation have been
entered, their graphs can be previewed as shown in Fig. 56.
Click the “Set Parameters” button in the bottom right corner
of the “Set condition for calculation (Landslide)” window
(Fig. 54) to complete this step.

Setting Time Steps and Other Conditions
The time steps and other conditions of the
earthquake-induced landslide simulation are set similar to
the case of the rainfall-induced landslide simulation descri-
bed earlier in this chapter. The values in this simulation can
be found in Figs. 49 and 50.

Output Settings
Since the duration of the seismic waveform is about 300 s
and the main shock occurs around 10 s, the output settings
are selected to clearly show and cover the entire simulation
process. As shown in Fig. 57, the “Maximum step” is set to
20,000, the “Drawing interval” is 0.1 s, and the “Minimum
time for simulation” is 300 s. The “Drawing period of
landslide trigger” is set to 10 s, which corresponds to the
period of the main shock. The calculation time is select to
display in seconds. All other items are kept at their default
values.

Starting the Simulation and Displaying the Results
The results from the simulation of the earthquake-induced
landslide on the simple slope are shown in Fig. 58. When
the main shock of the earthquake strikes the slope at 4.3 s,
failure initiates in the middle part of the source area. At
11.3 s, the entire landslide mass has formed and begins

Fig. 45 Set conditions for rainfall-induced landslide simulation
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moving downward at a velocity of 12.7 m/s during the
earthquake shaking. At 56.4 s, the landslide mass has stop-
ped moving. As before, in Fig. 58, the cyan line represents
the landslide mass in the source area, while the red line
shows the area of sliding mass distribution.

4.2 Application of LS-RAPID to Rain-Induced
Landslides: A Case Study of Atami Debris
Flow

From 1 to 3 July 2021, extreme rainfall occurred in the
Atami District, Shizuoka Prefecture, Japan causing a catas-
trophic debris flow on 3 July 2021. A geological map with
the debris flow is shown in Fig. 59. The Atami debris flow
claimed 27 lives with one missing, three injuries and
destroyed 54 houses, as of 10 February 2022 (Shizuoka
Prefecture 2022). On 17 January 2022, International Con-
sortium on Landslides (ICL) researchers investigated the
landslide area. A sample was taken from immediately behind
the exposed scar as shown in Fig. 59 and sent to the Kyoto
ICL-SATREPS office for ring shear tests. As shown in

Fig. 59, the underlying geology of the source area is andesite
to basaltic andesite lava and pyroclastic deposits, which are
products of Hakone Volcano (Oikawa and Ishizuka 2011).

4.2.1 Ring-Shear Simulator
Speed control test is used as a basic soil test to obtain soil
parameters. In undrained speed control tests, normal and
shear stresses in the steady-state condition can be obtained as
the mobilized and peak friction angles.

Slow shear speeds should be used in the tests on the
fine-grained materials that have low coefficients of perme-
ability and generate pore pressures slowly. The normal and
shear stresses acting on the potential sliding surface were
reproduced in the shear box. An undrained speed control test
was conducted at a normal stress of 200 kPa, which corre-
sponded to the landslide initiation in the field. Normal stress
was increased to 200 kPa at a rate of Dr = 0.5 kPa/s in the
drained condition. After consolidation, the shear box was
then changed into the undrained condition and shear dis-
placement was increased at a rate of 0.01 mm/s.

Fig. 46 “Rainfall data” window with data from Aranayake rainfall
provided in Table 5

Fig. 47 “Pore pressure ratio” window with pore pressure ratio data
from simple slope example
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Figure 60 presents the stress paths and time series data
for the Atami sample. The measured steady-state shear
resistance was 30 kPa. The friction angle of the peak failure
line and friction during motion were 30.5° and 16.4°,
respectively.

4.2.2 SLIDE Model
To simulate the landslides caused by rainfall, the pore-water
pressure ratio needs to be calculated. Based on the research
of Montarasio and Valentino (2008) and Liao et al. (2010),
the SLIDE model can be used to calculate the pore water
pressure from the rainfall intensity using Eq. 22:

ru ¼ DU
r

¼ mH cn cos
2b

H cs cos2b
¼ m cn

cs
ð22Þ

Changes in the ratio of the groundwater layer to the soil
layer pressure (m) is calculated by:

m1 ¼ 0

Ot ¼ Kt ðsin bÞmt H ðcos bÞDt

Dmt ¼ ðIt � OtÞ
nH ð1� SrÞ

mtþ 1 ¼ mt þDmt

8>>>>>><
>>>>>>:

ð23Þ

where t is time, Dt is the time interval, m1 is the initial value
of m, mt is calculated at each time-step, Ot represents the
water outlet of a finite portion of a slope of finite length L, It
is rainfall intensity, Kt is the significance of a global drainage

Fig. 48 (Bottom) Rainfall and (top) pore pressure ratio used as
triggering factor for rainfall-induced landslide simulation

Fig. 49 Screenshot of setting time step window

Fig. 50 Screenshot of setting other conditions window for
rainfall-induced landslide simulation
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capability due to both the intrinsic soil permeability and the
presence of numerous preferential down-flow ways, H is the
landslide depth, n is porosity, b is the slope angle and Sr is
the degree of saturation. These variables are schematically
shown in Fig. 61 for the infiltration of water into an infinite
slope model.

4.2.3 Application of LS-RAPID and SLIDE Model
to the Atami Debris Flow

The pre-failure and post-failure digital elevation models,
ortho-photos were published by Geospatial Information
Authority of Japan and the Shizuoka Prefecture. The option
“Slope/Sliding Elev.” is used to provide the slope surface
elevation and the sliding surface elevation in this example.
The steps to establish the simulation area of Atami debris
flow are provided below and in the video titled, “17. Atami
Debris Flow.”

Simulation Area
Click the “Simulation area” button in Section “1: Mesh” on
the left side of LS-RAPID “Flow” panel, shown in Fig. 9.

The minimum and maximum values of the x- and y- coor-
dinates associated with the calculation area as shown in
Fig. 62. The pitches for both the x- and y-direction were set
to 5 m. Click the “OK” button to complete the settings for
the simulation area.

Editing Mesh
In this step, the pre- and post-failure digital elevation models
from Shizuoka Prefecture are exported to mesh data and
inputted in LS-RAPID. The details of the steps are provided
below:

1. Slope Surface Elevation

a. Click the “Editing of mesh” button in the “Flow” panel
and select the select the “Slope/Sliding option in the
“Selection of input-data type” section and chose the
“Slope Surface Elevation” tab as illustrated in Fig. 63.

b. Once the pre-failure elevation data has been copied
into to “Slope Surface Elevation” tab, the simulation
area will be displayed in the viewing pane of
LS-RAPID, as shown in Fig. 64.

Fig. 51 Output settings for
rainfall-induced landslide on the
simple slope
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Fig. 52 Results of the simulation of the rainfall-induced landslide on the simple slope at a 7 h 30 m 00 s, b 58 h 30 m 00 s, c 68 h 15 m 08 s,
and d 68 h 15 m 42 s from the start of rainfall
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Fig. 52 (continued)
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2. Sliding Surface Elevation

a. The same steps used for the slope surface elevation
are used for “Sliding Surface Elevation.” Specifically,
click the “Editing of mesh” button in the “Flow”
panel and chose the “Sliding Surface Elevation” tab
in Fig. 65.

b. Copy the post-failure elevation data into to “Sliding
Surface Elevation” tab. The simulation area (after the
landslide) will be displayed in LS-RAPID, as shown
in Fig. 66.

Background Images in Simulation
To easily identify the landslide source area, an ortho-photo
obtained from an unmanned aerial vehicle (UAV) is set as
the background image. The steps to set this background
image are presented below.

1. From the “File(F)” menu, click “Setting background
image file” (Fig. 34). The “Setting background image
file” window shown in the Fig. 67 will open.

2. Click the “Select file” button from the “Background
image file” section to select the ortho-photo. In this
example, the coordinate of ortho-photo is the same as the

Fig. 53 2008 Iwate-Miyagi earthquake record (MYG004) used as the
triggering seismic parameter

Fig. 54 Set conditions for earthquake-induced landslide simulation
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Fig. 55 Seismic data of the 2008 Iwate-Miyagi earthquake as Inputted into the “data registration of seismic waveform” window

Fig. 56 Graph of seismic coefficient used as the triggering factor for earthquake-induced landslide simulation
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simulation area. Therefore, the “Coordinates relation” are
defined by Pos. A at (0,0), Pos. B at (1024,0), Pos. C at
(1024,1024) and Pos. D at (0,1024) as shown in Fig. 67.

3. Click “Ok.” The result with the ortho-photo as the
background in the topography is shown in Fig. 68.

Delineating Unstable Mass
Based on the elevation change, the Atami debris flow con-
sists of a source area, an enlargement area and a flow area.
The steps to set these areas are summarized below:

1. Selecting the “Delineating unstable mass” button in Sec-
tion “1: Mesh” in the “Flow” panel. Click the “Polygon
area” to draw the source area. The source area is shown in
yellow in Fig. 69. After selecting the source area, click the
“Set landslide source area (red).” This will cause the color
of the cells is change to red as shown in Fig. 69.

2. Select the “Add” button to create area 2 representing the
enlargement area from the toe of source area to the res-
idential area. After selecting the enlargement area, click
the “Set enlargement volume source area (blue).” The
color of the cells will change to blue, as shown in
Fig. 70.

3. Select the “Add” button to create area 3 for the flow area
from the toe of enlargement area to the Atami Sea. This is
based on the Atami flow path shown in Fig. 59.

Input Soil Parameters
The parameters used in the computer simulation are listed in
Table 6. These are based on the ring shear test results when
available. Otherwise, the parameters are based on assump-
tions by the authors.

As shown in Fig. 25, click on the “Soil parameters”
button from Section “2: Calculation condition” of the
“Flow” panel. The “Editing of mesh” window from Fig. 71
will be displayed. Figure 71 shows an example input for the
lateral pressure ratio.

4.2.4 Triggering Factors
The amount of heavy rainfall needed to trigger the Atami
debris flow was calculated using a SLIDE model. This
pore-water pressure ratio was then inputted into LS-RAPID
as a graph of the triggering factor. The rainfall data and pore
water pressure ratio from SLIDE model is shown in Fig. 72.

In the LS-RAPID program, to open the “Set condition for
calculation (Landslide)” window, click the “Conditions for

Fig. 57 Output settings for
earthquake-induced landslide on
the simple slope
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Fig. 58 Simulation results for
earthquake-induced landslide on
the simple slope at a 0.4 s,
b 4.3 s, c 11.3 s, and d 56.4 s
from the start of earthquake
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Fig. 58 (continued)
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calculation” button from Section “2: Calculation condition”
in the “Flow” Panel (Fig. 45). Next, select the “Rainfall
simulation” radial button to conduct a rainfall-induced
landslide simulation and click on the “Edition of rainfall”
button to input the rainfall intensities.

The input of the rainfall intensities used in this example is
shown in Fig. 73. For the “Method to give a graph of pore
pressure ratio (ru),” select the “Survey” radial button and
click on the “Edition of ru” button to input the pore water
pressure data in the “Pore pressure ratio” window, as
depicted in Fig. 74. To reduce the computation time for the
landslide simulation, the “Calculation pitch” and the
“Velocity limit” are set as 120,000 times and 0.01 m/s,
respectively. The pore pressure ratios from the SLIDE model
are entered into the “Pore pressure ratio” window. After
entering the rainfall data and pore water pressure ratios, their
corresponding graphs could be previewed, as shown in
Fig. 75. Click the “Set Parameters” button in the bottom
right corner of the “Set condition for calculation (Land-
slide)” window from Fig. 45 to complete this step.

4.2.5 Setting Time Steps and Other Conditions
The settings for the time steps and other conditions are the
same as those described previously in Sect. 4.1.5.

Fig. 59 Geological map of study area (this map is made based on the
data from the geological survey of Japan and the geospatial information
authority of Japan)

Fig. 60 Undrained speed stress-controlled test on the Atami sample:
a time series data, b stress path and c relationship between shear stress
and shear displacement

394 B. Ajmera et al.



Output Settings
A long simulation containing 72 h of rainfall is conducted
for this rainfall-induced landslide. Thus, the output settings
are selected as those shown in Fig. 51. Specifically, the
“Maximum step” is set to 1,000,000, the “Minimum time for
simulation” and the “Drawing period of landslide trigger”
are set to 72 h and 1 s, respectively. The calculation time is
selected to display in hours. All other settings are kept at
their default values.

4.2.6 Starting the Simulation and Displaying
the Results

The results from simulation of the Atami debris flow from
LS-RAPID are displayed in Fig. 76. The aqua polygon

Fig. 61 Schematic illustration of water infiltration in an infinite slope
(from Liao et al. 2010)

Fig. 62 Setting of simulation area for Atami debris flow
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Fig. 64 Atami topography (before the landslide) with contours

Fig. 63 Inputting pre-failure digital elevation model (slope surface elevation)
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Fig. 65 Inputting post-failure digital elevation model (sliding surface elevation)

Fig. 66 Atami topography (after the landslide) with contours
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Fig. 67 Setting of an ortho-photo for the Atami debris flow
Fig. 68 Topography with background image file

Fig. 69 Setting landslide source area
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Fig. 70 Setting enlargement area

Table 6 Input soil parameters for Atami debris flow

Parameters Value Source

Steady-state shear resistance sssin the source area 30 kPa Test data

Lateral pressure ratio (k = rh=rv) 0.5 Assumption

Friction angle at peak (/p) 30.5° Test data

Friction angle during motion (/m) 16.4° Test data

Shear displacement at the start of strength reduction (DL) 1 mm Test data

Shear displacement at the end of strength reduction (DU) 100 mm Test data

Pore pressure generation rate (Bss) 0.85 Assumption

Enlargement area

Steady state shear resistance 10 kPa See Sassa et al. (2004)

Lateral pressure ratio (k = rh=rv) 0.6 Assumption

Flow area

Steady state shear resistance 10 kPa See Sassa et al. (2004)

Lateral pressure ratio (k = rh=rv 0.8 Assumption
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Fig. 71 Inputting lateral pressure ratios for Atami debris flow

Fig. 72 Rainfall intensity and pore water pressure ratio
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represents the source area, while the pink area represents the
moving mass. When the pore pressure ratio reaches 0.25 at
58 h 40 m 00 s (10:40:00 am on 3 July 2021), failure starts
from the top of the landslide source area. After 13 s, at 58 h
40 m 13 s, the entire landslide mass is formed and starts to

move downwards towards the residential area reaching this
area at 58 h 41 m 27 s. The landslide mass stops moving
and is completely deposited at 58 h 43 m 00 s.

Fig. 73 Inputting rainfall data

Fig. 74 Inputting pore water pressure ratio
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Fig. 75 Graph of rainfall data and pore water pressure in LS-RAPID for Atami debris flow simulation
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Fig. 76 Simulation results of
Atami debris flow at a 58 h 40 m
00 s, b 58 h 40 m 13 s, c 58 h
41 m 27 s, and d 58 h 43 m 00 s
from the start of rainfall
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5 Conclusions

As an integrated simulation model, LS-RAPID is capable of
reproducing the entirety of a landslide process of a slope
from a stable condition to movement and deposition of the
slope materials. The program is able to simulate both rain-
fall- and earthquake- induced landslides as well as landslides
triggered under the influence of both factors. A review of the
recent applications of LS-RAPID program showed its
widespread use around the world to evaluate various case
studies. This paper presented a detailed manual allowing
interested users to quickly and efficiently use the program for
their own case studies. The user manual provided in this
paper was further supplemented by video tutorials that broke
each step into quick visual representations of the process.
The paper concluded with three examples and tutorials

presented in both written and visual formats. In particular, a
simple slope geometry was developed. Failure of this
geometry was first triggered by a rainfall time history and
second, by a recorded earthquake motion. The third and final
tutorial provided in this paper was for the Atami debris flow,
which was a real-world example of a rainfall-induced slope
failure.
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Challenges in Defining Frequentist Rainfall
Thresholds to Be Implemented
in a Landslide Early Warning System in India

Stefano Luigi Gariano, Massimo Melillo, Maria Teresa Brunetti,
Sumit Kumar, Rajkumar Mathiyalagan, and Silvia Peruccacci

Abstract

In India, rainfall-induced landslides cause a high toll in
terms of fatalities and damages. Therefore, the adoption of
tools to predict the occurrence of such phenomena is
urgent. For the purpose, the LANDSLIP project aimed at
developing a landslide early warning system (LEWS) to
forecast the occurrence of rainfall-induced landslides in
two Indian pilot areas: Darjeeling and Nilgiris. Rainfall
thresholds are a widely used tool to define critical
probability levels for the possible occurrence of landslides
in large areas, and are particularly suitable to be
implemented in LEWSs.

In this work, we exploited two catalogues of 84 and
116 rainfall conditions likely responsible for landslide
triggering in Darjeeling and Nilgiris, respectively. Adopt-
ing a frequentist statistical method and using an automatic
tool, we determined rainfall thresholds at different
non-exceedance probabilities for the two pilot areas.
Despite the daily temporal resolution of rainfall data and
the spatial and temporal distribution of the documented
landslides, the thresholds calculated for the two areas
have acceptable uncertainties and were implemented in
the LANDSLIP LEWS prototype. We expect that the new

thresholds and the whole system will contribute to
mitigate the landslide risk in the study areas.

Keywords

Rainfall thresholds � Landslides � India � Darjeeling �
Nilgiris � LEWS � LANDSLIP project

1 Introduction

According to the global landslide dataset published by
Froude and Petley (2018), 75% of all landslide events
between 2004 to 2016 occurred in Asian countries. Notably,
the highest number of non-seismically triggered landslides,
i.e. more than 600 records (16% of the whole catalogue),
was recorded in India. Most of these landslides were trig-
gered by rainfall, particularly during the monsoon seasons.
According to the EM-DAT disaster database (Guha-Sapir
et al. 2022), 4739 people lost their life due to landslides in
India and more than 400,000 people have been affected by
this hazard since 1950. A significant upward trend in the
occurrence of fatal landslides was observed in India in the
period 1995–2014 (Haque et al. 2019). Due to the significant
toll in terms of human lives and damages, the adoption of
reliable tools to predict the occurrence of rainfall-induced
landslides in India is urgent.

The LANDSLIP (LANDSLIde Multi-Hazard Risk
Assessment, Preparedness and Early Warning in South Asia:
Integrating Meteorology, Landscape and Society) project
(www.landslip.org) aimed at reducing the impact of hydro-
logically related landslide multi-hazards and increasing the
resilience to landslides in vulnerable, hazard-prone areas in
India. One of the operational goals of the LANDSLIP pro-
ject was the development of a landslide early warning sys-
tem (LEWS) to forecast the occurrence of landslides induced
by rainfall in two pilot areas. Recently, several regional
LEWSs have been designed and implemented in various
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countries (Piciullo et al. 2018; Guzzetti et al. 2020), and
many of them rely on rainfall thresholds, often combined
with a susceptibility zonation. Rainfall thresholds are the
most widely used tool to define critical probability levels for
the possible occurrence of landslides in wide areas. Empir-
ical rainfall thresholds are derived from the statistical anal-
ysis of rainfall conditions that have resulted in past
landslides (e.g. Guzzetti et al. 2007, 2008; Segoni et al.
2018). Establishing reliable thresholds in large areas requires
the availability of a large amount of information on the
occurrence of past landslides (a statistically significant
sample size) and of rainfall data.

To date, only a few works have studied the relationship
between rainfall and landslides in some areas or states in
India, and mostly in the Indian Himalayan Region (Dikshit
et al. 2020b). Analyses of rainfall conditions responsible for
slope failures have been conducted for single phenomena
(e.g. Sengupta et al. 2010) and for population of landslides
(e.g. Sajinkumar et al. 2020) and using both rain gauges and
satellite data. Examples of rainfall thresholds defined using
ground-based rainfall data are found in Uttarakhand
(Kanungo and Sharma 2014), Sikkim (Sengupta et al. 2010;
Harilal et al. 2019), West Bengal, particularly in Darjeeling
(Dikshit and Satyam 2019; Dikshit et al. 2020a) and
Kalimpong (Dikshit and Satyam 2018; Teja et al. 2019;
Abraham et al. 2020), Tamil Nadu (Jaiswal and van Westen
2009; Thennavan et al. 2020), and Kerala (Naidu et al. 2018;
Abraham et al. 2019, 2021). Some authors have calculated
rainfall thresholds over large areas in India using satellite
rainfall products: e.g. in Uttarakhand, northern India, using
TRMM precipitation estimates (Mathew et al. 2014) and
over the Western Ghats, south-western India, using TMPA
and IMERG-derived rainfall data (Thakur et al. 2020).
Brunetti et al. (2021) defined rainfall thresholds for the
whole Indian Peninsula using GPM and SM2RAIN-ASCAT
satellite rainfall products, and their merging, at daily and
hourly temporal resolution, and daily rain gauge measure-
ments from Indian Meteorological Department. Finally, a
few works have analyzed landslides affecting highways and
other infrastructures (Jaiswal and van Westen 2009; Sen-
gupta et al. 2010; Kanungo and Sharma 2014).

In this work, we describe data, procedures, analysis, and
challenges faced in calculating empirical rainfall thresholds
for the possible initiation of shallow landslides in two pilot
areas in India, using a consolidated approach.

2 Study Area

The Indian Peninsula is bounded on the north by the
Himalayas and includes the Western Ghats, a N-S mountain
chain on the western edge, and the Eastern Ghats, running
mostly in a NE–SW direction. The steep topography and

geological complexity produce high landslide activity,
especially during the monsoon season, which dominates the
climate for over one-third of the year. Neal et al. (2020)
identified seven broad-scale weather regimes in India. The
summer monsoon usually happens between May and
September, being mostly active during July and August.

Two pilot areas were selected in the Indian territory: the
Darjeeling and the Nilgiris districts (Fig. 1). Both areas have
population densities up to over 600 inhabitants per km2 and
have experienced rainfall-induced landslides that caused
fatalities and heavy socio-economic impacts. Both areas are
subject to intense rainfall in the monsoon period, which
affects the two regions for several months triggering
numerous landslides.

The Darjeeling District is located in the Eastern Hima-
layas, NE India, and belongs to the state of West Bengal. It
covers 3232 km2 with elevations ranging 100–4500 m a.s.l.
and slope inclinations ranging 0–60° (average�18°). The
population of this district is approximately 1.9 million peo-
ple. The area is underlain by a sequence of metamorphic
rocks from the Himalayan Fold Thrust Belt (FTB). Land-
slide failure mechanisms encountered within this pilot area
are controlled by FTB deformation of the rocks. The average
annual rainfall varies between 3000 and 5000 mm∙yr−1, of
which approximately 90% is within the active monsoon
period (June to September).

The Nilgiris District, located within the state of Tamil
Nadu, in the southern part of the Indian Peninsula, covers
2566 km2 and hosts approximately 0.8 million persons. It
includes the Nilgiris hills (1900 km2), a plateau with

Fig. 1 Location of the two pilot areas of Darjeeling and Nilgiris in
India, with indication of the boundaries of the West Bengal and Tamil
Nadu states
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elevation reaching 2400 m a.s.l. that is one of the most
landslide-prone regions in the state. The plateau includes
high peaks and rocky escarpments composed by gneiss
overlain by lateritic soils. The Nilgiris is impacted by the
northeast monsoon (October through December), which
accounts for nearly all of the annual precipitation in the area
and is responsible for the triggering of most landslides
(predominantly debris/earth slides or flows).

3 Data

We used information on the occurrence of 684 landslides in
the Darjeeling district from October 1968 to July 2015 and
of 392 landslides in the Nilgiris district from December 1987
to January 2017. Rainfall measurements were obtained from
regional rain gauge networks in the two pilot areas. In par-
ticular, we used daily rainfall data recorded by 36 rain
gauges located in Darjeeling district in the period
01/Jan/1959–31/Dec/2017 and by 24 stations from
01/Jan/1987 to 31/Jul/2017 in Nilgiris district (Fig. 2).

Rain gauge selection was based on the number of time
series available, and on data quality and sensor location,
being these characteristics crucial to model the
spatio-temporal variation of precipitations.

Using the entire rainfall data set, we estimated the dis-
tribution of monthly rainfall in the areas. In Darjeeling
(Fig. 3a) the monthly rainfall has a peak in July and high
values from June to September. As a result, all the 684
landslides are concentrated in the monsoon period, May
through October, with nearly half of the events (327 out of
684, 48%) recorded in July (Fig. 3b). Hence, the monthly
distributions of rainfall and landslides overlap, except in
June and August, when the number of recorded landslides is
very low if compared to the less rainy May. In Nilgiris, the
distribution of monthly rainfall shows two peaks, with a
significant increase, in October and November (Fig. 3c). The
392 landslides are heterogeneously distributed during the
year, with more than 80% of the events (326 out of 392)
between October and December (Fig. 3d), closely replicat-
ing the rainfall distribution.

4 Method

For the reconstruction of the rainfall conditions responsible
for landslide initiation and for the calculation of rainfall
thresholds, we adopted the procedure and the automatic tool
named CTRL-T (Calculation of Thresholds for Rainfall-
induced Landslides—Tool) described in Melillo et al. (2018)
and successfully used in different contexts (e.g. Gariano
et al. 2019; Teja et al. 2019; Jordanova et al. 2020; Melillo
et al. 2020; Abraham et al. 2021).

CTRL-T exploits continuous rainfall measurements, and
landslide information, to (1) reconstruct rainfall events;
(2) select automatically the representative rain gauges;
(3) identify multiple rainfall conditions responsible for the
failure; (4) attribute a probability to each rainfall condition;
and (5) calculate probabilistic rainfall thresholds and their
associated uncertainties. Input data consists of: (i) rainfall
event setting parameters, (ii) rainfall data, (iii) rain gauge
locations, (iv) landslide locations, and (v) landslide occur-
rence times.

Fig. 2 Location of rain gauges and landslides selected for threshold
calculation in the a Darjeeling and b Nilgiris pilot areas

Challenges in Defining Frequentist Rainfall Thresholds … 411



The tool is divided into three main logical blocks. The
first block executes the reconstruction of rainfall events.
A rainfall event is a period of continuous rainfall separated
from consecutive events by a dry (no-rain) period of two
days. The second block combines rainfall events and land-
slide information, selects the rainfall events that have
resulted in landslides and determines the rainfall duration, D,
and the cumulated event rainfall, E, responsible for the
landslides. Specifically, rainfall conditions were recon-
structed from rainfall measurements recorded by rain gauges
located within a 12-km radius circular buffer centered on the
landslide. To select the representative rain gauges and the
rainfall condition likely responsible for each failure, a weight
function was used that considers D, E, and the distance
between the rain gauge and the landslide. In the case of two
or more landslides occurring in the same day and associated
with the same rainfall condition, we considered the first one
in order to avoid duplicates that would invalidate the fre-
quentist method adopted to define the thresholds. The third
block calculates rainfall thresholds at different non-
exceedance probabilities adopting a frequentist statistical
method (Brunetti et al. 2010; Peruccacci et al. 2012). The
approach assumes the threshold curve is a power law that

links the cumulated event rainfall E (in mm) to the rainfall
duration D (in days);

E ¼ a� Dað Þ � D c�Dcð Þ ð1Þ
where, a is a scaling constant (the intercept), c is the shape
parameter (that defines the slope of the power law curve),
and Da and Dc represent the uncertainties of a and c,
respectively. The uncertainties Da and Dc are calculated
using a “bootstrap” non-parametric statistical technique
(Peruccacci et al. 2012). The uncertainties associated with
the thresholds depend on the number and the distribution of
the empirical data points, and reduce as the number of the
empirical data increases.

For the reconstruction of the rainfall conditions likely
responsible for the failures, CTRL-T outputs were checked
and eventually revised by expert investigators from
CNR IRPI and GSI to consider (i) the difference in local
rainfall regimes at the two pilot areas (presence of mon-
soons), (ii) the coarse (daily) temporal resolution of rainfall
measurements and (iii) the possible inaccuracy of the land-
slide occurrence date. For a few uncertain events, multiple
investigators analyzed all available landslide and rainfall

Fig. 3 Top: annual distribution of monthly rainfall in a Darjeeling
(1959–2017) and c Nilgiris (1987–2017). Bottom: monthly distribution
of landslides in b Darjeeling and d Nilgiris; lighter bars indicate the

total numbers of catalogued landslides in each pilot area; darker bars
indicate the landslides used to calculate the thresholds (numbers in
brackets)
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information and agreed to revise the rainfall conditions
automatically reconstructed by CTRL-T. We acknowledge
that this procedure has introduced a hint of subjectivity into
the reconstruction of the rainfall events responsible for
failures, but we maintain that this additional check was
necessary to reduce the uncertainties listed above.

5 Results and Discussion

5.1 Rainfall Conditions

Applying the above-mentioned procedure, we reduced the
number of rainfall conditions associated with landslides in
the two areas to 96 and 114, respectively. In addition, in the
Darjeeling pilot area, the subset was further reduced to 84
landslides by discarding 12 more records for which a reliable
triggering rainfall condition could not have been associated.
These two landslide subsets have the same monthly distri-
bution as the initial ones.

In the Darjeeling pilot area, the 84 rainfall conditions
associated with the landslides have durations ranging
between one and eight days (24–192 h) and cumulated
rainfall varying between 74.0 and 10,775.0 mm (average
value = 320.5 mm). In the Nilgiris pilot area, the rainfall
conditions have durations ranging between one and six days
(24–144 h) and cumulated rainfall varying between 45.0 and
675.5 mm (average value = 260.3 mm).

5.2 Magnitude Analysis

For civil protection purposes, it is worth mentioning that the
number of landslides triggered by each rainfall condition can
be assumed as a proxy for the magnitude of the event. For
the purpose, we divided the ensemble of rainfall conditions
responsible for the failures in the two pilot areas into two
classes: those that triggered (i) from one to ten, and (ii) more
than ten landslides.

We analyzed separately the D and E distributions of the
rainfall conditions associated with landslides for the two
magnitude classes. Figure 4 shows the box-and-whisker
plots of D and E for each class for the two pilot areas (in
shades of blue and green, respectively). For Darjeeling, the
number of landslides associated to a single rainfall condition
varies from one to 182 (event occurred on 26th May 2009).
For Nilgiris, the number of landslides associated with a
single rainfall event ranges from one to 138 (event occurred
on 14th November 2006). Overall, median and maximum
values of D remain stable for the two classes, whereas
median values of E increase with the magnitude for both
pilot areas.

5.3 Rainfall Thresholds

Using the 84 and 114 rainfall conditions, we defined fre-
quentist rainfall thresholds for the two areas. Table 1 lists the
parameter values and uncertainties for thresholds at different
non-exceedance probability levels. Figure 5 shows, in a log–
log plane, the rainfall conditions responsible for the failures
and the rainfall thresholds at 5% non-exceedance probability
levels with the associated uncertainties for Darjeeling
(Fig. 5a) and Nilgiris (Fig. 5b).

The thresholds have ranges of validity equal to the range
of rainfall durations D, and are defined at discrete (daily)
rainfall durations D. Therefore, thresholds can be used only
for the prediction of landslides for D equal to one day or
multiples.

Figure 6 portrays the comparison of T5,Dar (blue curve)
and T5,Nil (green curve) in logarithmic coordinates, with the
shaded areas showing the uncertainty associated with the
thresholds. Inspection of the figure reveals that T5,Dar is
higher than T5,Nil, meaning that, regardless of the rainfall
duration, a larger amount of rainfall is necessary to trigger
landslides in the Darjeeling pilot area. Further inspection of
the figure reveals that T5,Nil is slightly steeper than T5,Dar.
This result agrees with the different rainfall regimes of the
two pilot areas.

The relative uncertainties in thec parameter,Dc/c, are equal
to 14.5% and 11.5% in Darjeeling and Nilgiris, respectively.
Moreover, considering the 5% non-exceedance probability
level, the relative uncertainties in the a parameter, Da/a, are
equal to 8.9%and4.9%, respectively. The twovalues are lower
than 10%, considered an acceptable value for reliable thresh-
olds, as proposed by Peruccacci et al. (2012).

Fig. 4 Box-and-whisker plots of the duration, D (top) and cumulated
event rainfall E (bottom) of the 84 and 114 rainfall conditions used to
calculate rainfall thresholds in Darjeeling (in shades of blue) and
Nilgiris (in shades of green) pilot areas, respectively, categorized into
two classes of magnitude: (i) 1–10, and (ii) >10 landslides
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The thresholds defined for the two pilot areas have high
values of the parameter c, as a result of the distribution of the
empirical data points in the DE plane. The uncertainties
associated with thresholds are high and depend primarily on
the number and distribution of the (D, E) pairs.

The daily temporal resolution of landslide and rainfall
data affects the calculation of thresholds for two main

reasons. First, as mentioned above, thresholds are valid and
can be used only for durations ranging 1–8 days and 1–
6 days in Darjeeling and Nilgiris, respectively. Second, the
daily rainfall resolution results in a large dispersion of
E values, especially for the shortest events (lasting one or
two days). Presumably, the cumulated rainfall recorded at
one day (especially the lower cumulated values) fell over a
shorter time period. According to the data point distribution,
thresholds are very steep (high values of c parameter) and
the associated uncertainties are high. Marra (2019) and
Gariano et al. (2020) noted that the use of daily data leads to
a worse threshold predicting capability than using hourly
data.

6 Conclusions

An effective landslide forecasting model is a key component
of a LEWS. In this work, we described the procedures and
the challenges for calculating frequentist rainfall thresholds

Table 1 Parameters of the ED rainfall thresholds at different non-exceedance for the possible initiation of landslides in Darjeeling (T1,Dar, T5,Dar,
T10,Dar) and Nilgiris (T1,Nil, T5,Nil, T10,Nil) pilot areas

Threshold name Threshold parameters Duration range (days)

a Δa c Δc

T1,Dar 89.0 9.3 0.62 0.09 1–8

T5,Dar 114.0 10.2 0.62 0.09 1–8

T10,Dar 130.2 10.7 0.62 0.09 1–8

T1,Nil 42.7 2.7 0.78 0.09 1–6

T5,Nil 56.7 2.8 0.78 0.09 1–6

T10,Nil 66.0 2.9 0.78 0.09 1–6

Note that the equations are defined for durations in days and cumulated event rainfall in mm

Fig. 5 DE conditions that have resulted in landslides in a Darjeeling
and b Nilgiris, and corresponding threshold at 5% non-exceedance
probability level. Shaded area shows uncertainty of the thresholds. Data
shown in logarithmic coordinates

Fig. 6 Comparison between the 5% ED thresholds for Darjeeling (T5,

Dar) and for Nilgiris (T5,Nil) pilot areas. Data shown in logarithmic
coordinates
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for the possible occurrence of shallow landslides in two
Indian pilot areas. Thresholds defined for Darjeeling and
Nilgiris areas were based on 84 and 114 landslide-triggering
rainfall conditions, respectively. Despite some limitations,
mostly due to the daily temporal resolution of rainfall data
and to the spatial and temporal distribution of the reported
landslides, the thresholds defined for the two pilot areas have
acceptable values of uncertainties.

Frequentist rainfall thresholds obtained for different
non-exceedance probabilities are particularly suitable for
designing probabilistic schemes to be implemented in LEWS
for the prediction of rainfall-induced landslides. In particu-
lar, the thresholds here defined were implemented in the
LANDSLIP short-range prototype LEWS. Every day, the
system compares measured and forecasted rainfall amounts
against the rainfall thresholds, and assigns, for a given
combination of cumulated rainfall and rainfall duration (i.e.
for a given rainfall scenario), a possibility level of landslide
occurrence, also based on the susceptibility maps of the two
pilot areas. The landslide possibility level is categorized into
four classes: low, moderate, high, and very high possibility
of landslide occurrence—based on the number of landslides
that might occur in one or many locations. The warning
message is issued to each administrative area within the two
pilot areas: four areas in Darjeeling and six areas in Nilgiris.
The short-range landslide forecast only covers shallow
landslides caused by rainfall and is valid for the successive
48 h, with different values for each day. The forecast is
included in a bulletin of information for district authorities to
support them in their decision-making.

The thresholds and the whole forecasting model require
ongoing evaluation and refinement by assessing both fore-
casting and operational capabilities. The evaluation relies
upon standardized landslide and rainfall data collection and
management. Additional landslide data and different rainfall
data inputs (e.g. hourly rainfall measurements, and/or radar
and satellite rainfall estimates) will be useful to validate the
thresholds and improve the forecasting model.
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KLC2020 Official Promoters

The Kyoto Landslide Commitment 2020
(KLC2020)

Kyoto 2020 Commitment for Global Promotion of
Understanding and Reducing Landslide Disaster Risk

A Commitment to the Sendai Landslide Partnerships
2015–2025, the Sendai Framework for Disaster Risk
Reduction 2015–2030, the 2030 Agenda Sustainable
Development Goals, the New Urban Agenda and the Paris
Climate Agreement-

KLC2020 Official promoters are public and private orga-
nizations who promote the Kyoto Landslide Commitment
2020 and provide financial support for the implementation of
the KLC2020 activities including the Open Access Book
Series “Progress in Landslide Research and Technology.”

Host organization

International Consortium on Landslides (ICL)/Nicola
Casagli.

Public sectors: KLC2020 Official Promoters-public

International Unions/Associations, Governmental organiza-
tions, Universities and Research institutes

• The International Union of Geological Sciences (IUGS)/
John Ludden

• The International Union of Geodesy and Geophysics
(IUGG)/Kathy Whaler

• The International Association for the Engineering Geol-
ogy and the Environment/Rafig Azzam

• International Geosynthetics Society (IGS)/John Kraus
• Geological Survey of Canada, Natural Resources Canada,

Canada/Daniel Lebel
• Faculty of Civil and Geodetic Engineering, University of

Ljubljana, Slovenia/Matjaž Mikoš
• China University of Geosciences, Wuhan, China/

Huiming Tang
• Department of Civil Engineering, National Taiwan

University, Chinese Taipei/Shang-Hsien Hsien
• Institute of Rock Structure and Mechanics, the Czech

Academy of Sciences/Josef Stemberk
• Institute of Cold Regions Science and Engineering,

Northeast Forestry University/Wei shan.

Private sectors: KLC2020 Official Promoters-private

Companies and corporation.

• Marui & Co. Ltd, Japan
• Nippon Koei Co., Ltd, Japan
• Ellegi srl, Italy
• IDS GeoRadar s.r.l., Italy
• Chuo Kaihatsu Corporation, Japan
• Godai Corporation, Japan
• Kiso-Jiban Consultants Co., Ltd, Japan
• Kokusai Kogyo Co., Ltd., Japan
• OSASI Technos, Inc., Japan.
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The International Geosynthetics Society

International Geosynthetics Society

Introduction

The International Geosynthetics Society (IGS) is a non-profit
learned society founded in Paris in 1983.

We are a member of the Federation of International
Geo-Engineering Societies and also hold Liaison Organiza-
tion status with International Organization for Standardiza-
tion (ISO) Technical Committee 221 (TC 221) on
Geosynthetics. The IGS is proud to be part of a multi-agency
commitment with Kyoto Landslide Commitment 2020
(KLC2020).

The IGS is dedicated to the scientific and engineering
development of geotextiles, geomembranes, related prod-
ucts, and associated technologies. Our membership forms a
global community of over 3000 including corporate, indi-
vidual and student members, with a shared passion for what
geosynthetics can achieve (Figs. A.1 and A.2).

Geosynthetics are durable, high-performing polymeric
materials used make infrastructure more sustainable in a
variety of ways, for example:

Reduced energy consumption and emissions through:

• less on-site excavation;
• reduced transport of bulky construction materials;
• extended infrastructure lifetimes and reduced

maintenance.

Protection of surface and groundwater through:

• landfill lining and containment of hazardous waste

• sludge dewatering and purification
• construction of sludge and tailings lagoon capping
• grey water storage for re-use
• preservation of potable and irrigation water supplies by

lining canals, dams and reservoirs.

Replacement of other construction materials:

• sand and aggregate
• concrete, lime and cement
• steel.

Environmental protection:

• nuclear waste disposal
• sustainable urban drainage systems
• green and blue roof construction
• cost effective and resilient flood defences
• coastal defence.

Geosynthetics help prevent landslides in a number of
ways, for example:

• performing a barrier and/or a filter function, mitigating
the effects of water seepage;

• reinforcing soil and stabilising slopes;
• holding topsoil in place, preventing slippage;
• draining excess rainwater without washing soil away;
• encouraging growth of new vegetation, stabilizing slopes

through natural means.

International Geosynthetics Society
9225 Bee Caves Rd, Building B, Suite 206,
Austin, TX 78733, USA
igssec@geosyntheticssociety.org
https://www.geosyntheticssociety.org/
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Fig. A.2 Geosynthetics used to stabilize a slope by interacting with
vegetation root structures

Fig. A.1 Geosynthetics used to stabilize a slope using soil in-fill and
seeding for plants

420 The International Geosynthetics Society



Geological Survey of Canada, Natural
Resources Canada

GSC-Pacific Division

Geological Survey of Canada—Who We
Are

The Geological Survey of Canada (GSC) is part of the Earth
Sciences Sector of Natural Resources Canada. The GSC is
Canada’s oldest scientific agency and one of its first govern-
ment organizations. It was founded in 1842 to help develop a
viable Canadian mineral industry by establishing the general
geological base on which the industry could plan detailed
investigations. Throughout its long and colourful history, the
GSC has played a leading role in exploring the nation.

Today, the GSC is Canada’s national organization for
geoscientific information and research. Its world-class
expertise focuses on the sustainable development of Cana-
da’s mineral, energy and water resources; stewardship of
Canada’s environment; management of natural geological
and related hazards; and technology innovation (Fig. A.3).

The GSC celebrated its 175th anniversary in 2017 which
coincided with Canada's 150th anniversary of Confederation.

The GSC co-leads the Canada-Nunavut Geoscience
Office and works with dozens of universities and research
institutes, industry organizations, other federal departments,
provinces, territories and municipalities in Canada and
across the world. In particular, we work closely with other
geological survey organizations in Canada through the
unique Intergovernmental Geoscience Accord.

Every year, we publish hundreds of maps, Open Files,
peer-reviewed papers and other reports. Our scientists are
recognized worldwide and sought after for their expert advice

on locating mineral, energy and groundwater resources,
reducing risk from natural hazards and reviewing environ-
mental assessments.

Strategic Priorities

The GSC has attempted to plot a course through this
changing, uncertain world.

First, we identify three core areas of persistent scientific
endeavour, which reflect stable, long-term needs of society:

• Geological knowledge for Canada’s onshore and off-
shore lands

• Geoscience for sustainable development
• Geoscience for keeping Canada safe.

Next, we outline a new, fourth area of endeavour, Geo-
science for society, which is the need to address the uncer-
tainties of the changing world by expanding the reach and
impact of geoscience knowledge in land-use decision mak-
ing and in efforts to reduce the risk of disasters.

Fig. A.3 Paleotsunami investigations in order to understand regional
earthquake cycles and submarine landslide hazards

GSC-Pacific Division1500–605 Robson St.,
Vancouver, BC, V6B 5J3, Canada
e-mail: David.Huntley@nrcan-rncan.gc.ca

Marui & Co. Ltd.1-9-17,
Goryo, Daito City, Osaka 574-0064, Japan
e-mail: hp-mail@marui-group.co.jp
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Finally, we recognize that our strength lies in a fifth area of
endeavour, Our people, Our science, which we need to nurture
to maintain a high-performing workforce capable of world-
leading innovative geoscience for the benefit of Canada.

(a) Geological knowledge for Canada’s onshore and
offshore lands

Geoscientific knowledge is fundamental to managing our
onshore and offshore lands and their abundant resources.
With its 10 million km2 of onshore land and an additional 7
million km2 of ocean estate, Canada is a vast country and a
core mission of the GSC is to map and understand the land
and its resources. Our Geo-mapping for Energy and Min-
erals (GEM) program continues to advance our knowledge
of the North and by 2020 will complete a first mapping of
surface geology at a coarse scale.

In the offshore lands, our geoscience knowledge also
serves to confirm the farthest extents of the Canadian terri-
tory. Our joint program with Global Affairs Canada and
Fisheries and Oceans Canada to delineate the outer limits of
the continental shelf in the Atlantic and Arctic Oceans will
reach a critical milestone in 2019. The program will file its
Arctic submission under the United Nations Convention on
the Law of the Sea (UNCLOS) (Fig. A.4).

(b) Geoscience for sustainable development

Finding new resources remains a major challenge. Many
near-surface deposits have been discovered in Canada, but
significant mineral resources remain to be found in less
accessible regions and at depths below the surface. Finding
new resources requires systematic, intensive and innovative
methods to assess the mineral potential in remote locations.

It requires searching beneath overburden cover, imaging the
3-D structure of the earth and understanding the geological
processes that lead to concentration of minerals in certain
locations (Fig. A.5).

For the Energy sector, the greatest challenge is in the
transition to a low-carbon economy. Although global fossil
fuel use is likely to continue to grow over the foreseeable
future, the trend will likely be at a decreasing rate. Canada
has an abundant supply of conventional and unconventional
(oil sands and shale) oil and gas, so development in frontier
areas is likely to be slow. In addition, the government has
placed a moratorium on exploration activity in the Arctic
offshore lands.

(c) Geoscience for keeping Canada safe

The GSC will continue to work on understanding how
landscapes will change, how infrastructure will be affected
and how resilience to climate change can be built into new
infrastructure. Climate change will likely have a significant
impact on the water cycle. GSC research will shed light on
the risk to potable water supplies, hydroelectric power
generation, and hazards from floods and drought (Fig. A.6).

(d) Geoscience for society

The scientific knowledge required to assess cumulative
effects is broad. The complex interactions between land use,
water management and waste management require an inte-
grated approach at a landscape scale. The GSC is a national
provider of information on both land (surficial and solid
geology) and water, including the integration of surface water
and groundwater into the complete water cycle (Fig. A.7).

The GSC recognizes that this area of endeavour involves
inherent complexities and that our goals in this area will be
to some degree aspirational. However, we will investigate

Fig. A.4 The GSC studies the sea floor of the Arctic to understand its
geology and geohazards. Here a small craft surveys the bottom of
Southwind Fjord (Baffin Island, N Nunavut)

Fig. A.5 GSC geologists near the Heiberg Formation in northern
Ellesmere Island (NU) as part of the geo-mapping for energy and
minerals program. This formation is the primary host of major gas
accumulations in the Canadian High Arctic

422 Geological Survey of Canada, Natural Resources Canada



new ways of planning our programs, undertaking our field-
work, interacting with key stakeholders, and communicating
our expert knowledge in ways that contribute positively to
decision making about resource development.

(e) Our people, Our science

As a science organization within the federal government, the
GSC’s mandate is to conduct world-class science to inform
public decision making. The Canadian government has
articulated and adopted the principle of evidence-based
decision making and reaffirmed the need for government
science to be objective and non-partisan.

To remain at the leading edge, our scientists need to work
with a variety of partners. We need to reinforce the central role
that the GSC plays in the Canadian geoscience community by
building networks of collaboration, fully participating in

national geoscience initiatives, and advocating for Canadian
geoscience at the international level (Fig. A.8).

Moving forward

Some of the objectives and goals that the GSC has set rep-
resent familiar territory for a national geoscience organiza-
tion, but many others will pull us out of our comfort zone.
We will take the time to better understand the challenges of
delivering objective, nonpartisan science to support
evidence-based decision making in Canada at a time of great
technological and social change.

We will not be able to do this alone, so we look forward
to strengthening our ties to other federal departments, pro-
vinces and territories, universities, Indigenous organizations,
the private sector and civil society as a whole.

We ask all our stakeholders to contact us, to challenge us
and, most importantly, to join with us to assure the future of
Canada through thoughtful, respectful dialogue about the
land we live on, its resources and its future (Fig. A.9).

Exploring Canada

Through its history, the GSC has been responsible for
mapping the land mass of Canada, which supported the
integration of the western provinces and northern territories
into the country that we have today. The limit of Canada’s
offshore territory is still being extended today though sur-
veys conducted by the GSC and the Canadian Hydrographic
Service.

Fig. A.6 The GSC conducts climate change studies, here documenting
the effects of fast melting permafrost leading to extreme coastal erosion
on Pelly Island, NT

Fig. A.7 The GSC conducts geohazard studies to reduce risks to
people and infrastructure, here installing equipment to monitor
landslide activity above a critical railway corridor in central BC

Fig. A.8 Among many celebratory activities for the GSC’s 175th
anniversary in 2017, the GSC held a Rock and Fossil Exhibit, at its site
at the Bedford Institute of Oceanography (Dartmouth, NS), as part of a
two-day open-house event, where more than 20,000 visitors
participated

Geological Survey of Canada, Natural Resources Canada 423



In more recent years, the GSC helped find the first eco-
nomic diamond deposit in the Northwest Territories, leading
to the expansion of diamond mining in Canada. These are
only a few of the key GSC achievements that have built our
knowledge of Canada’s lands and provided the building
blocks of its natural resource economy.

Today, exploration of this vast land is still reaping its
natural resource rewards. The search for natural resources is
difficult, akin to looking for a needle in a haystack.

The GSC’s GEM program is exploring vast tracts of
Canada’s North, a land mass roughly equivalent to the
combined areas of Quebec, Ontario and Manitoba, to find
the “haystacks” with resource potential. This information is
shared with the provinces and territories, as well as the
private sector, so that the search for the “needles” can con-
tinue. The information is also critical to inform land-use
planning.

In November 2016, the Royal Canadian Geographical
Society (RCGS) awarded its prestigious Gold Medal to the
GSC in recognition of the Survey’s outstanding contribution
to the development of Canada on the occasion of it’s 175th
anniversary.

Fig. A.9 Joint Canadian/German (GSC/BGR) field mapping camp on
northern Ellesmere Island, looking west as the fog covered sea ice of
Yelverton Inlet, 2017
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Faculty of Civil and Geodetic Engineering,
University of Ljubljana

Matjaž Mikoš

Summary

In 2019, the Faculty of Civil and Geodetic Engineering of the
University of Ljubljana (ULFGG) celebrated its centennial:
The precursor of the faculty was the Technical Faculty
established in 1919 as one of five founding faculties of UL.

ULFGG, covering technical disciplines of civil and
geodetic engineering, as well as water science and technol-
ogy, has been involved in landslide risk reduction activities
at the national level in Slovenia (former Yugoslavia, until
1991) for decades (Fig. A10). In 2008, ULFGG became an
ICL Full Member and has gradually developed its ICL
engagement. ULFGG has been awarded the title of the
World Centre of Excellence (WCoE) in Landslide Risk
Reduction for 5 consecutive periods (2008–2011, 2011–
2014, 2014–2017, 2017–2020, 2020–2023). Together with
the Geological Survey of Slovenia, another ICL member in
Slovenia, ULFGG hosted the 4th World Landslide Forum in
Ljubljana, Slovenia, from May 29 to June 2, 2017. ULFGG
strongly supports diverse activities of the International
Consortium on Landslides, Kyoto, Japan, and thus con-
tributes to the 2030 Agenda for Sustainable Development, as
well as to the Sendai Framework for Disaster Risk Reduction
2015–2030 (SF DDR). ULFGG was a signatory of the
Sendai Landslide Partnerships 2015–2030, and is a strong
promoter of the Kyoto Landslide Commitment 2020, a
SF DRR voluntary commitment by ICL.

In 2019, ULFGG hosted, together with the Slovenian
Chamber of Engineers, the World Construction Forum 2019
(WCF 2019; www.wcf2019.org) in Ljubljana under the forum

motto “Buildings and Infrastructure Resilience.” The Forum
with one of the themes on Disaster Risk Management and
Governance for Resilient Communities was co-organized by
the World Federation of Engineering Organizations (WFEO)
in support to the implementation of the 2030 Agenda for
Sustainable Development. All lectures given at theWCF2019
are available for free on the forum web page, as a contribution
to Open Science efforts.

In the field of capacity building, ULFGG offers several
courses for graduate and postgraduate students in landslide
mechanics and dynamics, landslide stabilization and land-
slide risk mitigation. In this paper, a short overview of the
past activities of ULFGG as ICL Full Member is shown.

World Centre of Excellence on Landslide
Risk Reduction and IPL projects

WCoE activities

The title of World Centre of Excellence (WCoE) on Landslide
RiskReduction is given to a governmental or non-governmental
entity, which contributes to the landslide disaster risk reduction
at a regional and/or global level in a specific unique field of
expertise, as well as helps promoting International Programme
on Landslides (IPL) and landslide research intellectually,
practically and financially (https://www.landslides.org/ipl-info/
world-centre-of-excellence/). ULFGG was granted the title of
WCoE five consecutive times: (Fig. A.10)

• WCoE 2008–2011 & 2011–2014: Mechanisms of land-
slides in over -consolidated clays and flysch.

• WCoE 2014–2017: Mechanisms of landslides and creep
in over-consolidated clays and flysch.

• WCoE 2017–2020: Landslides in Weathered Flysch:
from activation to deposition.

• WCoE 2020–2023: Landslides in Weathered Heteroge-
nous Sedimentary Rock Masses such as Flysch.
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The research efforts at ULFGG were focused on:

• Mechanisms of triggering such landslides (mud flows),
estimation of debris-flow magnitudes triggered as shal-
low or deep-seated landslides (debris slides), and trig-
gering of shallow rainfall-induced landslides using
advanced statistical methods.

• Field and laboratory investigations of suction in
over-consolidated clays and flysch, such as to improve
the understanding of softening in stiff over-consolidated
clays and marls, using soil matrix suction as an indicator
for mudflow occurrence, and executing suction long-term
monitoring of the Slano Blato landslide.

• Laboratory investigations of coarse debris-flow rheolog-
ical parameters and soil–water characteristic curve of
residual soil from a flysch rock mass.

• Mathematical modelling of debris flows (hazard assess-
ment in deposition areas), using different numerical
models and different digital terrain models.

The WCoE activities were financially supported by the
Slovenian Research Agency through the Research Pro-
gramme P2-0180 “Water Science and Technology, and
Geotechnical Engineering: Tools and Methods for Process

Analyses and Simulations, and Development of Technolo-
gies,” as well as by several national and international (bi-
lateral) research projects.

ULFGG and the Geological Survey of Slovenia jointly
organized 4th World Landslide Forum (WLF4), in Ljubljana
between May 29 and June 2, 2017, followed by a three-day
field study tour to see the variety of landslide forms in
Slovenia and in its immediate NW surroundings. With over
600 participants from 49 countries and 5 international
organizations, WLF4 was promoting the culture of living
with natural hazards.

IPL projects

An important ICL activity is IPL projects (https://www.land
slides.org/projects/icl-world-report-on-landslides/). The IPL
Evaluation Committee examines the submitted proposals of
ICL members by carefully reading the written proposals and
by listening to their presentations at annual ICL conferences.
The initially accepted proposals by the IPL Evaluation
Committee are discussed and then approved at the annual
Board of Representatives meeting of ICL members (Annual
Assembly). Finally, the IPL projects are approved annually

Fig. A.10 A collage of landslides in Slovenia and their investigation performed by UL FGG
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by the IPL Global Promotion Committee. ULFGG has
successfully submitted several proposals for IPL projects
and has been so far actively involved in the following ones:

• IPL-151 Soil matrix suction in active landslides in flysch
—the Slano Blato landslide case (2010–2012).

• IPL-225 Recognition of potentially hazardous torrential
fans using geomorphometric methods and simulating fan
formation (2017–2020).

• IPL-226 Studying landslide movements from source
areas to the zone of deposition using a deterministic
approach (2017–2020)—coordinated by the Geological
Survey of Slovenia.

ICL thematic and regional networks

Following the ICL Strategic Plan 2012–2021, several the-
matic networks and regional networks have been established
(for an overview, see https://www.landslides.org/projects/
icl-networks/).

Landslide Monitoring and Warning
Thematic Network

In 2012, ULFGG proposed the ICL landslide monitoring and
warning thematic network (abbr. LaMaWaTheN), and
almost 10 ICL members joined the initiative. The general
objective of the proposed network was to compare experi-
ences in the field of landslide monitoring and installed early
warning systems for active landslides in various regions of
the world. A proposal for landslide monitoring techniques
database was. The network was later coordinated by the
Croatian Landslide Group from the Faculty of Civil Engi-
neering, University of Rijeka, Croatia, and the Faculty of
Mining, Geology and Petroleum, University of Zagreb,
Croatia. Lately, we contributed to the network activities by
preparing practice guidelines on monitoring and warning
technology for debris flows.

The idea of the network was partially taken over by the
web database ICL World Report on Landslides (http://iplhq.
org/ls-world-report-on-landslide/), created to be a platform
to share landslide case studies among the global landslide
community, with monitoring and warning systems being a
part of the story.

ICL Adriatic-Balkan Network

Jointly with other ICL members from Croatia and Serbia, in
2013, ULFGG proposed to establish an ICL Adriatic-Balkan
Regional Network (ICL ABN; https://www.klizista-hr.com/

en/organization/about-us/icl-abn/). Various network activi-
ties were proposed, the most active being the organization of
biennial regional symposia on landslide risk reduction in the
Adriatic-Balkan Region (called ReSyLAB). ULFGG sup-
ported the 1st Symposium in Zagreb (Croatia) in 2013
(March 6–9), and the 2nd in Belgrade (Serbia) in 2015 (May
14–16), and jointly organized the 3rd in Ljubljana (Slovenia)
in 2017 (October 11–13) together with the Geological Sur-
vey of Slovenia (also an ICL member).

In the last decade, ULFGG has signed bilateral research
projects with the ICL members in the region: “Adriatic-
Balkan Regional Network: Landslide Risk Mitigation for
Society and Environment” (2012–13 with University of Bel-
grade, Serbia), “Study of landslides in flysch deposits: sliding
mechanisms and geotechnical properties for landslide mod-
elling and landslide mitigation SoLiFlyD” (2014–15 with
University of Rijeka, Croatia), and “Laboratory investigations
and numerical modelling of landslides in flysch deposits in
Croatia and Slovenia” (2016–17 with the University of
Rijeka, Croatia). This joint research has helped strengthen
regional cooperation within the ICL ABN regional network.

Other ICL-related international activities

ULFGG served the ICL by taking different leading roles in
the Consortium, i.e. ULFGG member served as Chair of IPL
Evaluation Committee, twice as ICL Vice President, and was
elected to Co-Chair and in 2021 to Chair of the IPL-KLC
(https://www.landslides.org/ipl-info/ipl-klc-global-
promotion-committee/).

ULFGG has been strongly supporting the journal Land-
slides: Journal of the International Consortium on Landslides,
published by Springer Nature (https://link.springer.com/
journal/10346) since its launch in 2004. ULFGG works for
the journal in the roles of reviewers and an associate editor,
and regularly publishes its top research results in the journal,
as well as disseminates information important for capacity
building in landslide risk reduction in the journal.

ULFGG followed the development of the journal from its
bibliometric perspective, and compared scientometric
impacts of the journal with the other ICL publications
(monographs, volumes from World Landslide Forums) in
the field of landslide research.

ULFGG also contributed to the two-volume set of
Landslide Dynamics: ISDR-ICL Landslide Interactive
Teaching Tools (LITT), namely to Volume 1: Fundamentals,
Mapping and Monitoring by practice guidelines on moni-
toring and warning technology for debris flows (https://
www.springer.com/gp/book/9783319577739), and to Vol-
ume 2: Testing, Risk Management and Country Practices
(https://www.springer.com/gp/book/9783319577760) by a
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state-of-the-art overview on landslide disaster risk reduction
in Slovenia, a study on two-dimensional debris-flow mod-
elling and topographic data, and by study on intensity-
duration frequency curves for rainfall-induced shallow
landslides and debris flows using copula functions.

UNESCO Chair on Water-related Disaster
Risk Reduction

Experiences and knowledge accumulated in the past decades
at the Chair on Hydrology and Hydraulic Engineering at
ULFGG in the field of (applied) hydrology in experimental
basins, landslide research, landslide risk reduction, and flood
risk management, culminated in 2016 in the establishment of
the UNESCO Chair on Water-related Disaster Risk Reduc-
tion (WRDRR Chair; www.unesco-floods.eu) at the
University of Ljubljana. The UNESCO WRDRR Chair was
positively evaluated in 2020 and prolonged for another 4
years (2020–2024). The Chair is associated to the university
twinning and networking UNITWIN UNESCO—Kyoto
University—ICL on “Landslide and Water-Related Disaster
Risk Management”.

ULFGG supports activities of the Slovenian National
Committee for UNESCO Intergovernmental Hydrological

Programme (www.ncihp.si) – focus of the activities is the
development of the IHP-IX Programme (2022–2029).

Conclusions

ULFGG as one of World Centres of Excellence in Landslide
Risk Reduction, hosts the UNESCO Chair on Water-related
Disaster Risk Reduction. ULFGG strongly supports
ISDR-ICL Sendai Partnerships 2015–2025 for global pro-
motion of understanding and reducing landslide disaster risk,
and its extension to 2030 and beyond: the Kyoto 2020
Commitment for Global Promotion of Understanding and
Reducing Landslide Disaster Risk that that was signed in
November 2020. ULFGG is proud to be its Official Pro-
moter, and will specifically work for its Actions 2, 5, 6, 9
and 10.

This review contribution is intentionally written without
giving references to described activities. For this purpose,
listed websites and web search engines may be used.

The author wants to thank numerous colleagues from
ULFGG and from the wide ICL community for a
long-lasting excellent cooperation with a joint vision to
reduce landslide disaster risk.
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China University of Geosciences, Wuhan

Huiming Tang, Changdong Li, and Qinwen Tan

Introduction

China University of Geosciences, Wuhan (CUG), founded in
1952, is a national key university affiliated with the Ministry
of Education. It is also listed in the National “211 Project”,
the “985 Innovation Platform for Advantageous Disciplines”
and the “Double First-class Plan”. CUG, featuring geo-
sciences, is a comprehensive university that also offers a
variety of degree programs in science, engineering, litera-
ture, management, economics, law, education and arts. Its
Geology and Geological Resources & Engineering have
both been ranked as national number one disciplines.

CUG has two campuses in Wuhan. The main campus is the
NanwangMountain Campus, located in the heart of theWuhan
East Lake National Innovation Demonstration Zone, which is
popularly known as China Optics Valley. The Future City
Campus is located in the east of Wuhan and is 27 km from the
main campus. These two picturesque campuses cover a com-
bined area of 1,474,353 m2. They are ideal places to study,
work, and enjoy life. CUGowns a 4A-Level tourist attraction—
the Yifu Museum. CUG also boasts four field training centers:
Zhoukoudian in Beijing, Beidaihe in Hebei Province, Zigui in
Hubei Province, and Badong in Hubei Province.

CUG has established a complete education system. As of
December 2020, 30,239 full-time students, including 18,080
undergraduate students, 9302 master’s students, 1916 doc-
toral students, and 941 international students have enrolled
in its subsidiary 23 schools and 86 research institutes. CUG
currently has a faculty of 1858 full-time teachers, among
which there are 539 professors (11 of which are members of
the Chinese Academy of Sciences) and 984 associate
professors.

CUG is focused on fostering high-quality talent. Among
its over 300,000 graduates, many have gone on to become
scientific and technological elites, statesmen, business lead-
ers and athletes. And they have made great contributions to
the nation and society, represented by former Premier WEN
Jiabao and 39 members of the Chinese Academy of Sciences
and Chinese Academy of Engineering.

CUG has strengthened exchanges and cooperation with
international universities. It has signed friendly cooperation
agreements with more than 100 universities from the United
States, France, Australia, Russia and other countries. CUG
has actively carried out academic, scientific and cultural
exchanges with universities around the world. There are
about 1,000 international students from more than 100
countries studying at CUG. It also sponsors more than 900
teachers and students to study abroad or conduct interna-
tional exchanges, and invites more than 400 international
experts to visit, lecture, and teach at CUG every year. In
2012, CUG initiated and co-established the International
University Consortium in Earth Science (IUCES) with 11
other world-renowned universities. IUCES is committed to
promoting the common development of geosciences educa-
tion and scientific research through resource sharing,
exchange and cooperation among its member institutions. In
addition, CUG has partnered with Bryant University from
USA, Alfred University from USA, and Veliko Turnovo
University from Bulgaria in establishing three Confucius
institutes on their campuses (Fig. A.11).

Strategic plan of building a
world-renowned research university
in earth sciences—a beautiful China
and a habitable earth: towards 2030

CUG reviewed and approved Strategic Plan of Building a
World-Renowned Research University in Earth Sciences on
December 25 of 2019.
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Wuhan, P.R. China
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Themed on “A Beautiful China & A Habitable Earth”, the
Plan depicts the blueprint of the second goal of the
“three-steps strategic goals”, which is to build a
world-renowned research university in Earth Sciences by
2030 based on the attained goal of developing CUG into a
“high-level university with first-class Earth Sciences and
coordinated development of multi-disciplines”.

According to the Plan, our education missions are:
Remaining true to CUG’s core value of “seeking harmonious
development between man and nature”, we are committed to
cultivating innovative talents who have lofty morality, solid
foundation, and profound expertise, and who pursue the unity
of knowing and doing. We should provide personnel support,
and endeavor to innovate, apply and spread knowledge in
order to provide theories, technologies and approaches for the
construction of a Beautiful China and a Habitable Earth. We
should strive to optimize governance, reform culture, and
fully invigorate the vitality of running a university. We
should provide our service to the construction of an inno-
vative country and to the promotion of a harmonious
co-existence between man and nature. We should provide our
service to the people and the governance of China. We should
provide our service to the consolidation and development of
the system of socialism with Chinese characteristics. We
should provide our service to the reform and opening up and
to the construction of the socialist modernization.

According to the Plan, our endeavoring goals are: By 2030,
we will have built a world-renowned research university in
Earth Sciences, whose main indexes will have reached or
nearly reached the level of other world-class universities. To
upgrade CUG into a world-class university, we will endeavor
to make the discipline of Earth Sciences rank top in the world
and forge boldly ahead in competition to improve the quality

of other disciplines of CUG.Wewill assemble a contingent of
teachers and researchers with international competitiveness
and influences to build a university with Chinese character-
istics and superiority. We will build a world-class university
that will be fully engaged in international exchange and
cooperation and that will achieve educational, academic,
cultural, and administrative excellence.

Outstanding Recent Achievements

In recent years, CUG has achieved significant progress in the
research fields of geohazards, water resource, geochemistry,
paleontology, geodetic surveying and lunar exploration pro-
gram, etc. To keep to the theme of KLC2020, recent
achievements on geohazards researches of CUG are focused
and introduced.

a. Approval of National Observation and Research
Station for Geohazards in the Three Gorges Reser-
voir Area, Hubei

CUG was newly approved National Observation and
Research Station for Geohazards in the Three Gorges
Reservoir Area, Hubei. This station, founded and admin-
istrated by Prof. Huiming Tang, is responsible to carry out
field observations and scientific research on geohazards in
condition of reservoir operation.

The central site of the station is located in Badong County
of the Three Gorges Reservoir area (hereinafter abbreviated as
the TGR area), and a larger monitoring network of multiple
sites has been established, including the geohazard field test
site for the Majiagou landslide, Zigui County, and systematic
geophysical monitoring station for the whole TGR area, etc.

The Badong field site (also named Badong in-situ
large-scale experimental station) is located in the Huang-
tupo landslide area, which has been recognized the largest
reservoir landslide by volume in the TGR area. The field site
consists of a tunnel complex and a series of monitoring
systems (Fig. A.12). The tunnel complex, built in the
Huangtupo riverside sliding mass #1, consists of a main
tunnel with a length of 908 m and a width of 5 m, five
branch tunnels (5 m to 145 m long, 3.5 m wide), two test
tunnels, and 35 observation windows. The test tunnels
exposed the sliding zones of the landslide, facilitating their
direct observation and the execution of scientific experi-
ments, such as large-scale in-situ mechanical tests and deep
deformation monitoring. The monitoring systems measure
deformation as well as hydrologic, meteorological and
hydro-chemical variables. The deformation system is

Fig. A.11 Strategic plan of building a world-renowned research
university in earth science
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composed of a slope surface displacement measurement unit
and an underground displacement measurement unit. The
slope surface displacement unit includes a number of GPS
(Global Positioning System) and BDS (BeiDou Navigation
Satellite System) measurement points, as well as an IBIS-FL
(Interferometric Radar) monitoring system (Fig. A.12). The
underground displacement unit includes nine deep incli-
nometer boreholes, a number of crack meters installed on the
ground and the walls of tunnels, and many hydrostatic level
gauges that measure the settlement of the tunnels in the
sliding mass. The hydrologic system includes a number of
devices that allow for observation of the water level of the
Yangtze River, the ground water level and water discharge
of the tunnels (Fig. A.12). A small meteorological station is
located on the landslide and provides rainfall data. So far,
multiple and massive data have been collected for the
landslide area since the year 2012, when the field site was
constructed; over 10,000 people with a variety of
geology-related backgrounds from > 20 countries have vis-
ited this experimental station.

b. Approval of the Basic research on the prediction
and forecasting of major landslides program sup-
ported by the Major Program of NSFC

CUG was approved the Basic research on the prediction
and forecasting of major landslides program (2021–2025),
supported by the Major Program of the National Natural
Science Foundation of China. The program was designed
for the prediction and forecasting of major landslides, with
the concentration on the core scientific problems of landslide
evolution process and physical-mechanical mechanism.
Three key scientific problems, including correlation mecha-
nism for landslide initiation, physical-mechanical mechanism
for landslide initiation, and prediction and forecasting theory
based on landslide evolution were proposed.

Five topics were set up to achieving those objectives.
Topic 1 was proposing the initiation classification of major
landslides based on large field test platform, with the adop-
tion of field prototype test and other technical means. Topics
2-4 aimed to reveal the physical and mechanical mechanism

Fig. A.12 Badong in-situ large-scale experimental station of the National Observation and Research Station for Geohazards in the Three Gorges
Reservoir Area, Hubei
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of locked-segment dominated landslide, static liquefaction
loess landslide and hydrodynamic pressure-driven landslide,
and to establish the corresponding landslide initiation criteria,
respectively. Topic 5 was responsible to established the
prediction mode and real-time forecasting system. Ulti-
mately, the landslide prediction and forecasting theory based
on the evolution process and physical-mechanical

mechanism would be put forward. The scientific thought for
the implement of research is exhibited in Fig. A.13.

The implementation of the research is respected to lay the
geological, mechanical and physical foundation for the
above three types of landslide prediction, and to substan-
tially promote the research on landslide prediction.

Fig. A.13 Scientific thought for the implement of research
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Department of Civil Engineering,
National Taiwan University

Department of Civil Engineering, National Taiwan University

Introduction

National Taiwan University (NTU) was originallybestab-
lished in 1928, when Taiwan was under Japanese rule, as
Taihoku Imperial University. The current name dates back to
1945. As Taiwan’s oldest and most prestigious university,
we are also the largest comprehensive higher education
institution (HEI) in the country. The academic freedom that
we cherish and our excellent faculties attract both domestic
and international students. Throughout our 90-year history,
we have nurtured many talents, including leading academics
and leaders in the public and private sectors. Our campus is
vast, and spans across multiple locations, including Taipei,
Yilan, Hsinchu, Yunlin, and mountainous areas in central
Taiwan—accounting for nearly 1% of Taiwan’s total land
area. This provides teachers and students with an environ-
ment rich in biological and ecological diversity.

As the leading university in Taiwan, we are strongly
committed to social responsibility as we strive to drive sus-
tainable development and influence positive change in soci-
ety. This was also reflected in the first University Impact
Rankings launched in 2019 by Times Higher Education
(THE), which measure the contributions of HEIs to the
United Nations’ Sustainable Development Goals (SDGs).
We were ranked 70th in the world overall, and 1st in the
world for SDG16: Peace, Justice, and Strong Institutions.
Starting from creating a sustainable culture on campus, we
aim awareness about sustainability throughout the university,
through innovative teaching and research, environmental
protection and recycling efforts, and a school administration
that supports equality and wellbeing. Our sustainability

efforts extend beyond our campus through industry-academia
collaborations and service teams deployed to remote areas. In
the near future, we will continue to reinforce the spirit of
innovation and sustainability thinking among all faculty
members and students. We will also continue our efforts to
address economic, environmental, and social challenges
through interdisciplinary collaboration, as we create con-
nections between the local and the international community.

The Department of Civil Engineering (Fig. A.14) can be
regarded as the root of The College of Engineering. The
early civil engineering education covers a wide range of
professions. With the development and differentiation of
various social industries, some fields have gradually sepa-
rated and established specialized departments. We have also
moved on, combining different fields and top-notch tech-
nology to remain as the leader of the tide.

Civil engineering is inseparable from the development of
human civilization. From the beginning of civilization, all
man-made structures have enchased and highlighted the
value of civil engineering. NTU Civil Engineering is no
exception. From the Department of Civil Engineering of the
Imperial College of Taipei to the National Taiwan Univer-
sity Department of Civil Engineering today, the majority of
Taiwan’s significant constructions is and will always be our
finest gallery.

In National Taiwan University, you will obtain
high-quality guidance in and out of the classroom. Academic
resources in the classroom and sports culture clubs, various
student activities throughout the year, will bind you together
with peers of the same dream. These friends may also be
partners that can help you in future careers. If you are willing
to take civil engineering as a career and take on the chal-
lenges and step forward as a team, then listen to your inner
call, join us, and let us stride ahead hand in hand (Fig. A.15).

Department of Civil Engineering, National Taiwan
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Taipei, 10,617 , Taiwan
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Outstanding Recent Achievements

Mitigating the Impacts of Natural Disasters
via Cutting Edge Technology

Taiwan is located in the Circum-Pacific seismic belt, with
many active faults and frequent typhoons. Due to the effects
of climate change, extreme rainfall events that used to occur
once in a century are now becoming more frequent, exac-
erbating the threat of landslides and debris flows. The pre-
vention and mitigation of natural disasters such as
earthquakes and flooding have therefore become a priority
for the twenty-first century.

(a) Earthquake Early Warning Systems: gain valuable
response time

For most natural disasters, potential losses to life and
property can be mitigated through early warning and pre-
vention. After the earthquake disaster of September 21st,
1999, building safety inspections needed to be conducted all

across Taiwan. Our faculty and students with expertise in
civil engineering and geology were quick to respond to this
urgency, working closely with the National Center for
Research on Earthquake Engineering to help the government
improve the earthquake resistance standards and test speci-
fications. Moreover, they proposed a more elaborate system
for earthquake damage and liquefaction assessment, and
conducted a complete review and classification of the
earthquake risk tolerance for all areas in Taiwan. The team
also developed new disaster prevention technologies. One of
the most significant contributions was to assist the public
high (vocational) schools around Taiwan with assessments
of the earthquake resistance and reinforcement needs of old
buildings. In the numerous earthquakes that have since
occurred, the effect of these reinforcements has become
apparent. The stronger earthquake resistance of these
buildings has improved safety for 2.65 million teachers and
students around Taiwan (Fig. A.16).

Our school has also developed technology to monitor the
status of bridges with high traffic volumes. This optical fiber
monitoring system will emit a warning whenever poor con-
ditions are recorded, prompting an early response from man-
agement that can prevent a disaster from happening. When
bridges in remote areas are damaged, a lightweight bridge
developed by NTU out of composite materials can be
assembled by residents in short time. In this way, access to
affected areas can be quickly restored, and disaster relief
provided more efficiently. In the event of an earthquake,
Taiwan’s citizenswill immediately receive an emergency alert
by text message. This warning system, which was developed
by ProfessorWu, Yih-Min at our Department of Geosciences,
analyzes the properties of a P-wave within three seconds after
detecting the wave so that it can issue an alert to citizens more
than 10 seconds before the S-wave, which is most likely to
cause damage arrives. This early warning system is accurate
and fast, giving people valuable seconds to escape to safety.
Because it is also much cheaper to manufacture network of
multiple sites has been established, including the geohazard

Fig. A.14 Quick facts of the Department of Civil Engineering

Fig. A.15 Life beyond Classroom
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field test site for the Majiagou landslide, Zigui County, and
systematic geophysical monitoring station for the whole TGR
area, etc. than previous seismographs, it could be rapidly
rolled out to several hundred elementary and junior high
schools, ensuring better protection of our country’s younger
generation. Moreover, this system has been successfully
introduced in other earthquake-threatened countries, such as
Indonesia, India, Vietnam, Nepal, and Mexico.

(b) After the Flood: Rapid Mobilization and Improved
Ability to Provide Relief

Another critical area is flood disaster prevention. Also here,
our faculty and students are actively involved in key activ-
ities ranging from early warning and response during the
disaster, to raising the awareness of, and capability for,
disaster prevention among citizens more generally. Our
Center for Weather Climate and Disaster Research com-
prises experts in meteorology, hydrology, bioenvironmental
engineering, and geology etc. This center helped New Taipei

City and Keelung City establish an extreme weather and
flood monitoring & warning system. Other projects include
combining advanced deep learning with the analysis of radar
data, which allows for closer monitoring of rainfall data in
hydrologically sensitive areas. The improvement of flood
models increases the accuracy of flood warnings and pro-
vides disaster prevention units with valuable information for
them to rapidly formulate response strategies. From past
experiences outside of Taiwan, we know that self-help and
mutual support account for the largest share of the relief
effort (90%) in the event of a disaster. In other words, even if
flood warnings are effective, people in the affected area still
need to be able to take own measures to protect themselves.
At NTU, we actively participate in the community-level
disaster relief preparations around the country, as well as in
the training of disaster relief officers. Our experts provide
citizens with the most up-to-date knowledge in disaster
prevention, operate independent disaster relief systems, and
evaluate the safety of shelters. These efforts contribute to the
resilience and ability of local communities to mitigate
impact, helping them recover more quickly. A plan for how
to improve the disaster relief ability in the country proposed
by our experts is another example of how we help make sure
that the best disaster response capacity is in place. After
improving the ability to respond to disasters, NTU’s team
also contributed to disaster prevention infrastructure around
Taiwan, such as seismic isolation technology for buildings
and equipment, or detention ponds in communities at risk.
Our work and efforts in these areas help protect lives and
property. As climate change continues to impact the world,
we hope to leverage our technologies and expertise in these
domains even further, and help strengthen the capacity to
prevent and withstand natural disasters throughout the
world.
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Fig. A.16 Taiwan Earthquake Loss Estimation System (TELES)



Institute of Rock Structure and Mechanics,
The Czech Academy of Sciences

Josef Stemberk

Introduction

The Institute of Rock Structure and Mechanics of the Czech
Academy of Sciences is specializing in the study of the
structure and properties of rocks and the rock environment.
It is also involved in research into glass, ceramic materials
for technical use, composite materials and biomaterials, their
properties and application potential, and technological topics
relating to the processing of inorganic as well as organic
waste. Its research activities are spread across six scientific
departments:

• Department of Geochemistry
• Department of Composites and Carbon Materials
• Department of Materials Structure and Properties
• Department of Neotectonics and Thermochronology
• Department of Engineering Geology
• Department of Seismotectonics.

The Department of Engineering Geology analyze and
interpret the dangerous geodynamical phenomena and pro-
cesses, which affect the behavior, development and stability
of the rock environment in their natural deposition in the
Earth’s crust. These phenomena are linked with exogenous
processes, such as slope deformations and weathering, as
well as endogenous processes, such as tectonics, fault
movements and gas emanations. Special attention is paid to
the development of reliable and accurate methods of moni-
toring of slope and tectonic processes and predicting their
development and occurrence in space and time.

Global and Regional Inventories

The Global Database of Giant Landslides on Volcanic
Islands summarizes statistics and knowledge about giant
landslides (mainly debris avalanches) on volcanic islands
that are up to hundreds of cubic kilometers in size. They are
among the largest geological features on Earth and are fully
comparable in size to the extra-terrestrial landslides observed
on Mars. (Landslides 16, 2045–2052, 2019) (Figs. A.17,
A.18 and A.19).

The regional landslide database for the territory of
Czechia is built by analyzing media news and reports from
the “Landslide Tracker” mobile phone app. It provides a
timely overview of events and related losses while it is
shared with a worldwide audience through the NASA
Landslide Reporter website: https://www.nasa.gov/solve/
landslide_reporter.

Landslide Monitoring

Čeřeniště site natural laboratory is a complex landslide in
Tertiary neovolcanites of České středohoří. It is equipped
with state-of-art monitoring systems including DMS multi-
parametric column able to measure landslide movements in
2D, groundwater level and acceleration. The lower part of
the landslide is equipped with continuous time-lapse ERT
geophysical measurement, climatic station and streamflow
measurement. Complementary measurements include
geodetic (tachymetry and precise levelling) and geotechnical
(extensometer) monitoring.

Crack meter monitoring on unstable rock slopes takes
place in several parts of Czechia. It is coupled with obser-
vation of climatic variables and thermal properties inside the
rock mass. As a consequence, the thermoelastic wave within
the rock mass can be observed. (Geosci. Instrum. Method.
Data Syst., 10, 203–218) (Figs. A.20 and A.21)

J. Stemberk
Institute of Rock Structure and Mechanics
The Czech Academy of SciencesV Holešovičkách 41, 18,209
Prague, Czech Republic
e-mail: stemberk@irsm.cas.cz
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Landslide Research for a Safer Society

Long-term activities aiming at landslide risk reduction are
part of our voluntary commitment to the Sendai Partnerships
2015–2025 for “Global Promotion of Understanding and
Reducing Landslide Disaster Risk”.

The long-term collaboration with the Czech National
Highway Authority resulted in several landslide hazard

studies and the implementation of improved construction
technical norms.

The Czech public is being involved in collaborative cit-
izen science projects to improve their awareness about
landslide risk. Similarly, the ongoing participative research
in Peru involves inhabitants of mountain villages or local
experts contributing to their sustainable economic develop-
ment (e.g. infrastructure safety) or improving institutional
resilience by implementing new monitoring approaches (e.g.
rock monitoring at the National Archeological Park of
Machupicchu) (Fig. A.22)

Research Cooperation

The Institute’s research cooperation includes universities
(e.g. Université de Liège, Wrocław University of Environ-
mental and Life Sciences, University of Zurich), research
institutes (e.g. Geophysical Institute of the Polish Academy
of Sciences, Instituto Nacional de Investigación en Glaciares
y Ecosistemas de Montaña) or private companies (e.g. Strix
Engineering, RockNet, Gamma Remote Sensing.

Fig. A.17 Scarp of a giant landslide—volcano collapse named El
Golfo. El Hierro, Canary Islands, Spain

Fig. A.18 National landslide database based on media reports in Czechia as can be viewed on the NASA Landslide Viewer web page (yellow dots
are reported landslides)
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Fig. A.19 Monitoring equipment at the Čeřeniště natural laboratory. Inset: results of movement monitoring

Fig. A.20 Comparison of temperatures at different rock slope depths at three different sites



Fig. A.21 Landslide (in red) in the way of the planned motorway D35
in eastern Czechia

Fig. A.22 Sharing and discussing results of landslide risk reduction
project with its “recipients” empowers the community to modify the
project according to their needs and allows them to become part of it.
The photo shows the joint meeting of the community leaders and
schoolchildren (Rampac Grande, Cordillera Negra, Peru)
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Institute of Cold Regions Science
and Engineering, Northeast
Forestry University

Wei Shan and Ying Guo

Introduction

Institute of Cold Regions Science and Engineering of
Northeast Forestry University (ICRSE-NEFU) is committed
to the environmental geology and engineering geology of
high latitude permafrost region and deep seasonal frozen
area under the background of climate change, and attaches
importance to the combination of basic research and applied
research. With undergraduate, master, doctor, postdoctoral
professional training system and standards, ICRSE-NEFU
initiated “Geological environment risk research plan for
permafrost degraded areas in Northeast China (GERRP)”.
With the support of the Chinese government, “Field scien-
tific observation and research station of the Ministry of
Education—Geological environment system of permafrost
area in Northeast China (FSSE-PFNEC)” was established.
Its observation stations cover all kinds of permafrost areas in
Northeast China. At the same time, in order to develop and
transfer technologies related to environmental governance
and infrastructure construction in permafrost regions,
“Provincial Collaborative Innovation Centre, Environment
and road construction & maintenance in permafrost area of
Northeast China (PCIC-PFER)” was established. Over the
years, ICRSE-NEFU have continuously established coop-
eration with academic institutions and organizations at home
and abroad, held various academic exchanges and regularly
held “Academic Seminar on Engineering Geology and

Environmental Geology in the Permafrost Along the
Sino-Russian-Mongolian Economic Corridor”, edited and
published research cases of geoenvironmental disasters in
permafrost regions in Northeast China, and shared the
research results of GERRP. At present, the research results
of GERRP are gradually enriched, some of them have highly
academic value, and have been put into engineering practice.

ICRSE-NEFU has gradually shown its unique research
charm since it became an ICL member in 2003 2002. In
2012, ICRSE-NEFU established a landslide research net-
work in cold regions (ICL-CRLN), and then Research
Center of Cold Regions Landslide was built.

Permafrost as one of the elements of the cryosphere, the
change of thermodynamic stability of permafrost will
directly affect the changes of hydrosphere, biosphere and
lithosphere. Under the trend of global warming, the fre-
quency and intensity of environmental and engineering
geological disasters caused by permafrost degradation are
getting higher and higher (Figs. A.23 and A.24). Taking the
cold aera in the southern boundary of the permafrost zone in
Northeast China as study area, disasters such as ground
subsidence, slope icing, landslides and other disasters caused
by permafrost melting were studied. At the same time, we
found melting permafrost also leads to seasonally high
concentrations of greenhouse gases, triggering wildfires that
may further accelerate permafrost degradation and environ-
mental changes of terrestrial ecosystems and roads.

W. Shan � Y. Guo
Institute of Cold Regions Science and Engineering
Northeast Forestry University
Harbin, China
e-mail: shanwei456@163.com
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Fig. A.23 Permafrost distribution in NE of China (2014–2019)

Fig. A.24 Different tree species and ages in the landslide area caused by permafrost degradation



Marui & Co. Ltd.

Taketoshi Marui and Yuji Ikari

Introduction

Marui & Co. Ltd. celebrates its 100th anniversary in 2020.
Marui, as one of the leading manufacturers of testing
apparatuses in Japan, has been constantly striving to further
improve its service since its foundation in 1920, thus con-
tributing to the sustainable development of our nation and
society. Our main products cover a wide variety of
destructive and non-destructive testing apparatuses in the
fields of geotechnical engineering, concrete engineering
(mortar, aggregates, etc.), and ceramic engineering
(Fig. A.25). Of special note is that Marui has been helping to
manufacture ring-shear apparatuses (Fig. A.26) for the past
half-century based on the leading-edge ideas of Dr. Kyoji
Sassa, Professor Emeritus at the Kyoto University. Marui
has delivered a total of seven ring-shear apparatuses to the
Disaster Prevention Research Institute, Kyoto University,
and two to the International Consortium on Landslides.
Also, the apparatuses have been exported to the United
States of America, China, Croatia and Vietnam.

Since 2002, Marui has been a supporter of the Interna-
tional Consortium on Landslides (ICL) and has gradually
been intensifying its contribution to the ICL worldwide
efforts for landslide risk reduction and international promo-
tion of landslide research. According to NASA, more fre-
quent and intense rainfall events due to climate change have
been causing frequent landslides particularly in mountains of
Asian regions including Japan where waters can be stored in
various ways. Summer monsoon rains as well as snow and
glacier melt waters can destabilize steep mountainsides,

Fig. A.25 Products of testing apparatus such as non-destructive/
model-testing for mesuring intensity, physical property, durability, etc.
for concrete, soil, building material, etc.

T. Marui � Y. Ikari
Marui & Co. Ltd.1-9-17 Goryo, 18,209
Osaka 574-0064,, Japan
e-mail: hp-mail@marui-group.co.jp
URL: http://marui-group.co.jp/en/index.html
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Fig. A.26 High-stress landslide simulator
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triggering landslides, which are down-slope movements of
rocks, soils, water, trees, etc. Marui, as an engineering
supporter, commits deeply to various activities of research
particularly on triggering mechanisms of landslides.

Marui & Co. Ltd. takes great pleasure in developing,
manufacturing, and providing new products of high value
sharing the delight of achievement with our customers, and
thus contributing to the social development. The entire staff
of Marui & Co. Ltd. is determined to devote ceaseless efforts
to keep its organization optimized for its speedy and

high-quality services, by the motto “Creativity and Revo-
lution”, and strive hard to take a step further, as a leading
manufacturer of testing apparatuses, to answer our cus-
tomer's expectations for the 22nd century to come.

Marui continuously contributes to the 2030 Agenda for
Sustainable Development, as well as to the Sendai Frame-
work for Disaster Risk Reduction 2015–2030. In line with
this, Marui signed KLC 2020 in 2019 and will strongly
support its actions, especially KCL2020 actions 3, 4, 5, and 9.
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Nippon Koei Co., Ltd., Geohazard
Management Division

Hiroaki Tauchi

For the supplemental information, please scan the QR code
or visit this link: Nippon Koei Co., Ltd.—7th Asia–Pacific
Climate Change Adaptation Forum (asiapacificadapt.net).

Introduction

The Nippon Koei Group (NK) has been a leading interna-
tional consultant in providing engineering consulting ser-
vices to over 5500 multi-disciplinary infrastructure and
development projects in 160 countries all over the world.
The landslide prevention specialist team (at present called
Geohazard Management Division) was established in 1966
to specifically provide countermeasures against sediment
disasters. Over the last 50 years, we have significantly
improved the capacity of countries to respond and reduce
risk from debris flows, slope instabilities, landslides, ava-
lanches and rock falls due to torrential rains, large-scale
earthquakes, and volcanic eruptions that threaten a country’s
vital economic infrastructure lifelines, especially the road
networks. At present, approximately 160 engineers provide
engineering consulting services to protect communities from
a variety of disasters (Figs. A.27 and A.28). During disas-
ters, we provide experienced professional engineers to

quickly make a risk assessment and promptly respond with a
series of engineering design analyses, emergency and per-
manent measures based on our extensive experience and
know-how. To maximize the effectiveness of infrastructures,
we address efficient countermeasure plans, design and
research in terms of cost reduction and cost-effectiveness
using various numerical analyses such as finite element
method (FEM) and discrete element method (DEM), etc.

In Japan, we have worked hard to restore and recover
from sediment-related disasters caused by earthquakes and
heavy rainfalls that have frequently occurred in recent years
(the 2011 Great East Japan Earthquake, the Northern
Kyushu Flood in 2017, etc.). We have received letters of
appreciation for our efforts from the national and local
governments.

Our major international projects include “The Project for
Countermeasure Construction Against the Landslides on
Sindhuli Road Section II, Nepal,” “The project for the
rehabilitation of Sindhuli road affected by the 2015 Gorkha
Earthquake, Nepal,” and “The project for landslide preven-
tion for National Road 6 in Honduras”; all funded by the
Japan International Cooperation Agency (JICA) grants-
in-aid. Through these projects, we are contributing to the
socioeconomic development of each country by improving
vulnerable locations in road networks against sediment dis-
asters, promoting traffic safety, and providing logistics
assistance for road users. In particular, the 1st of the three
NK’s projects mentioned above won the “3rd JAPAN
Construction International Award” from the Ministry of
Land, Infrastructure, Transport and Tourism as the project
that has realized “high-quality infrastructures” through its
excellent know-how, technical capabilities, and project
management capabilities.

NK is an ICL member and has been using its technology
to reduce geohazard risk. Through various projects, NK is
continuously contributing to the 2030 Agenda for Sustain-
able Development and the Sendai Framework for Disaster
Reduction 2015–2030. Using our full capability with abun-
dant experiences in Japan and Asia prone to natural disasters,

H. Tauchi
Geohazard Management Division, Nippon Koei Co., Ltd.
5–4 Kojimachi, Chiyoda-ku, Tokyo 102–8539, Japan
e-mail: tauchi-hr@n-koei.jp
URL: https://www.n-koei.co.jp/english/
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we hope to contribute much more to a reduction of global
sediment disasters including landslides. In line with this, NK

has signed the KLC 2020, and will strongly support its
actions, especially KCL2020 actions 1, 2, 3, 5, 6, and 8.
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Fig. A.27 Our service for geohazard management
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Fig. A.28 Introduction of our survey analysis technology for geohazard



Ellegi Srl

Ellegi Srl

Introduction

Ellegi srl provides worldwide monitoring services and pro-
duces Ground Based synthetic aperture radar (GBInsAR) for
remote measurement of displacements and deformations on
natural hazards and manmade buildings using its own
designed and patented LiSALab system.

Its activities started in 2003 as a spin off project to exploit
commercially the Ground Based Linear Synthetic Aperture
Radars technology developed by European Commission’s
Ispra Joint Research Centre and based on the results of more
than 10 years of research. Since then, Ellegi has industrial-
ized and developed the core technology of the LiSALab
system and latest LiSAmobile system represents the 5th
generation of development.

In 2003 it was the first commercial company in the world
to provide GBInSAR measurements of natural hazards and
structure (Figs. A.29 and A.30).

Ellegi srl offers:

• Displacement fields measurement, control and monitor-
ing of the deformation caused by natural hazards, like
landslides, rockslides, sinkhole, volcanic deformation in
every operative condition, including emergencies,

• Structural strain fields measurement, control, monitoring
and diagnosis of the deformation affecting buildings,
bridges, viaducts, dams.

• GBInSAR monitoring systems, installation, management
and maintenance in order to provide information about
natural hazards or anthropic activity, that can generate or
cause slopes failures or buildings instabilities.

In all the above-mentioned activities Ellegi srl uses the
GBInSAR LiSALab technology that represents a real
“break-through”.

Ellegi Srl
Via Petrarca, 55, 22070 Rovello Porro, Como, Italy
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Fig. A.29 GBInSAR LiSALab technology quarry monitoring example and displacements’ field comparison between the GBInSAR measurement
and FEM model results

Fig. A.30 GBInSAR LiSALab technology result in monitoring a slope affected by a landslide (left) and a volcanic slope affected by deformation
(right). Landslide or moving area mapping and boundaries identification is made easy by GBInSAR LiSALab technology



IDS GeoRadar s.r.l.

IDS GeoRadar s.r.l.

Introduction

IDS GeoRadar, part of Hexagon, provides products and
solutions, based on radar technology, for monitoring appli-
cations including landslides, rockfalls, complex structures,
mining and civil engineering. The company is a leading
provider of Ground Penetrating Radar (GPR) and Interfer-
ometric Radar solutions worldwide.

IDS GeoRadar is committed to delivering best-in-class
performance solutions and to the pursuit of product excel-
lence, through the creation of application-specific, innovative
and cost-efficient systems for a wide range of applications:

• Utility mapping and detection
• Civil engineering
• Railway and road engineering
• Geology and environment management
• Archaelogy
• Forensics
• Landslide monitoring
• Mining safety

Natural Hazard Monitoring Solution

The use of slope monitoring radar is now the standard
practice for the active monitoring of slope in open pit mines
and for safety critical landslide monitoring with the aim of
providing alerts in the event of progressive movements
which could potentially lead to slope failure and assessing
worker safety. The unique IBIS-FM EVO radar system
accurately monitors multiple scales of displacements in real
time, from early detection of slow movements to fast

accelerations associated with slope collapse. The great
operative range, up to 5000 m, allows to safely deploying
the system in comfortably accessible areas, without exposing
people and equipment to hazardous zones.

Fig. A.31 IDS GeoRadar: innovative interferometric radar for mining,
environmental and civil engineering

IDS GeoRadar s.r.l.
Via Augusto Righi, 6, 6A, 8, Loc. Ospedaletto, 56121 Pisa, Italy
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IDS GeoRadar cooperate with TRE ALTAMIRA,
the worldwide leader in ground monitoring services using
satellite InSAR offer a comprehensive solution—InSAR
Service—to fulfill all mine stability needs, ranging from
monitoring large-scale mining operations over hundreds of
square kilometers, to specific movements at the pit scale.
With the large spatial coverage of satellite data, mining
engineers can identify unstable areas over wide areas, also
with the ability to extend the analysis of deformation back in
time. All mining assets can be monitored regularly and
precisely for deformation (Figs. A.31 and A.32).

Fig. A.32 InSAR service—ground motion monitoring for mining
operations
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Chuo Kaihatsu Corporation

Lin Wang https://www.ckcnet.co.jp/contactus/

Introduction

Chuo Kaihatsu Corporation (CKC) was founded in 1946, and
has been aiming to become the “Only One” consultant for our
customers.We engage in the hands-onwork that will “Remain
with the earth, Remain in people’s hearts, and Lead to a
prosperous future”. We focus on road, river and dam engi-
neering to flesh out industrial infrastructures specifically by
means of geophysical/geotechnical/geological investigations,

civil engineering surveys and project implementations. In
recent years, we make significant efforts on earthquake dis-
aster mitigation, sediment disaster prevention/mitigation and
ICT information services. Many achievements of ours have
already contributed to the mitigation of natural disasters such
as landslides, earthquakes and slope failures in Japan, Asia
and the Pacific Region. We aim to provide technological
contributions so that a sustainable society will continue to
develop in the future (Figs. A.33, A.34, A.35 and A.36).

Fig. A.33 Design for various structures

L. Wang
Chuo Kaihatsu Corporation, 3-13-5 Nishi-waseda, Shinjuku-ku,
Tokyo, 169-8612, Japan
e-mail: wang@ckcnet.co.jp
URL: https://www.ckcnet.co.jp/global/https://www.ckcnet.co.
jp/contactus/
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Fig. A.34 Deepwater drilling surveys

456 Chuo Kaihatsu Corporation

Fig. A.35 The early warning monitoring system of slope failure using multi-point tilt change and volumetric water content



Fig. A.36 Making hazard map for sediment disaster, tsunami, flood, earthquake, liquefaction, etc.…
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Godai Corporation

Godai Corporation

Introduction

Ever since its foundation in 1965, Godai Kaihatsu Co. Ltd. a
civil engineering consulting firm, has long been providing a
variety of software and measures particularly for natural
disaster mitigation. With its rich expertise in both civil

engineering and information technology (IT), the company
has its primary goal to address real-world needs of disaster
mitigation. All the staff of Godai Kaihatsu Co. Ltd. feels it
more than happy that their cutting-edge technologies
help mitigate natural disasters (Figs. A.37, A.38, A.39 and
A.40).

Fig. A.37 Integrated model simulating of earthquake & rain induced rapid landslides (LS-RAPID)

Godai Corporation1–35 Kuroda, Kanazawa City, Ishikawa, Japan
e-mail: pp-sales@godai.co.jp
URL: https://soft.godai.co.jp/soft/

© International Consortium on Landslides 2023
K. Sassa et al. (eds.), Progress in Landslide Research and Technology, Volume 1 Issue 1, 2022,
Progress in Landslide Research and Technology, https://doi.org/10.1007/978-3-031-16898-7

459

https://soft.godai.co.jp/soft/
https://doi.org/10.1007/978-3-031-16898-7


Fig. A.38 Tsunami model (LS-Tsunami)

460 Godai Corporation

Fig. A.39 Power SSA PRO-Two-dimensional slope stability calculation of earthquake and rain induced landslide



Fig. A.40 Anchor software-slope stability analysis for ground ancho
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Kiso-Jiban Consultants Co. Ltd

Kaoru Hanai and Junichiro Odaka

Introduction

Since its establishment in 1953, Kiso-Jiban has been con-
tributing on the development of social infrastructure as a
`̀ comprehensive construction consultant with strong
geotechnical capabilities'' in various situations, such as
ground investigation, laboratory testing, analysis, civil
structure design, etc. Kiso-Jiban has been working on the
technological development for disaster prevention and mit-
igation against the recent exacerbation of natural disasters.

InSAR (Interferometric Synthetic
Aperture Radar)

SAR is a technique that utilizes interference of radio waves
for precise determination of distance. Kiso-Jiban has suc-
ceeded in estimation of both extent and rate of landslide
movements by combining the topography interpretation and
InSAR analysis.

Topographic Interpretation Map

In-SAR Analysis Diagram 

GP (Gel-Push) Sampling

GP Sampling can collect gravelly soil, etc., which is difficult
to be collected by conventional samplers, by using a
highly-concentrated water-soluble polymeric gel. GP Sam-
pling was introduced in ISO 22475-1: 2021 revised in
October 2021 as Category A, which provides the highest
quality soil samples.

K. Hanai � J. Odaka
Kiso-Jiban Consultants Co. Ltd., Kinshicho Prime Tower 12
Floor1-5-7 Kameido, Koto-ku, Tokyo 136-8577, Japan
e-mail: kisojiban-contactus@kiso.co.jp
URL: https://www.kisojiban.com/
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GP Sampling was performed in the disturbed 

soil mass right above the landslide surface (left) 

and the soil sample collected (right)

Slope Stability Analysis and Evaluation

Kiso-Jiban provides a wide range of numerical analyses
related to slope stability evaluation. We have a wide range of
analysis methods, from general two-dimensional limit
equilibrium analysis to finite element analysis and analysis
of rock masses with discontinuities, and we are challenging
on the analysis that considers variability of ground and
modelling uncertainty.

3D Rockfall Simulation 3D Finite Element Analysis
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Kokusai Kogyo Co. Ltd

Kokusai Kogyo Co. Ltd.

Introduction

Kokusai Kogyo Co. Ltd. as a leading company of geospatial
information technologies has long been providing public
services with its comprehensive expertise to address
real-world needs and cutting-edgemeasurement technologies.
Kokusai Kogyo Co. Ltd. helps rebuild “Green Communities,”
which has been of our great concern in terms of “environment
and energy,” “disaster risk reduction” and “asset manage-
ment”. Kokusai Kogyo Co. Ltd. offers advanced and com-
prehensive analyses of geospatial information for developing
new government policies, maintaining and operating social

infrastructures safe and secure, and implementing low-carbon
measures in cities. Influenced by the recent global climate
change, extreme rainfall events have become more frequent
worldwide and resultant hydro-meteorological hazards are
creating more deaths and devastations particularly in many
developing countries where effective advanced countermea-
sures are not readily available. Kokusai Kogyo Co. Ltd. is
proud of its achievements in establishing resilient infrastruc-
ture systems and implementing effective monitoring/early
warning systems in developing countries, which have long
been helping reduce the risks from natural hazards
(Figs. A.41, A.42, A.43 and A.44).

Fig. A.41 Our realtime hazard map reflects up-to-date information of soil natures and precipitations at landslide hazard sites, etc. that can
constantly be changing, and evaluates area-wide hazard risk in real-time

Kokusai Kogyo Co. Ltd.
2 Rokubancho, Chiyoda-Ku, Tokyo 102–0085, Japan
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Fig. A.42 ELSAMAP is our cutting-edge 3D terrain visualization
method allowing great geomorphological details to be visualized in one
glance with gray-scaled slope inclinations and colored altitudes.
ELSAMAP has been used to interpret micro-topographies, landslides
and some other things

Fig. A.44 “Shamen-net” is a total monitoring system integrating
GNSS and other monitoring device (Measurement precision: ± mm,
on a real time basis)

Fig. A.43 3D-GIV can help grasp the ground surface displacement
caused by natural phenomena such as landslide by analyzing
differences between digital geomorphic images obtained through ad
hoc Airborne Laser Surveys
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OSASI Technos, Inc.

Introduction

OSASITechnos, Inc. has beenmaking its best efforts to develop
its cutting-edge technologies for landslide early warning. Its
unique compact and lightweight sensors making up the Land-
slide Early Warning System enable long-term monitoring of
unstable landslide mass movements, precipitations, porewater

pressure buildups, etc. in a remote mountainous area where
commercial power is often unavailable.OSASI Technos, Inc. is
also proud of its advanced technology to transfer observed data
even in areas with poor telecom environments as proven in the
successful implementations in South Asia. All staff members of
OSASI Technos work together for mitigation of landslide dis-
asters worldwide (Figs. A.45, A.46 and A.47).

Fig. A.45 Bedrock slope monitoring (maintenance control)

OSASI Technos, Inc.65-3 Hongu-cho, Kochi City, Kochi,
780-0945, Japan
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Fig. A.46 Measurement of the dynamic state of landslide using
inclinometers with a wireless function

Fig. A.47 Cut slope monitoring
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